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PHOTON ENERGY TUNABILITY OF THE ADVANCED PHOTON SOURCE UNDULATORS *

P.J. VICCARO and G.K. SHENOY
Argonne National Laboratory, Argonne, IL 60439, USA

At a fixed storage ring energy, the energy of the harmonics of an undulator can be shifted oi "tuned" by changing the magnet gap
of the device. The possible photon energy interval spanned in this way depends on the undulator period, minimum closed gap,
minimum acceptable photon intensity and storage ring energy. The minimum magnet gap depends directly on the stay-clear particle
beam aperture required for storage ring operation. The tunability of undulators planned for the Advanced Photon Source with first
harmonic photon energies in the range of 5-20 keV is discussed. The results of an analysis used to optimize the APS ring energy is
presented and tunability contours and .T-values are given for two typical classes of devices.

1. Introduction

An unduiator has the attractive characteristic that
the narrow energy bands of radiation emitted can be
shifted or "tuned" by varying the magnet gap of the
device. The tunability interval can be as large as two or
three times the energy of the lowest energy harmonic.

The relationship between the energy tunability of an
undulator and the storage ring energy ( £ R ) has been
investigated previously [1-3] for the specific case of the
Advanced Photon Source (APS) to be built at Argonne.
As was shown, both the fundamental photon energy
and the tunability are determined by the period (A) and
magnetic gap (G) of the undulator, and £ R . The
minimum ring energy necessary to provide a given
tunability can be uniquely specified given the minimum
acceptable photon flux and minimum achievable mag-
net gap. In tum, the latter parameter depends on the
particle beam aperture required for operation of the
storage ring.

For a majority of the APS undulators, the photon
energies will span the range of approximately 5-20 keV.
The obvious requirement is to achieve this energy span
on a given beam line with as few undulators as possible.
As has been discussed, the tunability of a single device
increases with increasing ring energy. Obviously, there
exists a minimum £ R below which the tunability criteria
are not satisfied. An unambiguous determination of this
minimum £ R is essential to the realistic choice of
storage ring energy.

For the case of the APS, the ring energy will be
7-7.7 GeV [4]. This value is based on an analysis
similar to the one described above. The undulator tuna-
bility requirements were (1) first harmonic radiation

* This work supported by the U.S. Department of Energy,
BES-Materials Sciences, under Contract W-31-1O9-ENG-38.

0168-9002/88/S03.50 © Elsevier Science Publishers B.V.
(North-Holland Physics Publishing Division)

over the interval of approximately 4.7 to 14 keV from a
single deuice, and (2) 20 keV first harmonic radiation
from a second device with limited tunability [3]. Both
criteria are satisfied for the proposed APS ring energy
and aperture.

In the following, we present a brief summary of the
optimization procedure used in the analysis, and discuss
the photon energies and intensity characteristics of two
types of undulators planned for the APS.

2. Analysis

For an observation point along the midplane axis of
an undulator, the energy of the ith harmonic is given
[5,6]

£p,(keV) =
0.949£R(GeV2)

X(cm)( l+A- 2 / 2 ) '
(1)

We will consider only the first harmonic i = 1 and write
£p, = £p . The deflection parameter K is given by

0.934A(cm)B0(T), (2)

where Bo is the peak magnetic field. K is related to the
maximum deflection angle (slope) of a particle's trajec-
tory through the undulator and is closely related to the
photon intensity the device delivers at the harmonics.

For hybrid magnets based on permanent magnet
blocks and permendur pole tips, the value of BQ opti-
mized at a particular G/A value is given by [7]

Bo = 0.95a e x p ( - G / A ( 6 - c G / A ) ) , (3)

where G and A are expressed in the same units and is
valid for 0.07 < G/A < 0.7. In eq. (3), the factor 0.95
represents the "filling factor" which approximates the
packing factor of high-permeability blocks in the undu-
lator assembly. The constants a, b and c depend on the
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Table 1
Constants used in eq. (3) for hybrid magnets based on SmCo5

or Nd-Fe-B

SmCo5 i '-Fe-B

a (T)
b
c

3.33
5.47
1.8

3.44
5.08
1.54

permanent magnetic material and are given in table 1
for two possible materials, SmCo5/permendur and
Nd-Fe-B/permendur.

Eqs. (l)-(3) form a set of coupled equations which
determine the photon energy of a given harmonic as a
function of gap, device period and ring energy. Increas-
ing the gap decreases BQ and hence the value of K
resulting i a higher photon energy. Hence, the highest
photon energy occurs at the largest gap for a given
undulator period and has both the smallest K and
intensity. The energy may be shifted down from this
maximum by decreasing the gap which increases the
X-value and photon intensity. Tunability is limited,
therefore, by the minimum acceptable intensity at maxi-
mum gap and by the ring aperture at minimum gap. In
addition, the tunability interval depends on the storage
ring energy.

At an given £ R ) the maximum desired photon en-
ergy (Ev) and minimum deflection parameter (Kv) at
the open gap (Gv) position determine the required
device period, A ( £ R ) . This is the maximum value of X
at £ R capable of producing Ev and is also the value
with the largest tunability range consistent with Ev

and Kv, because it has the smallest closed-gap to A
ratio. Once this period is determined for Ev, then the
gap at each £ R required to produce any £ P smaller
than Ev can be determined. In particular, the .nini-
mum gap (GL) then determines the minimum possible
first harmonic photon energy (£ L ) . The interval £ u - £ L

is the tunability interval at a given £ R . The maximum
interval possible within the constraints on Ky is that
provided by the period determined above.

Once a particular photon energy interval is chosen,
e.g., 4.7-14 keV first harmonic tunabilily, then it is
clear that, within the constraints on Kv and the closed
gap GL, there is a minimum ring energy at which this
tunability can be achieved. As mentioned, this mini-
mum £ R is important in deciding the optimum ring
energy.

Within this analysis, there is an equivalent way of
analyzing tunability vs ring energy which involves solu-
.ions to eq. (1) with the constraints imposed by the
tunability criteria. For example, let £ L = / £ O where
/ < 1; then eq. (1) for the fundamental on-axis energy of
the undulator results in

(4)

The value of Kv is determined by either a minimum
acceptable flux or a maximum value of G/X. In either
case, if the minimum gap value is specified, then eq. (4)
determines a unique undulator period which is indepen-
dent of the photon energy and the ring energy. This is
the smallest period for which £ L will be achieved at
GL. It also yields the largest tf-value at £ L . This

Table 2
Values of minimum ring energies (£ R ) , period (A), and /C-values for the various lunability intervals and minimum gap values (GL).
The largest gap considered (Gv) was determined by the maximum gap-lo-period ratio of 0.7. The values for Nd-Fe-B devices are
given in parentheses below those for a SmCo5 hybrid.

£p(keV)

14

14

14

14

14

14

1<

20

20

EL (keV)

14

7

7

7

8

9

4.7

20

14

CL (cm)

1.5

1.5

1.4

1.3

1.5

1.5

1.0

1.5

1.0

Gu (cm)

_

2.61
(2.50)
2.49

(2.38)
2.37

(2.27)
2.48

(2.38)
2.35

(2.26)
2.31

(2-21)
-
-
1.70

(1.63)

A (cm)

2.143

3.730
(3.574)
3.559

(3.407)
3.386

(3.239)
3.541

(3.393)
3.363

(3.223)
3.297

(3.152)
2.143

(2.143)
2.434

(2.323)

0.33
(2.143)
0.57

(0.66)
0.55

(0.63)
0.53

(0.60)
0.55

(0.63)
0.52

(0.60)
0.51

(0.58)
0.33

(0.40)
0.38

(0.43)

_

(0.40)
1.63

(1.70)
1.62

(1.67)
1.60

(1.65)
1.42

(1.48)
1.24

(1.29)
2.19

(2.24)
-
-
1.03

(1.06)

£ R (GeV)

5.78
(5.84)
8.01

(8.01)
7.78

(7.76)
7.54

(7.51)
7.75

(7.74)
7.51

(7.49)
7.42

(7.38)
6.90

(6.98)
7.41

(7.31)
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minimum undulator period also corresponds to the
minimum ring energy at which the tunability range
EV-EL will be achieved. At higher ring energies, the
same photon energy interval can be spanned with de-
vices with periods larger than the minimum X given by
eq. (4).

For example, consider the case of a SmCo} hybrid
undulator at maximum Gv/\ — 0.7. Then we have Kv

= O.1551A. Suppose the minimum gap is GL = 1.5 cm,
and the desired ExJE^ corresponds to / = 0 . 5 . Then
the solution of eq. (4) is X = 3.73 cm. If 7-14 keV
tunability is required from this device, then a minimum
ring energy of ER = 8.01 GeV is necessary. Following
this procedure, table 2 has been constructed for several
tunability ranges from the maximum value of Gy/X =
0.7 to the minimum gap, GL.

As is evident from table 2, the Nd-Fe-B hybrid
undulator results in larger Jf-values than those for the
SmCo5 hybrid, but does not significantly alter the
minimum ring energy necessary to achieve the desired
tunability range at the maximum gap condition if Gv/\
= 0.7. Hence, a Nd-Fe-B device will always have a
higher photon flux than the equivalent SmCo5 one, as
expected from previous analyses.

However, if the gain in peak field achieved with
Nd-Fe-B is offset by a larger Gv/\ ratio, then for the
same initial Kv and period for both devices, the
Nd-Fe-B undulator will have a larger tunability inter-
val than the corresponding SmCo5 one. This is reflected
directly in the minimum ring energy necessary to achieve
a given tunability interval. To achieve the same peak
field with Nd-Fe-B, the maximum gap-to-period ratio
is Gv/\ = 0.76.

A final aspect of this analysis which is pertinent to
the radiation characteristics of APS undulator is the
total possible photon energy range of devices with a
certain fundamental photon energy. That is, a first
harmonic of say 20 keV is achievable by any undulator
whose period falls within certain limits for a given ring
energy. However, each device will generate radiation at
this energy at a value of the magnet gap which depends
on the period of the device. Each device has, therefore,
a unique tunability interval which includes 20 keV. The
actual tunable range depends, as usual, on the open and
closed-gap constraints. For a given ring energy, the
contours of first harmonic photon energy versus undu-
lator period have maximum and minimum values
determined by the values of Ku and GL. All possible
photon energies which include 20 keV are determined in
this way.

The results for 20 keV are shown in fig. 1 for specific
ring energies ranging from 8 to 6 GeV and Nd-Fe-B
hybrid undulators. The area bounded by each contour is
a measure of the tunability at that ring energy. The
radiation of the devices represented in the figures
includes 20 keV photons from the first harmonic in this

5

25.0

20.0

15.0

10.0

5.00

d

c

\
-

-

-

1.50 2.00 2.50
Period (cm)

3.00

Fig. 1. A plot of achievable first harmonic photon energies
which include 20 keV versus undulator period for the storage
ring energies (a) 6 GeV, (b) 6.5 GeV, (c) 7 GeV, and (d) 8 GeV.
The lower bound for a given contour is determined by the
minimum gap GL = 1 cm and the upper bound by the maxi-
mum ratio Gv/\ = 0.76. The points represent the results at

specific G/\ ratio.

example. As is evident, tunability in this photon energy
rang is severely restricted at 6 GeV.

The .K-value, and hence photon intensity, is not the
same for each device at 20 keV. As shown in fig. 2, the
/if-value is largest for the largest-period devices capable
of delivering 20 keV.

The contours are shown in fig. 3 for Nd-Fe-B
hybrid undulators with first harmonic radiation which
includes 14 keV. The tunabiiity of the devices becomes

1.00

0.00
1.50 3.002.00 2.50

Period (cm)
Fig. 2. A plot of /k-values at 20 keV versus undulator period
for the ring energies (a) 6 GeV, (b) 6.5 GeV, (c) 7 GeV, (d) 7.5
GeV and (e) 8 GeV. The dashed line is determined by the
minimum gap of GL = 1 cm. The points represent the results at

specific G/\ ratios.
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1.50 2.00 2.50

Period (cm)
3.00 3.50

Fig. 3. A plot of achievable first harmonic photon energies
which include 14 keV versus undulator period for the storage
ring energies (a) 6 GeV, (b) 7 GeV, and (c) 7.5 GeV. The lower
and upper bounds on each contour are the same as given in fig.

1. The points represent (he results at specific C/X ratios.

1.00 i-

r

0.50 -

0.00
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Period (cm)
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Fig. 4. A plot of K-values at 14 keV versus undulator period
for the ring energies (a) 6 GeV, (b) 6.5 GeV, (c) 7 GeV, and (d)
7.5 GeV. The dashed line is determined by the minimum gap
CL = 1 cm. The points represent the results at specific G/\

ratios.

significant at 7 GeV and above. In addition, the /lval-
ues at 14 keV, shown in fig. 4 for the ring energies
indicated, imply significant intensity in the second and
third harmonics of these undulators. This means that
the effective tunability interval is two to three times
larger than that implied by considering only the funda-
mental.

3. Conclusions

The preceding results indicate that for the APS at a
ring energy of 7-7.7 GeV large tunability intervals in
the range of approximately 5-14 keV can be expected
for devices with periods above 3 cm. In addition, /f-val-
ues larger than 1 can be expected at the lower photon
energies. This implies that significant third (and second)
harmonic radiation is achievable which effectively ex-
tends the tunability range to nearly three times the
maximum first harmonic photon energy. For devices
with periods shorter than 3 cm, the second and third
harmonic intensities are small and the total tunability of
these undulators is determined only by the first harmonic
radiation.
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UNDULATOR TUNABILITY AND SYNCHROTRON RING-ENERGY

P. J. Vlccaro and G. K. Shenoy
Materials Science Division, Argonne National Laboratory

Argonne, IL 60439

Introduction

An undulator has two properties which make i t
an extremely attractive source of electromagnetic
radlatlon.[l] The f irst is that the radiation Is
concentrated in a number of narrow energy bands
known as harmonics of the device. The second
characteristic is that under favorable operating
conditions, the energy of these harmonics can be
shifted or "tuned" over an energy interval which
can be as large as two or three times the value of
the lowest energy harmonic.

Both the photon energy of an undulator ai well
as i t s tunability are determined by the period, X,
of the device, the magnetic gap, G (which is larger
than the minimum aperture required for injection
and operation of the storage ring), and the storage
ring energy, ER. Given the photon energy, Ep, the
above parameters ultimately define the limits of
operation or tunability of the undulator.

In general, the larger the tunability range,
the more useful the device. Therefore, for a given
required maximum photon energy, i t is desirable to
find the operating conditions and device parameters
which result In the largest tunability Interval
possible.

With this in mind, we have investigated the
question of undulator tunability with emphasis on
the role of the ring energy in order to find the
smallest ER consistent with the desired tunability
Interval and photon energy. As a guideline, we
have included a preliminary criteria, concerning
the tunability requirements for the Advanced Photon
Source (APS) to be built at Argonne. The analysis
Is aimed at X-ray undulator sources on the APS
[2,3] but is applicable to any storage ring.

The energy in keV of the 1 t h harmonic of an
undulator for an observation point along the
mldplane axis of the device is given by:

PI

0.949 £„ i

A(l + K2/2)
( I )

Where Epi is photon energy in keV, ER is the ring
energy In GeV, A Is the undulator period in cm and
1 Is the harmonic number. We will consider only
the f irst harmonic i « 1 and Epl - Ep. The
deflection parameter K is given in terms of the
undulator period (In cm) and the peak magnetic
field B (In Tesla) by

K = 0.934 AB (2 )

For hybrid magnets based on permanent magnet blocks
and vanadium permandur pole tips, BQ Is given by

[4]

BQ = 0.95 a exp (-G/A (b-cG/A).) (3)

whfre C is the magnet gap of the undulator In cm.

In Eq. 4, the factor 0.95 represents the
"fi l l ing factor" which takes into account the
packing factor of high-permeability blocks in the
undulator assembly. The constants a, b and c
depend on the magnetic material and are given in
Table 1 for two permanent magnet candidate
materials, SmCoj(REC) and the Nd-Fe-B alloy

TABLE

Constants used in Eq. 3 for Hybrid Undulators

REC Nd-Fe-B

a (T)
b
c

3.33
5.47
1.8

3.44
5.08
1.54

Equation 3 for the peak field is valid in the
interval 0.07 < G/A < 0.7. Although the upper
limit for G/A docs not define the maximum
operational gap of the device, we have taken this
as the maximum gap in our calculations. The naln
reason is that the K values encountered for gaps
much larger than 0.7 X become small resulting in
reduced Intensities of the photon beam. We have
taken the ratio R - C/X » 0.7 as a conservative
upper limit in the example that follows.

Equations 1, 2, and 3 form a aet of coupled
equation which determine the photon energy of a
given harmonic as a function of gap, device period
and ring energy. At a given ring energy ER> the
undulator period and gap, determine thr on-axls 1st
harmonic energy. Decreasing the gap increases B Q

and hence the value of K resulting in a lower
photon energy.

In summary, the largest photon energy E u

occurs at the largest gap for a given undulator
period and has both the smallest K and intensity.
The energy may be shifted down from this maximum by
decreasing the gap. The tunability from the
maximum to minimum photon energy is limited by the
maximum gap determined by R-0.7 and the minimum gap
determined by the ring aperture. In addition, the
tunability interval in the photon energies depends
on the storage ring energy.

Results

At Any given E R, the maximum desired photon
energy, Ey, and minimum deflection parameter, Ky,
at the open gap (Gy) position determine the
required device period at each ring energy. This
value of A is the maximum one at ER capable of
producing Ey and is also the one with the largest
tunability range consistent with Eu and Ky because
It has the smallest closed-gap to A-ratlo. Once
this period is determined for E^, then the gap at
each ER required to produce any E p smaller than Ey
can be determined.

Proc. 1987 IEEE Particle Accelerator Conference, 3/16-19/87, Washington DC £IFEE



For icasoni mentioned «bove, the value of Ky

vaa t»ken as that given by the open gap relation of
X-0.7. Following this procedure, the gap values as
>. functions of ring energy were obtained for a 1A
::eV undulator planned for the APS. The gaps
:ecessary to achieve the photon energies of 14, 7
,:nd 4.7 KeV are shown in Fig. 1 for REC-hybrid^
lagnec undulators. The period of the "optimum"
Jevice determintd at 14 keV and G/X - 0.7 is shown
for each E R on the top of the figure. The minimum
r.tp is determined by the ring stay-clear aperture,
coupled with the vacuum chamber wall thickness.
This minimum gap in turn set the lower limit on the
ijnability at a given E R.

Period (cm)

3.00 3.70

1.00 -

0.50
6.00 5.50 7.00

Ring Energy (GeV)

7.50 8.00

i g . 1. Constant photon energy (KeV) plots of the
gap values (cm) as a function of ring
energy (GeV) needed by a 14 KeV undulator
to obtain the photon energies shown. The
period (cm), X, of the device i s the
maximum one permitted by the maximum gap
condition G/A = 0 .7 .

The in tersec t ion of any constant gap line and
:ne of the constant photon energy curves (7 or 4.7
'.eV in th i s case) corresponds to the minimum ring-
:hergy necessary at this gap to achieve the tun-
: b l l i t y between the maximum E? and the se lected
ower photon energy. For example, at a minimum gap

:£ 1.4 cm, expected for the APS in i t s i n i t i a l
aerating phase E?-mln i s approximately 7.8 GeV for
aEC-Hybrld device . At a f inal phase minimum gap

: 1.0 cm, tunabl l i ty between 14 and 4.7 keV w i l l
• ••.cur at 7.4 GeV minimum ring energy. These are
pper l imi t s and considerable reductions in ring
nergy can be achieved using Nd-Fe-B at larger open
'ips (see below).

The results of the analysis is shown for a 20
eV undulator in Fig. 2. These curves show that at
.5 cm gap, the minimum ring energy necessary to
roduce 20 keV photons In the 1st harmonic is
oproximately 7 GeV for the REC magnet material,
t the final phase with a minimum gap of 1.0 cm,
he lowest photon energy achievable at 7 CeV is
rproximately 16.5 KeV. At higher ring energies,
ne tunabillty Interval increases.

Period (cm)

2.20 2.80

a

5
1.00 -

0.50
6.00 6.50 7.00

Ring Energy (GeV)
7.50 8.00

Fig. 2. Constant photon energy (keV) plots of the
gap values (cm) as a function of ring energy
(GeV) needed by 20 KeV undulators. The
period (cm), X, of the devices is that
permitted by the maximum gap condition,
G/X - 0.7.

The results depend on the maximum gap/period
ratio considered and the minimum K-value accept-
able. For example, in the case of the 14 KeV
undulator and a 1.4 cm minimum gap, increasing the
R from 0.7 to 0.8 results in a decrease In E R from
7.8 to 7.5 GeV for a REC-Hybrid device. However,
the minimum K-value also drops from 0.55 to 0.41,
thus lowering the photon flux. A further increase
of R to 0.9 results In an ER of 7.31 GeV and a Ky
of 0.32. Lower ER values can be achieved by using
Nd-Fe-B magnet material. For the case of 1 en gap
expected for the mature phase <Jf the APS, a ring
energy of 7 GeV rather than 7.4 GeV will be
sufficient to provide the required 4.7 to 14 KeV
tunability for a Nd-Fe-B based undulator. In this
case, the Ky Value at 14 KeV is approximately 0.3
and the period is close to 3.3 cm. Again, the
final minimum ring energy necessary depends on the
acceptable operating point of the device.

In conclusion, the preceeding analysis can be
useful for determining the minimum ring energy
needed for a desired tunabillty photon energy
range. The analysis shows that unique solutions
are possible If the the minimum gap is specified
and a maximum gap to period ratio (R) or minimum
K-value is provided.

This work is supported by the U.S. Department
of Energy, BES-Materials Sciences, under Contract
W-31-109-ENG-38.
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INSERTION DEVICE AND BEAM LINE PLANS FOR THE ADVANCED PHOTON SOURCE

A Report and Recommendations by the Insertion Device
and Beam Line Planning Committee

Abstract:

In the 7-GeV Advanced Photon Source (APS) Conceptual Design Report (CDR),

fifteen complete experimental beam lines were specified in order to establish

a representative technical and cost base for the components involved. In

order to optimize the composition of the insertion devices and the beam line,

these funds are considered a "Trust Fund." The present report evaluates the

optimization for the distribution of these funds so that the short- and long-

term research programs will be most productive, making the facility more

attractive from the user's point of view. It is recommended that part of the

"Trust Fund" be used for the construction of the insertion devices, the front-

end components, and the first-optics, minimizing the cost to potential users

of completing a beam line. In addition, the possibility of cost savings

resulting from replication and standardization of high multiplicity components

(such as IDs, front ends, and first-optics instrumentation) is addressed.

1. Background:

The 7-GeV Advanced Photon Source (APS) Conceptual Design Report (CDR)[1]

includes the specification of 15 complete experimental beam lines costing

approximately $40,066,000. The major motivation for the conceptual design of

these sample beam lines was to establish a representative technical and cost

base for the components involved.

In their report on the 1987 APS CDR, the ER Review Committee, chaired by

L. E. Temple, Jr., recommended that the funds allocated to the construction of

insertion devices (IDs) and beam lines on the APS be considered as a 'Trust



Fund' [2]. The make-up of the IDs and the beam lines should be optimized so

as to result in the most productive short- and long-term research programs

making the facility most attractive from the user's point of view.

The construction of a specific number of IDs and partial beam lines by

the facility would substantially reduce the cost of developing the rest of the

beam line by a research group using external funding. It is expected that

such an approach would also contribute to the engineering and construction

cost savings associated with standardization and replication of appropriate ID

and beam line components. In order to build a qualified APS/ANL staff to

provide new technical know-how to the users, the plan should also include

provision for the construction of a few complete beam lines using the Trust

Fund. Thus the total plan should include the construction of the IDs,

complete beam lines and partial beam lines on the storage-ring, the cost of

which has to be covered by the Trust Fund.

A charge was given to this Committee on 'Insertion Device and Beam Line

Planning1 by Dr. David Moncton, Interim Associate Laboratory Director of the

Advanced Photon Source, to develop a technical and cost base which could be

used for a distribution of the 'Trust Fund'. The full charge is presented in

Section 2 of this report. This report represents the findings and evaluations

based on the present technical cost base information. The report also con-

tains recommendations for the refinement of the cost base to include the

impact of standardization and replication.

2. Charge to the Committee:

The charge presented to the Committee by D. E. Moncton was to develop

alternative distribution plans for the construction of the initial complement



of IDs and partial/full beam lines. In conjunction with these plans, the

Committee should:

1. Develop a technical and cost data base for IDs and beam line

components to be used as a basis for the new plans.

2. Determine the possible cost benefits resulting from standardization

and replication of appropriate technical components. This includes

components such as:

- the four types of IDs given in the 7~GeV APS CDR, namely,

UndulatorrA

Undulator B

Wiggler A

Wiggler B

- all front-end instrumentation, and

- first-optics (premonochromators and/or mirrors)

3. Provide advice on issues related to the standardization of ID and

beam line components versus the flexibility and innovation.

3. Technical Cost Basis for IDs and Beam Line Components;

A beam line consists of the following component groups:

- x-ray source (ID or Bending Magnet),

- front-end,

- first-optics, and

- beam transport and experimental station.



Undulator

Wiggler

Bend. Magnet

1326

683

—

H87

351

476

-

The cost basis for the above component groups in the 15 sample beam

lines, including the IDs present* : in the 7-GeV APS CDR [1,2], was used in the

present study. The cost for each group was taken as the average of the APS

CDR cost data; these values are given in Table 1.

Table 1. Average cost in K$ of major component group for the IDs and
bending magnet [1].

Beam Transport
Source Front-End First-Optics Experimental

Source Cost Station

1196

1196

952

Based on these figures, the average cost for each of the three types of

complete beam lines is:

(K$)

undulator: 3*185

wiggler: 2802

bending magnet: 1333

The Committee reviewed the above data base and arrived at the following

conclusions:

1. The cost data as presented in the CDR [1] for major components are

reliable and provide an adequate estimate.



2. The data are sufficient in their present form to be used in this

analysis and in generating a Plan. The cost base was developed for

the CDR using available resources of information from other DOE

sister laboratories and vendors. Further refinement of the original

cost data should be based on actual engineering studies, if needed,

developed by the APS staff with assistance from other DOE sister

laboratories and by manufacturers with construction experience for a

given component. The Committee's recommendations for refining the

data base are given in Section 5.

1. Recommendations for Possible ID/Beam Line Distribution Plans:

PLAN A (5m long IDs):

The Committee considered various combinations of complete and partially

equipped beam lines, all using radiation from 5m long IDs. It was concluded

that a complement of at least eight complete beam lines including 5m long IDs

be constructed by the APS facility using the Trust Fund. This recommendation

strongly reflects the Committee's desire to develop a well qualified staff at

the APS/ANL which can provide the know-how and operational experience on the

new IDs, front-ends, and first-optics. The scientific objective of each of

these eight beam lines should be decided based on scientific interests and

policies for user access to APS developed at the time when the beam line

construction phase is reached. This complement may or may not include some of

the 15 sample beam lines described in the CDR. It was concluded that a viable

and representative complement of the eight complete beam lines should consist

of the following:



three 5m undulator beam lines,

two wiggler beam lines, and

three bending magnet beam lines.

The recommendation from the Committee is based on the following

arguments. The bending-magnet-based beam lines should be built first since

they will be the first sources of x-rays during the storage ring commis-

sioning. They will provide the APS/ANL staff with beam line diagnostic and

control procedures so very essential for the commissioning. The sources can

also be utilized to pursue initial scientific research using hard x-rays.

The undulator and wiggler bean lines, recommended by the Committee for

construction involving the APS/ANL staff using the Trust Fund, will provide

the necessary technical k n o w l edge. Given the tunability range of the two

undulators A and B presented in the 1987 APS CDR, the Committee feels that

these are viable options for standard undulator x-ray sources. Commissioning

such devices and developing procedures for fully utilizing their radiation by

the APS/ANL staff will generate needed information for the PRTs and other

users in implementing their own beam lines.

The Committee also addressed the question of developing specialized

insertion devices. We recommend that the cost of a specialized device be

absorbed by the research group responsible for such a beam line.

The total cost for the configuration of eight complete beam lines

described above with 5m long IDs is then K$20,058. Given the total Trust Fund

of K$40,066 for IDs and beam lines, this leaves approximately K$20,008 for

partially developing remaining beam lines and sources.

The Committee felt there are two options for partial completeness of the

beam lines which are viable. They are:



(a) provide ID and its front-end, and

(b) provide ID, its front-end, and first-optics.

The option (b) of including the first-optics station in addition to the ID and

front-end in a partially completed beam line would mean that the facility

assumes the responsibility for delivering and handling all aspects of the

primary x-ray beam. This should be reflected in the number of experienced APS

staff available during the operation period. The research team developing the

complete beam line is then responsible only for its own specialized optics,

beam transport and experimental station. The downstream optical components

such as monochromators and mirrors are difficult to standardize at this time

given the expected diversity of beam line design. The beam line safety

components and the generic experimental hutch designs will be provided by the

facility.

Given the eight complete beam lines, the possible number of additional

partially equipped beam lines depends on the type of x-ray source considered.

The resulting distribution for each type of the radiation source (undulator,

wiggler or bending magnet) for the two options is shown in Table 2.

Table 2. Possible number of partially equipped beam lines with one
kind of radiation source, Plan A. These are in addition to the
eight complete beam lines. The components included are for the two
options explained in the text. The undulators are 5m-long.

Option (a) Option (b)
Radiation ID + Front-end ID + Front-end +
Source First-Optics

All Undulators 11 8
All Wigglers 17 12



In option (b), where the first-optics station is included in the

partially completed beam line, the remaining investment necessary to make the

complete beam line and experimental station operational Is approximately

$1,000,000. This is nearly a third of the cost for a complete beam line

including the ID, and represents a much lower start-up cost for a research

team interested in developing a beam line.

The Committee recommends that the responsibility of the facility should

in fact extend up to and include the first-optics station of a given beam

line. This conclusion is based primarily on personnel safety issues and the

stringent requirements on components exposed to the primary x-ray beam.

PLAN B;

A second possible scenario which the Committee felt was viable involved

the possible implementation of undulators which are half the proposed length

of the 5 meters in the 1987 APS CDR. These shorter devices would have the

following advantages: A prototype would have been well tested at CHESS by the

APS/ANL staff prior to the construction of undulators, as well as design of

the first-optics to handle large power densities. The technical problems

associated with the very high power densities from 5 m long devices can be

addressed after the commissioning and operation of the shorter devices. The

shorter devices will deliver lower brilliance and flux. However, this re-

duction is more nearly linear with the undulator length for the APS positron

beam emittance than quadratic as expected for single-particle trajectory. If

more flux is required on a beam line at a later date, either two such smaller

devices or one longer undulator could be installed on the straight section.

Based on these points, the Committee felt that it is worthwhile to

consider a distribution in which 2.5 tn long undulators are initially con-

structed. The cost of such a device was estimated to be 0.6 times the cost of



a 5 m long undulator or equal to K$796. This factor is based on a preliminary

estimate. All other component costs in the beam line were assumed to remain

constant. Recommendat'ions for refining the cost base for such a device are

given in Section 5.

The estimated cost of a complete beam line containing a 2.5 m long

undulator is approximately K$2,955 (compared to K$3|485 for one with a 5 m

long undulator). The total cost of eight complete beam lines consisting of

three 2.5 m long undulators, 2 wigglers and 3 BM sources is K$18,468. This

leaves K$21,598 (from the Trust Fund of K$40,066) to partially equip remaining

beam lines.

As discussed in Plan A (with 5 m long undulators), two options for

completeness of the beam lines were considered. The option (a) includes the

ID and front-end, and the option (b) includes the ID, front-end, and the

first-optics. The analysis and resulting number of partially completed beam

lines for the two options is given in Table 3. As before, these are in

addition to the eight complete beam lines. Other than for the undulator beam

lines, all other cost data are the same as those used in Table 2.

Table 3. Possible number of partially equipped beam lines with one
kind of radiation source, Plan B. These are in addition to the
eight complete beam lines. The components included are for the two
options of completeness explained in the text. The undulators are
2.5 m-long.

Option (a) Option (b)
Radiation ID + front-end ID + Front-end +
Source First-Optics

All Undulators 17 12

All Wigglers 19 13
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The investment necessary to complete the beam line and experimental station is

on the order of $1,000,000. The net result of the shorter undulator is an

overall increase in the number of partially equipped beam lines.

5. Recommendations for Refinement of the Technical Cost Data Base:

As mentioned, the major task involved in the refinement of the beam line

technical components cost base is to investigate the possible cost savings

associated with replication of some components on the bean; line. These

include:

ID sources,

front-end components, and

first-optics station.

Of particular interest for the case of IDs is the engineering and possible

construction cost savings which may be associated with replication of a

standard unit. The Committee recommends that an engineering estimate be made

for the cost break points versus the number of units produced for the standard

undulator A and wiggler A. The specification of devices for this study to be

conducted by the manufacturers of insertion devices is given in Attachment A.

An additional refinement of the cost data base is needed to determine the

relative cost of 5~m and 2.5-m long undulators mentioned in Plan A & B. The

specifications for the cost data required is given in Attachment A and again

should be solicited from the ID manufacturers.

For the case of front-end components, the Committee recommends that an

estimate be made of possible construction cost savings due to replication of

these components. Such information is contained in the cost data base pre-



11

sented in the APS CDR. It may be worthwhile to obtain figures for the cost

reduction due to replication also from the industry.

Since the conceptual design of the first-optics station was based on the

cost of an upgraded version of a commercial double-crystal monochromator, the

Committee suggests that a realistic production schedule be defined and the

possible savings associated with multiplicity be estimated.

In spite of the above recommendations by the Committee to obtain

realistic cost estimates from vendors which might lead to cost savings for

multiple devices, it does not recommend that these savings be included in cost

estimates at this stage of planning. The average cost for a device does not

represent the true cost of a single device or one where a small number of

units are involved. This could result in serious problems if the production

plans are changed close to the construction phase.

Also, a certain amount of reduction in the engineering costs of high

multiplicity components has been included in the cost data base in the APS

CDR. This is perhaps the most straightforward reduction to account for and is

a predictable function of the replication factor. Hence, further estimates in

the cost reduction should not be included in the planning stage.

6. Summary of the Proposed Plans:

The Committee recommends two alternative distribution plans for IDs and

beam lines. Both the plans propose the construction of eight complete beam-

lines instead of the fifteen described in the APS CDR 1987. These should

consist of three undulator, two wiggler and three bending magnet beam lines.

The remaining funds should be used to partially equip additional IDs,

front-ends and the first-optics. In plan A the Committee considered 5 m long

undulators, while in plan B the undulators of 2.5 m length were included.
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Both plans, A and B, include two options. One of these is to install the

necessary front-ends with the ID or bending magnet ports, and the other is to

include in addition the first-optics stations in the ID beam line.

Plan A would result in a total of 11 additional undulator + front-end or

17 wiggler + front-end combinations. If the first-optics is included with the

front-end, the partially equipped beam lines could be 8 with undulator sources

or 12 with wiggler sources.

Plan B would result in 17 undulator + front-end or 19 wiggler + front-end

combinations. With the inclusion of the first-optics, the partially equipped

beam lines could be 12 with undulators or 13 with wigglers.

The Committee also recommends that studies of the cost break points be

done for those components where high multiplicity is expected. These should

include estimates from accredited manufacturers of these components and APS-

based estimates. Any cost savings resulting from studies, however, should not

be included in this planning stage for IDs and beam lines, since the actual

savings will depend on the production plans. The cost of a specialized

insertion device source, which is not a standard type A or B described in the

CDR, should be absorbed by the research group responsible for development of

the beam line.

Downstream optics and components are not readily standardized due to the

diversity of the applications. Cost break points and standardization should

be evaluated at that time when a more specific definition of the actual beam

lines is available.
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Attachment A

ID REPLICATION COST BREAK STUDIES

The Advanced Photon Source (APS) to be built at Argonne National

Laboratory will require undulator and wiggler insertion devices. Since

replication of insertion devices is expected, we desire a study of the

possible cost reductions associated with the production of multiple devices of

the same kind. An actual dollar cost for the insertion devices is not

necessary at this stage. We desire, instead, the cost bre^k points versus the

number of devices for each of the type. The breakdown should specify the

total cost, engineering costs, construction labor costs, and material costs.

The undulator under consideration is a 5 m long hybrid type with a period

of 3-3 cm. The specifications are given in Attachment B. The wiggler is a

1.5 m long hybrid type with a period of 20 cm. Its technical specifications

are given in Attachment C. The maximum number of devices should be 30 in both

cases.

A second part of the study involves a relative cost comparison of a 5 m

long, 3-3 cm period undulator given in Attachment B and an identical device

with half the number of periods (2.5 m long) and with the same period. The

open and closed gaps are the same for both cases. The relative cost should

specify the engineering, construction and materials costs. Again, a dollar

cost is not required at this time for either device.
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Attachment B

PARAMETERS FOR THE Nd-Fe-B HYBRID UNDULATOR A

Permanent Magnet Nd-Fe-B

Pole Material Vanadium Permendur

Undulator Period (cm) 3.3

Magnet Gap Range (cm) 1.0 - 2.8

Pole Width in x Direction (cm) 5.0

Pole Height in y Direction (cm) 3.5

Pole Thickness in z Direction (cm) 0.62

Magnet Width in x Direction (cm) 6.6

Magnet Height in y Direction (cm) k.2

Magnet Thickness in z Direction (cm) 1.03

Pole-Tip Overhang in y Direction (cm) 0.08 to 0.1

Peak Field Range on Axis, Bo (T) 0.78 to 0.21

Peak Field Increase (%) at 0.1 cm Off-
Axis in y Direction 2.0

Maximum Length Available for Undulator (m) 5.2

Maximum Undulator Periods 158
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Attachment C

PARAMETERS FOR THE HYBRID HIGGLER A

Parameters Wiggler A

Permanent Magnet Nd-Fe-B

Pole Material Vanadium Permendur

Peak Field on Axis, BQ (T) 1.0

Gap, G (cm) 3.7

Period (cm) 15.0

Peak K Value 14

Number of Periods, N 10

Length (m) 1.5

Critical Energy, EQ (keV) 32.6
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CHARACTERISTICS OF THE
7-GEV ADVANCED PHOTON SOURCE:

A GUIDE FOR USERS

G.K. Shenoy, P.J. Viccaro, and D.M. Mills

ABSTRACT

In this document we present the characteristics of the
electromagnetic radiation from various types of sources on the
7-GeV Advanced Photon Source (APS) storage ring. The sources
include bending magnets, undulators, and wigglers. The charac-
teristics are compared with those of other synchrotron sources
when operated at their design specifications. The influence of
positron beam size on the on-axis brilliance is discussed,
along with the power distribution from these sources. The goal
of this document is to provide users with enough information on
the characteristics of radiation from the APS storage ring so
that experiments can be efficiently planned.

1 PURPOSE

During the past two years, the design work on the 7-GeV Advanced Photon
Source (APS) has progressed: the construction of this national user facility
can begin in 1989* Towards this accomplishment, many accelerator physicists,
engineers, architects, and users have contributed. In addition, the APS
project staff have had the benefit of many advisory committees and working
groups, with memberships from within and outside of the Laboratory, sharing
this major design task. We wish specifically to mention the National Task
Group, whose efforts led to an upgrade of the storage-ring energy from 6 GeV
to 7 GeV, and the Conventional Facilities Subcommittee (appointed by the APS
User Organization Steering Committee), which assisted in enhancing the
experimental facility. The efforts of both these groups have greatly
increased the potential use of the APS facility.

Many workshops have been held on the design of the accelerator and its
components. ' The designs of the accelerator components and the storage ring
have been subjected to detailed reviews by the U.S. Department of Energy (DOE)
Office of Energy Research and by the Accelerator Advisory Committee appointed
by the APS. The parameters of the design are now nearly finalized.

In addition, many workshops have been held to assess the implications of
the Advanced Photon Source for various user communities. ° The First Users
Meeting for the Advanced Photon Source was held November 14-15, 1986, at
Argonne.*



The present design of the facility reflects the close interaction between
the users and the staff of the Advanced Photon Source. Over the next few
years, the users will design beam Lines and experimental facilities needed to
conduct their research at this facility. To facilitate this effort and to
enhance the ongoing user interaction with the APS staff, we have documented
the radiation characteristics of the APS and the layout of the experimental
hall in the current design. This report contains an up-to-date, expanded
version of information provided in earlier documents. »

In designing the next generation of experiments at the APS, the past
experience of users at operating synchrotron facilities will serve as an index
of comparison with the expected performance of the APS. In many places we
have listed the radiation characteristics of sources on existing storage rings
and compared these characteristics with these of the APS. In calculating
these radiation characteristics, of course, we have used information current
at the time this document was prepared. The calculated parameters may not
correspond exactly to the final operating parameters of the APS.

References pertinent to the present effort are cited throughout this
report. However, no attempt has been made to provide an exhaustive biblio-
graphy of synchrotron radiation sources or their design characteristics.



2 PARAMETERS OF THE 7-GEV ADVANCED PHOTON SOURCE

2.1 STORAGE RING AND ACCELERATOR COMPONENTS

12
The general layout of the storage ring is shown in Fig. 2.1. The linac

(linear accelerator) provides three-ampere (3-A) electron pulses at 200 MeV.
These electrons bombard a tungsten target to produce positrons, which are
focused and accelerated further to 450 MeV. The positrons are stored in a
positron accumulator ring (PAR) located near the end of the linac building
before being injected into a booster synchrotron. In the booster synchrotron
the positrons are accelerated in two stages, first to 2.73 GeV and then to 7.0
GeV (or to 7.7 GeV, if necessary). The 7-GeV positron bunches are then
extracted and injected into the storage ring at energy. In all, 2.2 x 10
positrons are needed to generate a 100-mA current. The estimated injection
time from a cold start is about four minutes.

The electron/positron linac has a total length of about 40 m. The PAR
has a circumference of 9 m. The positron trajectory in the booster synchro-
tron is about 367 m. This ring, with 40 cells, has 68 bending magnets and
many focusing elements. The 7-GeV positron beam will achieve a natural
emittance of 132 nm-rad before injection into the storage ring.

2.2 SECTOR LAYOUT

The emittance of a positron beam in a storage ring is proportional to the
square of the beam energy and inversely proportional to the third power of the
number of sectors. In the case of the 7-GeV APS, the low value of the natural
emittance (8 nm-rad) is achievable by having 40 sectors in the storage ring;
this also allows one to have 40 straight sections. Figure 2.2 shows a layout
of the magnetic components in a sector of this Chasman-Green lattice, along
with the insertion-device and bending-magnet beam lines. Each sector contains
an achromatic bending system made up of two dipole magnets, each providing a
4.5° bend. Each sector also has a dispersion-free region of 6.2 m length that
can accommodate 5-m-long insertion devices. Thus, the storage ring contains
40 straight sections, 80 bending magnets, 400 quadrupoles, and 280 sextu-
poles. There are also 678 dipole correctors. All the magnetic components are
optimized for 7-GeV operation and capable of 7.7-GeV operation. The placement
of all these components requires a storage-ring circumference of 1060 m.

It is estimated that the positron beam lifetime will exceed 10 h with a
beam-on operating pressure of 1 nTorr in the storage ring. This pressure will
be achieved by the use of distributed pumps made up of Nonevaporable Getter
(NeG) strips and lumped ion pumps.

The rf (radio frequency) system operates at 353 MHz and can deliver 1.27
MW of power to operate the ring at 7 GeV and 100 tnA. The total installed rf
power wiLl be 3.0 MW. There are 1248 sites (rf buckets) for the positron
bunches, but a 100-mA beam can be stored by filling only about 20 of these
buckets.

The APS design includes diagnostic instrumentation to monitor the
positron beam position, beam profile, and current and beam losses. There will
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FIGURE 2.1 Layout of the 7-GeV Advanced Photon Source (The positron
accumulator ring is located near the end of the linac building.)
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FICURE 2.2 Layout of Magnets in One of the 40 Sectors of the APS Storage Ring



be 360 positron beam monitors, 80 loss monitors, and 40 fluorescent-screen
profile monitors. In addition, the photon beam from each of the insertion
devices will be monitored by horizontal and vertical beam position detectors
incorporated in a feedback loop to stabilize the phase space of the positron
beam.

Of the 40 straight sections, 34 will be available for the insertion
devices. The remaining six sections are reserved for the storage-ring
accelerator hardware. Of these, one is used for injection, a second for beam
abort, three for rf cavities, and one for positron beam diagnostics. Although
the ring incorporates 80 bending magnets, only 40 of them can be equipped with
beam lines (see Fig. 2.2). The accelerator hardware shadows five of these 40
bending magnets, so that the maximum number of bending-magnet sources is 35 on
this lattice.

Table 2.1 provides a complete list of storage-ring parameters.

TABLE 2.1 Design Parameters for the APS Storage Ring

Parameter Value

Positron Energy (GeV)
Injection Energy (GeV)
Beam Current (mA)
Beam Lifetime (h)

Horizontal Emittance (nm-rad)
Vertical Emittance (nm-rad)

Straight Sections
Insertion Devices (IDs)
Standard Length of IDs (m)
Single Undulator Tunability (keV)
First-Harmonic Radiation
Third-Harmonic Radiation

Number of Bending Magnets
Bending-Magnet Sources
Length of Bending Magnet (m)
Bend Radius (m)
Critical Energy (keV)

Radio Frequency (MHz)
Storage-Ring Circumference (m)
Revolution Time (us)
Bunch Width (ps)
Maximum rf Buckets
Typical Number of Bunches
Maximum Single-Bunch Current (mA)

7(+10Z)
7(+10Z)
100
10

7
0.7

40
34
5

4.7 to 14
14 to 42

80
35
3.06
38.96
19.5

352.96
1060
3.5358
119
1248
1 to 60
5



3 CHOICE OF STORAGE-RING ENERGY AND UNDULATOR TUNABILITY

The energy of the positrons for the APS storage ring was chosen to be
6 GeV at an early stage in its design. This choice would satisfy the original
user specification of obtaining 20-keV radiation from the first harmonic of an
undulator. 3 However, as additional capabilities of undulator sources were
investigated, it became evident that at 6 GeV the energy tunability of radia-
tion from undulators is rather limited for first-harmonic energies above 10
keV. As a result, as many as five undulators would be needed at every
straight section of the storage ring to span the photon energy interval of
4 to 20 keV. Each of the five undulators would cover a small energy
range. ' Hence, in an appendix to the 6-GeV design document, we
suggested the need to increase the storage-ring energy, possibly to 7 GeV.

A National Task Group was formed to address the question of ring energy
selection for the APS and its effects on undulator tunability. This group
set certain tunability criteria for the APS undulators by incorporating the
information on user requirements presented in a large number of documents and
articles — in particular, the Scientific Case Workshop Report. The criteria
also reflected optimum utilization of the facility during its initial and
mature stages of operation. During the initial stage, undulator vacuum
chambers with a large aperture (12 mm) for the positron beam may be necessary
for operation of the ring. During the mature stage of operation, smaller
apertures (- 8 mm) would be possible. Both apertures set lower limits on the
closed-gap value of the undulators, which in turn is one of the major factors
determining the tunability range of the undulator.

The operational criteria recommended by the National Task Group are as
follows:

For the initial phase of operation, an undulator should
provide first-harmonic radiation tunable over the range of
7 to 14 keV. In addition, 20-keV radiation should be
available in the first harmonic of a second undulator with
a different period, or, if possible, in the third harmonic
of the first undulator.

In the mature phase of operation, the minimum gap and the
ring energy should allow for the first undulator to be
tunable over an interval of 4.7 to 14 keV. A second
undulator should deliver 20-keV radiation. Again, although
insertion of two devices per straight section is considered
reasonable, the third-harmonic intensities of the first
undulator might be large enough in many applications to
dispense with having a second undulator on the same
straight section.

The above criteria for the Nd-Fe-B hybrid undulators can be translated
into relationships between gap and storage-ring energy. This is shown in
Fig. 3.1. It can be seen that designing the storage ring to operate at 7.0
GeV, with the capability to achieve energies up to 7.7 GeV, will permit us to
meet the above criteria. This leads to the following operational plan:
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FIGURE 3.1 Storage-Ring Energy Necessary for a Nd-Fe-B Undulator Co Achieve
First-Harmonic Tunability from about 4.7 to 14 keV, as a Function of Minimum
Insertion-Device Gap .



During the initial period of operation, the insertion-
device vacuum chamber will permit a minimum gap of 1.4 cm.

The minimum gap will be reduced to 1.0 cm after mature
operation is attained. This reduction will increase both
the tunability and the photon brilliance.

The undulators designed for the initial operation period
will deliver their full performance potential during mature
operation.

An undulator with a period of 3.3 cm fulfills all the operational
criteria listed above. Details concerning the characteristics of such an
undulator are presented in Sec. 6.
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4 PHOTON BEAM PROPERTIES

4.1 FLUX, BRIGHTNESS, AND BRILLIANCE

Three quantities can be used to characterize the radiated photons from
the various sources on the APS: photon flux, spectral brightness, and spec-
tral brilliance. The photon flux represents the number of photons per second
with 0.1% energy bandwidth collected in unit angular spread 6 in the positron
orbit plane (x-z plane) and integrated over the entire vertical opening angle
i|> (y-z plane). The spectral brightness defines the angular density of the
photon flux, and the spectral brilliance is the photon intensity emitted in
the unit phase-space volume of the radiation field. The phase-space volume is
obtained by convoluting the Gaussian distribution describing the positron beam
in the storage ring and the radiation field, described in terms of Gaussian
optics. Some authors prefer to use the term "brightness" for what we have
defined as brilliance. Confusion can be avoided by bearing in mind the
following units used for the quantities:

photon flux = number of photons/s-0.1% BW-mrad 9

brightness = number of photons/s'0.1% BW-mrad 6-mrad i|>

brilliance = number of photons/s-0.1% BW-mrad2'mm2

4.2 SIZE AND DIVERGENCE

If Z- and I-1 (i=x,y) are beam size and angular divergence, the on-axis
(central) brilliance is obtained by dividing the on-axis (central) brightness
by 2TT£ £ . The "average value" of the on-axis spectral brilliance is obtained
by dividing the photon flux by 4TT £ Z Z'z1.7 6 r 7 x y x y

In a dispersion-free straight section containing an undulator, the
effective size and the divergence of the beam, £• and £.' (i=x,y), are given
by X

Ii = (a
2. • o 2 ) l / 2 ; IJ = (a;2 * o ! 2 ) 1 / 2 . (1)

where a and o' are the source size and divergence of the radiation field,
respectively. YThese are functions of the photon wavelength and undulator
length L, and they include depth-of-field effects, diffraction effects, or
both.

In Eq. 1, a. and a I are the positron beam size and divergence. These
quantities are functions of the emittance of the lattice and the value of the
8-functions in the straight sections. The values of the 6-functions, which
are normally optimized for large dynamic aperture of the storage ring,
determine the stability of its operation. There are certain ranges of 8-
function values that are suitable in the present design. The rms Gaussian
width and divergence of the positron beam are given by
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(i = x,y) (2)

where e = 7.3 nm-rad and E = 0.73 nm-rad are the positron beam emittance in
the horizontal (orbital) plane and in the vertical plane, respectively.

In the hard x-ray wavelength range (<10A), the contribution to the size
and divergence from the radiation field is negligible. Hence, for photons
with greater than 1 keV energy,

Ej. = ai ; r! = o! (i = x,y) (3)

The B-functions of the lattice then determine the size and divergence of the
positron beam and, hence, that of the photon beam.

In Table 4.1, typical values of the size and divergence of bending-
magnet, undulator, and wiggler sources are given for a chosen set of 8-
functions.

From these values, an estimate of the number of photons striking a sample
of given dimensions and at a distance D from the source can be made. As an
example, we choose a 0.5 mm x 0.5 mm size sample with area 0.25 mm located at
40 m from the source. In this case, the sample subtends an angular width of
0.0125 mrad in the horizontal and vertical directions, which is smaller than
the effective angular width of the photon beam for any of the X-ray sources
discussed.

TABLE 4.1 Values of S-Functions in Different Parts of the Lattice and
Dimensions of Different Sources (ex = 7.3 nm-rad; e = 0.73 mr-rad)

8X B ax o ox o'
Source (m) (m) (ym) (pm) (prad) (urad)

Bending Magnet 1.8

Undulator 1 13.0

Undulator 2 20.0

Wiggler 13.0

17.0

10.0

5.0

10.0

114

308

382

308

111

85

60

85

63

24

19

24

7

9

12

9
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For che undulator, the brilliance is assumed to be approximately Gaussian
in shape, with the on-axis brilliance value as the amplitude and an effective
source area given by 2nX I . The on-axis brightness is obtained by multi-
plying the on-axis brilliance by this area. The total number of photons N on
the sample is approximately (0.0125 mrad) times the on-axis brightness,
resulting in N • 1 X 101* ph/s-0.1Z BW.

For the bending magnet and wiggler sources the number of photons striking
the sample at the critical energy is given approximately by (0.0125 mrad)2

times the on-axis brightness. In the case of Wiggler A, using the brightness
given in Fig. 7.2 (see Sec. 7), N = 6.3 x 10" ph/s-0.1Z BW, and for the
bending magnet source, N s 1.5 x 1010 ph/s-0.1Z BW.

The advantages of the highly collimated radiation from the undulator are
clearly evident in this example. The total number of photons obtained with
the undulacor source is greater than 150 times that with the wiggler source.

In larger samples, with dimensions that subtend the entire vertical
extent of the insertion-device beam and approximately 1 mrad of the horizontal
extent of the wiggler beam, the number of photons on the sample from the
undulator is only approximately three times that of the wiggler. The bending
magnet in this case produces a factor of approximately 40 times less flux on
the sample area.
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5 BENDING-MAGNET SOURCES

5.1 APS BENDING-MAGNET CONFIGURATION

The primary purpose of the 7-GeV APS is to provide radiation from the
insertion devices. However, the facility also can deliver bending-magnet
radiation that can be used to carry out preliminary studies of systems prior
to more exhaustive studies using insertion-device radiation. The bending
magnets can also be useful for experiments needing high brilliance or high
photon energies.

The 7-GeV APS design includes 35 bending-magnet (BM) sources. Each bend
covers 4.5° (78.5 mrad), and the trajectory of the positrons through each bend
has a radius of 38.96 m. The vertical opening angle 24> of this radiation
sheet at the critical energy is approximately 1/Y» where y is the relativistic
enhancement of the positron rest energy. For the 7-GeV positrons, y is equal
to 13,699. Hence, the value of 1/y is about 73 prad. The constraints from
the storage-ring vacuum chamber and crotch design allow an extraction of about
±3 mrad of radiation in the orbital plane.

Table 5.1 compares the parameters of BM sources on the 7-GeV APS with
those of several operating hard x-ray storage rings. The list includes design
parameters (which may not correspond to current operating parameters) for the
National Synchrotron Light Source (NSLS) x-ray ring, located at Brookhaven
National Laboratory (BNL) in New York; the Stanford Synchrotron Radiation
Laboratory (SSRL), which uses the Stanford Positron-Electron Accelerator Ring
(SPEAR) at Stanford University in California; and the Cornell High Energy
Synchrotron Source (CHESS), which uses the Cornell Electron Storage Ring
(CESR), located at Cornell University in New York.

5.2 FLUX, BRIGHTNESS, AND BRILLIANCE

In Figs. 5.1-5.3, we have used the parameters of Table 5.1 to compare the
flux, central brightness, and brilliance, respectively, from the BMs on the
APS and three other sources. It is to be expected that the APS should have
the highest flux for energies above about 10 keV; moreover, the APS BMs have
the highest central brilliance over the whole spectral region.
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TABLE 5.1 Parameters of Various Bending-Magnet Sources

Parameter APS

Source

NSLS SSRL CHESS

E (GeV)
I (mA)
p (m)
B (T)
E (keV)
Flux at E c

a

ox (mm)
o (mm)
17Y (mrad)

7.0
100
38.96
0.599
19.5
1.12
0.11
0.11
0.073

2.5
500
6.8
1.22
5.1
0.4
0.3
0.1
0.204

3.0
100
12.7
0.79
4.7
0.48
2.0
0.3
0.170

5.5
80
32.0
0.57
11.5
0.88
1.4
1.0
0.093

aIn units of 1013 photons/s-0.1% BW-mrad.
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6 UNDULATOR SOURCES

6.1 UNDULATOR RADIATION ENERGY

An undulator has many properties that make it an extremely attractive
source of electromagnetic radiation. In particular, the radiation is concen-
trated in a number of narrow pseudo-monochromatic energy bands known as the
harmonics of the device. Another useful property is that, under favorable
operating conditions, the energy of these harmonics can be shifted or "tuned"
over an energy interval that can be as large as two or three times the value
of the first harmonic.

The most prominent feature of the 7-GeV Advanced Photon Source design is
the large number of straight sections for such undulators. The emittance of
the present lattice has been minimized and the B-functions have been made
large in the straight sections to provide a low-divergence positron beam. To
obtain narrow pseudo-monochromatic harmonics from an undulator, it is essen-
tial that the beam divergence be comparable with or smaller than the maximum
angle of undulations in the device.

The photon energy (in keV) of the nth harmonic at an observation angle
9 (in radians) relative to the undulator axis is given by

0.949 E_2n
E = 5—5 (4)
n X (1 + YTI2 + Y262)o

where Eg is the positron energy in GeV and XQ is the undulator period in cm.
The deflection parameter K is given in terms of X and the peak magnetic field
Bo (T) by

K = 0.934 X B (5)
o o

For the Nd-Fe-B hybrid magnet configuration with vanadium permendur pole
pieces, BQ is given by

Bo = 0.95 x 3.44 exp [- R (5.08 - 1.54R)] (6)

where R = G/XQ and G is the undulator gap in cm. In Eq. 6, the factor 0.95
represents the "filling factor," which takes into account the packing factor
of high-permeability blocks in the undulator assembly. Equation 6 applies to
an optimized magnet configuration at a given R and is valid for 0.07 < R <
0.7, and only approximately valid for 0.7 < R < 1. Mote that the smallest
gap produces the largest value of K and the lowest value of E .

In Table 6.1, various capabilities are indicated for three undulators
with different periods planned for the 7-GeV APS. Their important features
are as follows:
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The undulators on the APS, built with available Nd-Fe-B
hybrid magnet technology, deliver first-harmonic radiation
with energies ranging from a few hundred eV to about 25
keV. The typical on-axis brilliance from the full emit-
tance of the source for the first harmonic ranges from 10
to 101' photons/s-O.lZ BW-mrad2-mm .

A fully tunable undulator with 3.3-cm period on the APS
will deliver radiation from 4 to 13 keV in the first har-
monic, and from 12 to 40 keV in the third harmonic. The
energy tunability is achieved by varying the gap between
1.0 and 2.8 cm.

For applications needing only the high-energy undulator
first-harmonic radiation, a device with 2.3-cm period will
be tunable from 13 to 20 keV through gap variation. The
undulator with a period of 20 cm provides tunability in the
soft x-ray range.

The vacuum chambers for the undulators will permit a
minimum gap of either 1.4 or 1.0 cm. The former chamber
will be used during the initial operation of the APS.

Within the currently projected scope of research at the
APS, there will be little demand for harmonics higher than
the third. The required magnet design tolerances for such
undulator sources are well within those achievable with
present-day technology. A prototype of the 3.3-cm device
is now being built; its performance will be tested at
CHESS.

TABLE 6.1 Characteristics of Three Selected Undulators on the 7-GeV APS

Parameter

Period (cm)

K m a x/K m i n

Gmin/Gmax ( c m )

Emin/Emax ^ k e V )

Undulator A

3.3

2.5/0.4

1.0/2.8

3.5/13.5

Undulator B

2.3

1.1/0.3

1.0/2.0

13.0/19.5

Undulator C

20

2.7/1.0

16/27

0.5/1.5
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6.2 SPECTRAL CHARACTERISTICS

For a single particle moving through the periodic field of a transverse
undulator, the energy spectrum and the angular dependence of the spectral
brightness of the undulator can be calculated using analytical expressions
valid for small values of K. Since we are dealing with a positron beam with
non-zero emittance, it is best to obtain spectral characteristics using
numerical methods. Our method is based on an integration of the Lienard-
Wiechert potential over a positron trajectory of finite dimension. These
calculations are computer-intensive, particularly for the calculations of the
flux through a pin-hole, which demands additional integration.

Undulator A, with a period of 3.3 cm, satisfies the user criteria of
providing first-harmonic tunability over the energy range from 7 to 14 keV
during early operation, and from 3.5 to 13.5 keV during mature operation. A
two-meter-long prototype of this device has now been built and will be tested
on the CESR lattice at Cornell. The on-axis brilliance of this device has
been shown in Fig. 6.1 for G = 1.3 cm, K = 1.65. In this configuration, the
first harmonic will occur at about 6 keV and the expected third harmonic at
about 18 keV. The second harmonic (at about 12 keV) also has considerable on-
axis brilliance. This arises because we are dealing with a positron source
with non-zero emittance, so that the angular dependence of the photon energy
expressed in Eq. 4 can produce even harmonics.

In Fig. 6.2, a set of first-harmonic peaks produced by varying the gap of
Undulator A is shown. The figure demonstrates the tunability of this device,
as well as the rather weak dependence of brilliance on photon energy. Similar
results for a 2.3-cm-period undulator (B) are shown in Fig. 6.3. This device
produces first-harmonic radiation with higher photon energy but somewhat
smaller tunability range. In Fig 6.4, two spectra for the device with 20-cm-
period are shown. This device, with a first-harmonic tunability from 0.5 to
1.5 keV, is most suitable for investigations needing soft X-ray radiation.
(The 7.7-cm-period pure REC undulators, installed on the 14-GeV PEP lattice to
obtain hard X-rays, will produce tunable first-harmonic radiation covering the
1 to 4 keV range on the 7-GeV APS lattice.)

The angular distribution of radiation from an undulator is dependent on
the harmonic. Several distributions for Undulator A are shown; note that the
source emittance is included in our calculations. In Fig. 6.5, the variations
of the o- and ir-components of polarization contributing to the undulator
brilliance as a function of horizontal angle, 0 (for i|» = 0), and vertical
angle, ip (for 9 = 0 ) , are shown. These represent the variation along the x-
axis and y-axis, respectively. From this figure, we observe that along the x-
axis there is only a contribution from the o-component of the polarization.
Along the y-axis, the n-component is very small along the undulator axis but
increases away from the axis. Also, we observe contributions to the bril-
liance as peaks at various values of 6 arising from higher harmonics, as
predicted by Eq. 4. The figure shows that the nature of the polarization of
radiation emitted by a planar undulator is dependent on 6 and 4>. The
inclusion of the positron beam emittance smears the polarization components
with respect to those predicted by a single-positron calculation. However, as
Fig. 6.5 shows, the it and o components of polarization are clearly observ-
able. The calculations suggest the possibility of selecting radiation with
different ellipticity by choosing an appropriate angle of observation (8,i{i)
for any undulator energy harmonic.
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6.3 SEGMENTED UNDULATOR

For an idealized single-particle (zero-emittance) beam, one expects the
brightness to be proportional to Nx, where N is the number of periods and
x = 2. This expectation has encouraged the design of long undulators with
many periods to enhance the brilliance. At the same time, the detrimental
effects on the brightness from the magnetic-field-errors require tight
construction tolerances on the undulator assembly. For a non-zero-emittance
lattice, a numerical calculation of the type discussed above has shown that
the brightness varies with 1 < x < 2. For the APS undulators, we find that
X ~~ X • & •

This result leads us to simplify the engineering design of the APS
undulators by segmenting them and mounting the segments together. Thus,
instead of a single 5-m-long undulator, one can design two undulators with
approximately half the length. For Undulator A, segmentation into two short
devices reduces the brightness by about 13%. However, the segmenting provides
the following advantages:

The mechanical design of the undulator vacuum chamber is simplified,
making it easier to achieve the required tolerance.

Magnetic measurements on the segmented undulator are considerably
easier.

Individual segments can be separately tested for their performance.

The effects of random errors on the peak brightness are smaller for
the shorter (or segmented) devices.

The power load on the first optics can be adjusted for its best
performance by selecting the number of segments. This capability
provides needed flexibility and experience in the optics design.

The prototype undulator being built for CHESS, which is 2 m long,
will provide all the required test information.

6.4 FLUX THROUGH A PIN-HOLE

The flux through a pin-hole placed on the axis of the undulator is
calculated using the numerical procedures described earlier. These are
complex and demand considerable computational time. In Fig. 6.6, a set of
first-harmonic energy spectra from Undulator A (period = 3.3 cm, gap =1.6 cm)
obtainable through pin-holes of different sizes is shown. The spectral
distribution is a function of the pin-hole size. However, a pin-hole alone
cannot be used as a monochromator, except in those investigations where one is
interested in only a pseudo-monochromatic beam. The variation of flux through
a pin-hole of fixed size placed on the axis of Undulator A as a function of
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the first-harmonic x-ray energy is shown in Fig. 6.7. At 30 m from the center
of the undulator, this pin hole illuminates an area of 0.66 mm x 0.66 mm. The
effective opening angle of the central cone is approximately 9 urad in the
vertical direction and 24 prad in the horizontal direction.

6.5 ENERGY SPREAD IN UNDULATOR PEAKS

For an undulator with N periods, the natural emitted bandwidth of the
emitted radiation for an ideally parallel positron beam is given by

AE ,
al E nN » W l

n

where n is the radiation harmonic. In the case of the proposed Undulator A,
N = 158 and the bandwidth of the first harmonic is approximately 0.6%.

In the case of the APS storage ring with non-zero emittance, there are
other sources of energy spread. The contribution to the intrinsic bandwidth
from the angular spread of the positron beam is

+ K2/2), i=x,y. (8)

For an undulator straight section in the present lattice, we have (from Table
4.1) a1 = 24 urad and a1 = 9 prad. For a typical value of K = 1.0, the
energy spreads along the x and y directions are 6.6 and 0.92, respectively.
The broadening effects along the two directions are not equal, and correspond
to different effective opening angles of the central radiation cone in the
horizontal and vertical directions.

The size of the positron beam also contributes to the energy spread.
This can be estimated for a typical beam-line length of M meters, using the
expression

* V , i=x,y. (9)

For our lattice, with ox = 308 pm and a = 85 pm, the bandwidths along the x
and y directions will be 0.5 and 0.04%, respectively. This spread is small
compared with that produced by the beam divergence.

The spread in the energy of the positron beam will also contribute to the
bandwidth. In the case of the APS lattice, this is less than 0.12.

A final source of undulator peak, broadening is associated with
inhomogeneities in the magnetic field of the undulator. For a variation in
the peak field (BQ) given by A8Q along the length of the device, the increase
in the bandwidth is given by
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For the undulators proposed for the APS, the field errors are less than 0.5%
and will result in a similar increase in the energy bandpass of the device.

The total energy bandpass is given approximately by the sum of the
various contributions mentioned above. The energy spread from the undulators
on the APS is on the order of 2% over the effective vertical opening angle and
approximately 9% over the horizontal angle.
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7 WIGGLER SOURCES

In a wiggler, the positrons experience large magnetic fields such that
K > 5, and their large path-length deviations from a straight line do not
permit the radiation to add coherently. Also, the large K value in Eq. 4
produces very close harmonics, resulting in a nearly continuous spectral
distribution resembling that from a bending magnet. The wigglers serve two
important purposes on the 7-GeV APS. First, they can be used to set the
critical energy of the spectral distribution higher or lower than that from
the bending magnet. Second, by having a large number of poles in a 5-m-long
multipole wiggler the spectral intensity can be proportionally increased.
The opening angles of radiation for a wiggler are considerably larger than
those for an undulator. Thus, the spectral brilliance (or even the flux
through a small pin hole) from a wiggler is lower than that from the first
harmonic of an undulator. The primary uses of a wiggler on the APS will be
to generate photons with energy above about 20 keV and in cases where one can
use the entire angular spread of a wiggler beam. There will also be a need
for wigglers with low critical energy, where higher harmonics of radiation are
hard to eliminate.

In Table 7.1, parameters for two wigglers on the 7-GeV APS are given.
Wiggler A has a critical energy of 35 keV, while Wiggler B has a low critical
energy, approximately half that of the bending magnet. Wiggler A can be
assembled with permanent magnets in a hybrid configuration, while Wiggler B
is best constructed from electromagnets. Note that Wiggler A can provide high
brilliance even at 80 keV.

For producing photons in the range of 50 to 200 keV — useful for
performing Compton scattering and high Q scattering experiments — a wiggler
with Nd-Fe-B hybrid configuration has been designed. This wiggler has a
period of 12 cm and a critical energy of 58 keV.

It is useful to compare the performance of the 7-GeV APS wigglers with
those operating on or planned for other storage rings. In Figs. 7.1, 7.2,
and 7.3, we present the dependence of flux, brightness and brilliance, respec-
tively, for various wigglers as a function of photon energy. In generating
these figures, the parameters given in Table 7.1 have been used.
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Table 7.1 Parameters for Various Wiggler Sources

Parameter

ER (GeV)

I (mA)

P (m)

BQ (T)

x (mm)

y (mm)

Ec (keV)

Poles

Period (cm)

K

L (m)

Structure

20 (mrad)

Flux at E c
a

APS
Wiggler A

7.0

100

23.3

1.0

0.31

0.09

32.6

20

15

14

1.5

Nd-Fe-B
hybrid

2.0

2.24

APS
Wiggler B

7.0

100

78.0

0.3

0.31

0.09

9.8

40

25

7

5.0

Electro-
magnet

1.0

4.48

CHESS
West

5.5

80

13.2

1.39

1.9

1.21

27.9

6

35

45

1.05

Electro-
magnet

8.4

0.53

SSRL
VI

3.0

100

8.3

1.2

2.5

0.15

7.16

54

7.25

8

1.9

Sm-Co
hybrid

2.8

2.59

NSLS
X-17

2.5

500

1.4

6.0

0.3

0.02

24.9

6

17.8

99

0.53

Super-
conducting

40.8

0.24

aIn units of photons/s«0.1X BW-mrad.
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8 INSERTION-DEVICE POWERS

The total power (in watts) radiated from an insertion device of length L
(in meters) is given by

P = 0.633 E R
2 B Q

2 I L (11)

where E R is the positron energy in GeV, BQ is the peak magnetic field in T
experienced by the positrons, and I is the stored current in mA. The angular
dependence of this power (in W/mrad 8-mrad 4>) is

32P/3e3(|) = 0.01084 E D
4 B I N G(K) f-_(e,(J>> (12)

K O K

where N is the number of periods in the device, and

G(K) = (K7 + 24K5/7 + 4K3 + 16K/7)/(l + K 2 ) 3 * 5 (13)

1 ft
and f|.(8,ip) is a complex integral normalized to 1. For 6 = 0 and H> = 0, one
obtains the peak power density of this distribution, given by

Ppeak = 0.01084 E R
4 BQ I H G(K) (14)

From Eq. 13, notice that much of the variation in G(K) is for K values smaller
than 1.0, with G(K = 1.0) = 0.94. In the wiggler regime, G(K) = 1.0. Hence,
the variation in peak for an undulator increases as K approaches 1.0 and then
saturates for larger values of K.

The normal radiation impinging at a distance M meters from the source
point can be defined in terms of surface power density by

W (watts/mm2) = P /M2 (15)

In designing optics or solving heat-flow problems, the normal surface power
density provides the most important number. This power is usually spread over
considerably larger surface areas by orienting the exposed surface at a small
angle relative to the radiation. Often this angle is determined by the Bragg
law or by critical angles of reflection for a given wavelength of radiation,
depending on the optics used.

In Table 8.1, the parameters related to the power distributions from
various insertion devices on the 7-GeV APS are compared with those from a few
devices on other storage rings. The total power from Undulator A will be 1.65
kW for K = 1, and the peak power density will be 126 kW/rad . At a distance
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of 30 m, the normal surface power density is 140 W/mm . In the above
discussion, the positrons are treated without including the spatial and
angular spreads in these beams. The vertical and horizontal divergences of
the source including these effects are

, 1/2

and

In the case of the APS, the radiation opening angles dominate the con-
tribution from the particle beam divergence, and the reductions in the peak
power densities associated with emittance effects are minimal. Therefore, the
zero emittance values given in Table 8.1 can be considered as good estimates.

TABLE 8.1 Power Distributions from Insertion Devices

Parameter

ER (GeV)

I (mA)

BQ (T)

L (m)

Periods, N

K

Total Power
(kW)

o
Peak mrad
(kW/mrad2)

W at 40 m
(W/mm2)

APS
Undulator A

7.0

100

0.81a

5.0

151

2.5

10.3a

326a

204a

APS
Wiggler 1

7.0

100

1.0

1.5

10

14

4.6

26

16

APS
Wiggler 2

7.0

100

0.3

5.0

20

7

1.4

16

10

SSRL
VI

3.0

100

1.2

1.96

27

8

1.6

2.8

28b

NSLS
X-17

2.5

500

6.0

0.53

3

99

37.9

3.8

38b

Calculated for smallest gap of 1.0 cm and highest K.

Calculated at 10 m from the source midpoint.
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9 SPECIAL INSERTION DEVICES

During the next few years, many new insertion devices will be designed to
tailor the radiation from the APS. These will include sources to orient the
polarization axis, to produce polarized hard x-rays with variable ellipticity,
to provide undulator radiation with broader bandwidth, to deliver two types of
pseudo-monochromatic radiation, and others. In this section we briefly
describe some of these special devices that have been considered for the 7-GeV
APS.

9.1 UNDULATOR-WIGGLER

It would be useful to have an insertion device that provided a wide
variability in K from 1 to 9 and could thus serve as both an undulator and a
wiggler. Such a device would have many interesting applications, because it
would permit different kinds of investigations to be carried out on a beam
line without restructuring the insertion device or moving the experiment from
one beam line to another. To demonstrate this capability in the case of the
7-GeV APS, a design is presented for a device with an 8-cm period.

At gaps larger than 4 cm, the device has undulator characteristics, with
K varying from 1 to 2.5. The minimum gap necessary for the device to function
as a wiggler is about 1.7 cm. With the Nd-Fe-B hybrid configuration, a K
value of about 9 can be achieved at this gap. The on-axis brilliance as a
function of photon energy for this device is shown in Fig. 9.1 for three
different values of K. The undulator is tunable over the energy range from
1.5 to 9 keV when the first, second, and third harmonics are used. The
critical energy of the wiggler spectrum is over 30 keV.

9.2 VERTICAL WIGGLER

The planar wigglers commonly built provide radiation with linear polar-
ization in the orbital plane (x-direction). There are numerous experiments
that demand that the polarization axis be perpendicular to the orbital plane
(y-direction). This can be achieved using a wiggler with field lines in the
x-direction (a "vertical" wiggler). A wiggler suitable for this purpose on
the 7-GeV APS would be constructed similar to Wiggler B, with a critical
energy near 10 keV.

9.3 BROAD-BAND UNDULATOR

While the high degree of spatial collimation of undulator radiation is
generally beneficial, the very narrow energy band from various harmonics of
the device is not useful for certain applications. This is especially true
for spectroscopic techniques, such as EXAFS, and for techniques based on
anomalous dispersion. In these cases, an energy bandwidth approximately ten
times larger than that of the radiation harmonics from a transverse undulator
is desirable.
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For those who seek to use the APS for such applications, several
possibilities for producing "broad energy-band" undulator radiation have been
investigated. These include undulators with either a period or a magnet gap
that varies linearly along its length. A varying period or gap broadens the
energy-band of a given undulator harmonic, but it does not result in a flat
distribution of the photon brilliance over the energy width of the harmonic.
A broad energy-band with a flat intensity distribution is obtained from an
undulator by constructing an undulator with several segments. Each segment
has a different gap and a different number of periods. The relative phase of
the positron beam trajectory between segments is purposely not maintained
through the device, and consequently the resulting photon intensity is a sum
of the intensities from each segment. This has the advantage that the
segments can be tailored to make this resulting intensity nearly flat over the
harmonic energy bandwidth.

As an example of a broad-band segmented undulator, we have carried out
simulations of the spectral characteristics of a five-segment device with a
period of 3.35 cm and a total length of approximately 5 m. The number of
periods and the gap for each segment are adjusted so that the on-axis
brilliance for the first harmonic, shown in Fig. 9.2, is nearly flat over an
energy interval of about 1.2 keV (centered at about 9.5 keV). The average
energy position of this first-harmonic broad band can be shifted or tuned by
changing the gap uniformly for all five segments. At the minimum magnet gap
of 10 mm expected for the APS, the first harmonic is centered at approximately
5 keV and has an energy bandwidth of about 1.8 keV. At the maximum gap, the
first harmonic is centered at approximately 11.5 keV and has an energy width
of 0.7 keV. The brilliance remains flat to within a factor of two over the
tunable range of the device, well within the dynamic range of most detectors.

9.4 EXTRA-LONG STRAIGHT SECTIONS

The straight sections on the 7-GeV APS lattice are 6.2 m long and can
accommodate a maximum insertion-device length of 5 m. Thus, opportunities
exist to install one long device or several shorter devices. The need for
straight sections longer than 6.2 m was addressed by the National Task
Group. This group concluded that the 6.2 m length is adequate for currently
proposed scientific research. However, to maintain flexibility for future
experiments, the APS storage-ring design is capable of accommodating extra-
long straight sections of 8.5-m length. Note that the brightness of the
radiation from undulators on the APS is proportional to Nx with x = 1.2,
rather than the x = 2 value deduced from single-particle calculations. Hence,
extra-long straight sections would not greatly enhance the brilliance through
longer devices with larger number of periods. On the other hand, there may be
situations where the experiment demands two or more radiation sources on a
single straight section. In those cases, an extra-long straight section could
accommodate many devices.

The extra-long straight section on the 7-GeV APS storage ring is realised
by the removal of a quadrupole magnet on each end of a straight section. This
increases the usable length for an insertion device to about 8 m. It is to be
expected that only a few such extra-long sections will be required.
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9.S POLARIZATION SOURCES

It is anticipated that the polarization characteristics from various
sources at the APS will be fully exploited.

Synchrotron radiation produced from bending-magnet sources has two
polarization components; one parallel to the orbital plane, I.., and the other
perpendicular to the plane, I . The on-axis radiation is completely linearly
polarized. Integrated over trie vertical extents of the beam, the degree of
linear polarization, (I- - I )/(I. + I.), is about 0.76 at the critical
energy. Above and below the orbital plane, the radiation is elliptically
polarized. The degree of linear polarization can be altered, albeit with a
loss of flux, by accepting radiation through a vertical slit. It is estimated
that a high degree of linear polarization (0.9) can be obtained through this
arrangement, with a modest (<50%) sacrifice in the flux. By going above and
below the orbital plane, elliptical polarization can be obtained; the helicity
of the polarization is determined by the direction of the positron beam
curvature relative to the observation axis.

The positron beam through a wiggler experiences oscillations in the
trajectory. Hence, as in the bending-magnet source, the radiation is linearly
polarized in the orbital plane. Away from this plane, we have elliptical
polarizations of alternating helicity from successive poles of the wiggler,
which add to destroy the net polarization, except for any residual com-
ponent. The vertical wiggler discussed in Sec. 9.2 will produce polarization
in the vertical (yz) plane. An asymmetric wiggler has been proposed that
would produce wiggler radiation with varying ellipticity.

The transverse undulator radiation in the first harmonic is linearly
polarized in the plane of the orbit (xz). There are distinct types of
undulators that can in principle deliver elliptically polarized radiation on-
axis, unlike the transverse undulators of types A, B, and C discussed
earlier: They are (1) helical undulators, ' (2) crossed undulators, and
(3) deformed helix undulators. More studies are needed on these devices
before they can be used to produce radiation with different ellipticities on a
routine basis on the APS.
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10 TIME STRUCTURE

10.1 STORAGE-SING PARAMETERS

With a radio frequency (RF) accelerating system operating at 353 MHz and
a circumference of 1060 meters, the APS storage ring will have a harmonic
number of 1248; that is, there are 1248 stable orbital positions or RF
buckets, equally spaced around the ring. The explicit timing properties of
the storage ring will depend on which and how many of the RF buckets are
filled. Calculations indicated that the maximum achievable current per bunch
is 5 mA; hence, to attain a stored current of 100 mA, a minimum of 20 bunches
will be required. If the bunches are equally spaced, this would correspond to
an interbunch period of approximately 177 ns. The calculated low-current
(<0.5 mA) bunch length and maximum current (5 mA) bunch length are 38.7 ps
(2 x RMS) and 116 ps (2 x RMS), respectively. A comparison of the temporal
properties of the APS and other x-ray storage-ring sources is given in Table
10.1.

Several questions related to the temporal properties of the APS have been
asked by researchers interested in performing time-resolved x-ray measure-
ments. These questions have focused on concerns about bunch size and stabil-
ity and the degree of "emptiness" of RF buckets adjacent to a filled bucket.
From discussions with the accelerator design group, the following estimates
have been made: The number of particles in each bunch (i.e., the current per
bunch) should be the same to within - 52 at the start of a fill. A conser-
vative estimate of the "time jitter" between the arrival of consecutive bunch-
es should be less than la of the bunch length. This corresponds to - 58 ps in
177 ns (20 bunches equally distributed around the ring) or -0.03Z of the
interpulse period. The accelerator physicists were in general agreement that
the buckets adjacent to filled buckets would in fact be quite empty, in part
because the injected bunch length is 1 ns while the RF bucket is 2.83 ns in
length.

10.2 SPECIAL TIMING OPTIONS

Some portion of the user community has expressed interest in the
possibility of having a single pulse of x-rays surrounded by "long" dark
periods. ("Long" periods might range from microseconds to seconds, depending
on the particular user.) One way to accomplish this is through the use of
fast kicker magnets that could steer a positron bunch (or several bunches) out
of the normal orbit for a short duration and then deflect it back. The timing
experiment would be arranged so that it would receive radiation only from the
deflected bunch(es). However, there is considerable concern that these
wobbler magnets could have deleterious effects on the spatial and angular
stability of the positron beam in general.

We have recently been exploring an alternative approach to this problem,
one utilizing asymmetrically spaced bunches in the storage ring coupled with
mechanical choppers. One proposal calls for placing 19 of the 20 circulating
bunches in contiguous RF buckets and the remaining bunch diametrically
opposite to them. This particular arrangement would allow the use of a
mechanical chopper, rotating at 18,000 RPM, to pick out and transmit radiation
from the lone pulse, so that an interpulse period of 3.536 ys (the natural
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Table 10.1 Tine Structures of Various Storage Rings

Parameter

Orbit Period (ns)

Number of Bunchesa

Bunch Duration (ps)

Interpulse Period a

(ns)

SSRL

760

1(4)

300

760(190)

CHESS

2560

7

160

366

NSLS

568

30

1700

18.9

APS

3536

1(20)

116

3536(177)

aMumbers in parentheses refer to alternative modes of operation.

orbital period) could be achieved. With a single chopper, tailoring the slot
configuration could allow any dark time from 3.536 ys to 3.33 ms (corres-
ponding to a single slotted chopper wheel). For longer interpulse periods,
two choppers in series can be used. In this configuration, the second chopper
rotates at a slightly different frequency, resulting in alignment of the two
slots at times given by the beat frequency between the two wheels. The two-
wheel scenario has the additional advantage that by counter-rotating the
wheels, only half the rotational frequency per chopper wheel is required.
With a Av of 20 RPM (the minimum allowable value so that there is no slot
overlap at the arrival of a burst of x-rays immediately following the one that
was just passed), a 6-s interpulse period can be realized. An effort to
investigate the mechanics and electronics of such chopper-wheel arrangements
is under way.

10.3 TIMING DETECTORS

Although the temporal properties of the storage ring have been em-
phasized, clearly many experiments will not need to explicitly utilize the
modulated time structure of the storage ring to perform time-resolved ex-
periments, but will instead rely on special detectors. The required char-
acteristics of the detectors are experiment-specific. However, such prop-
erties as high data-rate capabilities, fast readout, large dynamic ranges,
time-slicing capability, good spatial resolution, and gatability are all
desirable, in some combination or another; much work in the area of detector
development will be required to fully utilize the enhanced brightness that the
APS will afford over currently operating sources. One such detector devel-
opment program is currently under way in a collaboration between ANL and the
University of Michigan.
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10.4 FLUX PER BUNCH FOR VARIOUS APS SOURCES

Table 10.2 lists the calculated flux per bunch for both bending-magnet
and insertion-device sources at the APS. All calculations are made at the
critical energy (for bending-magnet and wiggler sources) or at the fundamental
energy (for undulator sources), assuming 7.0-GeV, 100-tnA operation with 20
bunches.

By adjusting the bandwidth of the monochromating system, large increases
in flux per pulse can be obtained with bending-magnet and wiggler sources and
(to a lesser extent) with undulator sources, since these have a natural line
width of 1 to 52.

Table 10.2 Flux per Bunch for APS X-Ray Sources

Source Flux

Bending Magnet 1.7 x 10° x-rays/0.1% BW-mrad8

Wiggler A 3.9 x 107 x-rays/0.12 BW-mrade

Wiggler B 4.5 x 107 x-rays/0.1% BW-mrade

Undulator A 2.1 x 108 x-rays/0.1% BW

Undulator B 1.7 X 108 x-rays/0.1% BW
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11 EXPERIMENTAL FLOOR AND LABORATORY OFFICE MODULES

11.1 GENERAL LAYOUT

The 7-GeV APS design provides for supporting a large number of beam lines
and experimental stations to meet the demands of a wide variety of users. The
storage ring will include up to 35 ports delivering bending-magnet radiation
and 34 straight-section ports delivering insertion-device radiation.

One of the key issues in beam-line design involves the ability to handle
unprecedented power densities and power gradients from the insertion de-
vices. Considerable R&D work is being undertaken to develop the design for
the first optical element; this effort borrows from the advanced methods and
technologies used in other areas, such as fission and fusion. The cooling of
the optical element using liquid metals is a part of this R&D work.

A closely related issue concerns the length of the beam lines. Provision
has been made to accommodate 80-m-long beam lines within the experimental
hall. This length is governed by several factors, the primary one being the
location of the first optics. Finite-element analysis of a Si premono-
chromator cooled with liquid Ga shows that, with careful engineering, it can
be located 30 to 60 m from the source (depending on the insertion device)
without undergoing unacceptably large distortions.

Some applications will demand mush longer beam lines, extending out of
the experimental hall. In the present placement of laboratory/office modules
around the ring, there are at least six locations where the beam lines could
extend beyond the experimental hall without any building obstruction.

A tentative plan for disposition of the beam lines is shown in Fig. 11.1
in order to suggest the magnitude of this facility. Enough flexibility is
built into the present design to accommodate anticipated changes in device
distribution, as well as experimental stations. The capability to install
large experimental stations and accommodate additional user needs on the
experimental floor is a principal feature of the present design.

11,2 LABORATORY/OFFICE MODULES FOR USERS

At present, eight laboratory/office-module buildings can be constructed
around the perimeter wall of the experimental hall. The modules provide
office and laboratory space for researchers working with beam lines in the
experimental hall.

Figure 11.2 depicts a typical laboratory/office module. The design
provides convenient access to laboratory, office, service and delivery, and
related support spaces to maximize the experimenters' use of the facility.
Each sector of the storage ring supports an insertion-device beam line and a
bending-magnet beam line. Every sector has easy access to two standard
laboratories, eight offices, and additional space for a small meeting room or
secretarial area. Thus, each of the laboratory/office modules provides space
for users working on eight beam lines contained in four sectors, as shown in
Fig. 11.2. The module, in addition, has truck delivery access, vending space,
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locker rooms, and a small staff shop. Eight such modules will support users
at 32 sectors or 64 beam lines.
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SPECTRAL CHARACTER OF OPTIMIZED UNDULATOR INSERTION DEVICES
FOR THE SYNCHROTRON X-RAY SOURCE AT ARGONNE

S. H. Kim, P. J . Vlccaro, and G. K. Shenoy
Argonne National Laboratory

Argonne, IL 60439

Introduction

Two general type* of undulator x-ray sources
are planned for the Advanced Photon Source (APS) to
be b u i l t *i Argonne. One Is to provide f i r s t
harmonic radiation tunable over the Interval of 7
to 14 keV during the I n i t i a l phase of operation of
the storage r i n g . This tunabl l l ty range w i l l
Increase for the sane device to approximately 4 .7
to 14 keV during the nature phase of operation.
The larger tunabl l l ty interval corresponds to a
smaller v e r t i c a l stay free clearance expected for
the f i n a l operating condit ions of the r ing. This
al lows for a smaller undulator magnetic gap and
hence lower energy f i r s t harmonic xadiation [ 1 ] , .
By using the higher harmonics of th i s dev ice ,
considerable i n t e n s i t y w i l l be ava i lable a t 20 keV
and above.

A second device with a smaller period i s
planned for those cases where the Intens i ty of the
third harmonic radiat ion from the above device Is
not s u f f i c i e n t . In th i s case , the undulator w i l l
provide 20 keV radiat ion In the f i r s t harmonic.

The magnetic design of both devices w i l l be a
hybrid type [2] which uses the Nd-Fe-B a l l o y as the
permanent magnet material and vanadium permendur as
the p o l e - t i p . As part of the optimization scheme,
the magnetic f i e l d ca lcu la t ions have been carried
out using a version of the two dimensional f i e l d
code PANDIRA [ 3 ] . In th i s approximation, the width
of the undulator Is assumed to be i n f i n i t e . Three
dimensional effects associated to finite pole
widths have been estimated using experimental
results of single pole measurements for a 7 cm
period device [4 ] .

In additional, numerical calculations of the
spectral characteristics have been done using the
magnetic design parameters and taking into account
the emittance expected for the APS. On-axls
brilliance results us well as expected spectral
power densities have been determined.

The required tunability range and maximum
photon energy coupled with the ring energy, along
gap and smallest acceptable K-value, determine the
period of an undulator [ l ] . For the case of the
APS storage ring operating at 7 GeV, the minimum
gap is expected to be approximately 10 mm. Under
the'e conditions, a 14 keV device with period close
to 3.3 cm has an acceptable tunability range for
the ccae of Nd-Fe-B alloy permanent magnet material
and vanadium permendur pole tips. The peak on axis
magnetic field for this type of device is given by
[21.

B(T) - 0.95x3.44 exp (-R(5.08-1.54R)

where the factor 0.95 represents a fil l ing factor
due to packing losses of permanent magnet material,
and R is the rates of the magnet gap to the
undulanor period.

Clven the peak field, the deflection parameter
or K-value is determined from

K - 0.934 B(T) X(cm).

As la known, the photon intensity fro* an
undulator i* governed by the value of K. Small K-
values correspond to small Intensities. At the
closed gep position for the 14 keV undulator, the
K-value at the minimum gap is near 2.5. Under
these conditions, as will be shown below, the third
harmonic will contain a significant amount of
Intensity. In this ease, the actual tunable range
of the device is extended we'll beyond 20 keV by
using the third harmonic.

The undulator which vlll provide 20 keV In the
first harmonic has a more limited tunablllty rang*
and as mentioned, is Intended for those eases where
the flux fron the 14 keV device is not adequate at
these energies.

In the actual design of the undulators, the
pole overhang, width, thickness and height must be
determined as well as 'the equivalent permanent
magnet dimensions. The field quality along the
undulator axes (z) as well as in the horizontal
direction (x) depend on the geometrical arrangement
of the poles and permanent magnetets and their
dimensions. The peak value of the field depends in
much the sane way on these parameters.

In a hybrid configuration, the magnetic field
strength and distribution depend on the geometry of
pole-ilps. The field quality is much less depen-
dent on the magnetic and geometric quality of
permanent magnet Material. In the optimization
procedure, the various geometrical parameters of
the structure were varied and the two-dimensional
flux lines were computed iteratively in the yz
plane. From this calculation, both the peak field
and field quality In the z direction can be
determined. In the optimization, an attempt was
made to obtain the highest peak field consistent
with the best sine-like variation of the field
along the particle beam trajectory.

As mentioned, this procedure assumes an
infinite width for the device. As has been shown
experimetally [4], a finite pole width affects both
the field quality (roll-off) in the horizontal
direction and the peak field intensity. For the
latter, a two dimensional code tends to over-
estimate the peak magnitude on axes. Through a
direct scaling with the experimental results, the
minimum widths given In Table 1 were obtained.
Other relevant r rameters of the 3.3 cm period
device are also ahown in the Table.
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Table 1

Parameters for the 14 keV Undulator

Period (cm)
Number of Periods

Length (ra)
Minimum Gap (cm)
Pole Pieces:
Width (mm)

Height (mm)
Thickness (mm)
Overhang (mm)

Permanent Magnet:
Width (mm)
Height (mm)
Thickness (mm)

3.3
151
4.95
1.0

48
35
6.2
~1

64
42
10.3

Fig. 1 shows the optimized two-dimensional
magnetic flux lines of a 1/4 period of the 3.3 cm-
undulator at a minimum gap for a 1.4 cm. The
shapes of the vanadium permendur pole-tip and the
Nd-Fe-B permanent magnet shown in the insert in the
figure. This geometry produces sinusoidal field
variation along the undulator with less than IX of
higher moments present. It also avoids flux
saturation at the corners of the pole tip as well
as demagnetization of the permanent magnet. For
gap values ranging between 1.4 and 2.2 cm, the
field increase at 1 mm above or below the nldplane
Is 27..

(a)

Vanadium
Permendur

(b)

3.1 mm i 5.15 mm

Fig. 1 Magnetic fields lines for a quarter period
of a 3.3 cm device. The inset shows
details of pole and permanent magnet
shaping to reduce saturation and
deraagnatization effects.

The maximum widths of the pole-tips and the
permanent magnet blocks in Table 1 are wide enough
to consider the imdulator field configuration as a
two-dimensional model to a good approximation. If
an additional tolerance in the horizontal direction
is desired, the pole width and magnet width could
be increased. The widths shown are consistent with
a field roll-off of less than 1% over a distance of
•±1 cm in the horizontal direction.

An estimate of the dimensional tolerance was
obtained using the same procedure. Reducing the
pole overhang, for example, from 1.0 mm to 0.5 aa
Increases the peak field by 1.4%. Increasing the
thickness of the permanent magnet by 2 aa and
simultaneously reducing the thickness of the pole
by 2 mm also increases the peak field by 2.5Z.
From the above exercise, the following required
dimensional tolerances can be estimate:

• Thickness tolerance
• Height tolerance
• Width tolerance

tO.05 OR (±2 all)
t0.25 nn (±10 ail)
t0.25 an (tlO ail)

An equivalent analysis was performed for the
20 keV device. The period in this case is 2.2 ca
with 227 periods. The pole width Is 4 aa and the
permanent aagnet thickness Is 7 aa. The K-values
are never larger than 1 for this undulator. This
implies that the undulator will have a Halted
tunability range involving the first haraonic.

The spectral characteristic such as on-axis
brilliance etc. usually calculated for a single
particle are unrealistic since the particle beaa
has a non-zero phase space voluae. In order to
estimate these effects for the above undulators,
numerical simulation were done which take the non-
zero source size and divergence properties into
account. For the APS ring, the typical source size
and divergence in the x and y planes are given
below. The values of B x " 20 a and By " 10 a were
used along with expected eaittance of the APS
storage ring.

o x » 364 pm

o x « 19 prad

• 82 pa

9 yrad

The simulation is one which Involves a
numerical integration over the path of the
particles through the undulators. The magnetic
field was assumed to have a sinusoidal variation
along the length of the device with no field errors
present. An example of the results of a calcula-
tion of on-axis brilliance for a range of gap
settings are shown in Fig. 2 for the first
device. The stored energy of the particle beam was
assumed to be 7 GeV with 100 mA current and source

Energy (keV)

Fig. 2 The spectral on-axis brilliance for the 3.3
cm device with 148 periods. The solid
lines are the first harmonic for gaps of
a) 11.2, b) 13.9, c) 16.5, d) 19.7,
e) 24.7, and f) 30.1 mm. The dashed curve
is the third harmonic for gap of a).
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tlxt* given earlier. The f irst harmonic radiation
at a gap of approximately 11 mm It near 4.7 keV.
As can be seen, the third harmonic has appreciable
Intensity at the smallest gap. Fig. 3 shows the
simulations for two gap settings In which both the
second and third harmonics are present. As can be
seen, the second harmonic appears on-axis with
appreciable Intensity because of the finite source
size.

20

Energy (keV)

Fig. 3 The spectral on axis brilliance for the 3.3
cm device at the gaps indicated.

A second property of both devices is the large
peak on-axis power density, at the closed gap
position. The photon heat load at these gaps is an
area which will require innovative heat transfer
solutions.

Both devices will provide ample flux over a
relatively large range of x-rays energies and will
allow for a host of new and interesting exper-
iments.

This work is supported by the U.S. Department
of Energy, BES-Materials Sciences, under Contract
W-31-109-ENG-38.
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Some of the relevant spectral parameters are
summarized in Table 2 and 3. As is evident, both
devices appear to have large on-axis brilliance
over the whole range of tunability. Only for the
case of the 3.3 cm device is the brilliance appre-
ciably smaller above 13.5 keV. However, a slight
decrease in the period by approximately 0.1 cm is
sufficient to raise the tunability interval from
3.5 to 4.7 keV at the lower end and approximately
13.6 to above 14 keV at the higher end.

Table 2

Undulator Spectral Properties
3.3 cm period. 151 periods

Gap (cm)
K
B(T)
El(keV)
Brilliance*
Total Power(U)
Power Density

(kW/mrad2)

1.0
2.46
0.81
3.5
7.08
10000

298

3.25
0.296
0.098
13.5
0.87
150

9.5

Table 3

Undulator Spectral Parameters
2.2 cm

Gap (cm)

K
B(T)
El(keV)
Brilliance*
Total Power (W)
Power Density

(kw/mrad2)

period, 227

1.0
0.92
0.450
14.9
7.99

3100

250

periods

1.7
0.34
0.165
20.
1.7

420

64

•brilliance xlO18 In units of (ph/s/O.UBN/mrad2/mm2)
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A 3.3-cm period Nd-Fe-B hybrid undulator has been designed and successfully operated in the
Cornell Electron Storage Ring (CESR). This 2-m-long, 123-pole insertion device is a prototype
of one of the undulators planned for the Advanced Photon Source. In dedicated operation, the
undulator produced the expected brightness at 5.437 GeV with the fundamental x-ray energy
ranging from 4.3 to 7.9 keV corresponding to a change in gap from 1.5 to 2.8 cm.

INTRODUCTION

Undulators are periodic magnetic devices that can produce
an extremely brilliant beam of x rays when operated in low-
emittance storage rings. The periodic magnetic structure of
an undulator produces interference effects in the emitted ra-
diation resulting in sharp peaks in the x-ray spectral distribu-
tion. This property selectively compresses the radiation in
narrowbands and enhances the fraction of the output energy
spectrum that is desirable for a specific x-ray experiment.
We report on the tests performed on the first undulator oper-
ating at Cornell High Energy Synchrotron Source (CHESS)
using the CESR storage ring and compare our results to the
calculated properties of the radiation which included the ef-
fects of nonzero emittance. This undulator is a prototype of
the devices planned for the Advanced Photon Source (APS)
to be constructed at the Argonne National Laboratory.

The measurements reported include an analysis of the
undulator performance with regard to its energy spectra,
energy tunability and polarization, source phase-space vol-
ume, and a study of the influence of the device on the operat-
ing behavior of CESR lattice. Also included are brief sum-
maries of four scientific experiments which utilized the
enhanced spectral characteristics of the undulator radiation.

I. UNDULATOR

The choice of the undulator period is intimately con-
nected to the energy of the x rays desirable for the research
activities. A period of 3.3 cm at an operational energy of the
CESR storage ring between 5 and 6 GeV provides first-har-
monic radiation that is tunable in the classical x-ray range
from about 5 to 9 keV. This period has also been chosen for a
typical undulator to be built for the AFS.

The undulator is based on the Halbach hybrid design1

using the high-field permanent magnet material, Nd-Fe-B,
and high-permeability pole pieces made of vanadium per-

mendur. The field quality in such a design depends primarily
on the geometry of the pole tips. The geometrical parameters
of the magnetic structure were iteratively optimized through
two-dimension field computation. Three-dimensional ef-
fects were estimated in order to obtain the pole- and magnet-
width required for transverse field homogeneity. The opti-
mized undulator parameters are presented in Table I.

The 123 poles were mounted on two 2.03-m-long rigid
beams ("jaws") made from aluminum. The "jaws" are
mounted to the support frame through linear bearings allow-
ing the gap to be remotely adjusted from 1.35 to 3.0 cm. The
undulator frame is a modified cantilever design which allows
for insertion/removal of the undulator without disturbing
the vacuum beam pipe. This device, built by Spectra Tech-
nology Inc., is shown in Fig. 1. Two innovative aspects of
this construction are worth noting. First, the design permit-
ted secure mechanical clamping of all the magnets and pole
pieces while allowing some degree of adjustability for tuning
the field of the device. Second, the Nd-Fe-B magnets were
plated with electroless nickel to avoid corrosion. Detailed

TABLE I. Optimized parameters of a Nd-Fe-B hybrid unduUtor.

Undulator period, ̂  (cm) 3.3
Magnet gap range (cm) 1.35-3.0
Maximum peak field on-axis, B( T) 0.53
Peak field error, b.B/B(fo) 0.3
AT = [0.934B(T)X (cm)] range 0.4-1.6
Pole width in x direction (cm) 6.2
Pole height iny direction (cm) 3.2
Pole thickness in z direction (cm) 0.6
Magnet width in x direction (cm) 7.8
Magnetic height in y direction (cm) 3.7
Magnetic thickness in z direction (cm) 1.05
Pole-tip overhang in> direction (mm) 1.4
Overall length of undulator (m) 2.03
Number of poles 123
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FJG. I. The 3.3-cm-period hard-x-ray undulator with 61 periods instaHed in the Cornell Electron Storage Ring. The 2.03-m-long Nd-Fe-B hybrid undulator
was built by Spectra Technology Inc.

magnetic measurements were performed to ensure an accep-
table electron trajectory through the device. The measured
on-axis field of 0.53 T at 1.35-cm gap is in agreement with the
design value. The measured transverse-field roll off of less
than 0.2% at + 1.0 cm from the centerline is also consistent
with the design. The integrated steering errors measured
along the vertical and horizontal directions are less than 100
and 400 Gauss cm, respectively. No adjustable steering cor-
rectors were installed on the undulator. Steering correctors
mounted on either ends of the straight section in CESR were
never used during the undulator operation.

0.5

7 ^

u.
m 0.2

0.1

\B.

A

' Xu=3.3cm

ER=S.43GeV

"~~~—-

1.5 2.0 2.5
Gop [cm!
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FIG. 2. On-axis peak magnetic field and fundamental x-ray energy of the
undulator as a function of magnetic gap.

A stainless-steel vacuum chamber was constructed
which was 2.4 m long and provided a minimum magnetic
gap capability of 1.44 cm. The chamber was coupled to the
storage ring with transition pieces and contained ion pumps
at either end. At a gap of 1.5 cm, the peak on-axis magnetic
field, B, was 0.45 T corresponding to a deflection parameter,
K, of 1.4. When the ring was operated at 5.43 GeV, the first-
harmonic radiation occurred at an energy of 4.3 keV. Reduc-
tion of the K value to 0.5 (by the opening of the gap to about
2.8 cm), resulted in a first-harmonic energy of 7.9 keV. The
relationship between the undulator gap and the first-har-
monic photon energy (and the peak on-axis field) is shown
in Fig. 2.

It. OPERATION OF THE STORAGE RING CESR FOR
THE UNDULATOR APPLICATION

CESR is an electron-positron storage ring operated be-
tween 4.7 and 5,5 GeV, primarily for high energy physics
(HEP) research. For undulator operation, the storage ring
was operated in a dedicated mode with major changes in the
operational conditions. Under normal CESR colliding beam
conditions, (1) the emittance used ( > 160 nm rad) is too
large for effective undulator performance and (2) the verti-
cal aperture of the standard vacuum chamber is too large
(4.9 cm) for the undulator to function.

A new vacuum chamber was installed in the undulator
straight section which restricted the inside vertical aperture
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to 1.2S cm. This reduced aperture had little effect on the
storage ring performance when the emittance was reduced
roughly to a third of its HEP operation value. The best injec-
tion rates surpassed 10 mA/min/bunch, a value comparable
to the best rates under normal HEP operation. The emit-
tance was reduced by increasing the horizontal and vertical
tunes from 9.38 to 15.42 and from 9.36 to 12.35, respectively.
Tune changes were accomplished by adjusting the field
strengths of the individual quadrupole magnets in the CESR
lattice, all of which are under software control. Instabilities
were found in the low-emittance mode if the beam was stored
at 6 GeV. Such problems were less significant at 5.43-GeV
operation, where injection conditions were well established
and understood from previous HEP runs, and hence all mea-
surements reported were carried out at this energy.

The design values for the horizontal and vertical elec-
tron-beam emittances were 65 and 1.0 nm rad, respectively.
The emittance was routinely measured by imaging the visi-
ble light component of the synchrotron radiation from a di-
pole magnet onto a CCD detector (also see Sec. IV). The
values of horizontal and vertical emittances previously mea-
sured 2 at 5.1-GeV operation were 50 and 1.0 nm rad. The
measured values of 76 and 1.16 nmrad, respectively (at
5.437 GeV), were in reasonable agreement with the lattice
design for this run. The vertical emittance was independent
of the stored beam current up to 20 mA per bunch beyond
which a rapid increase in the emittance was observed (Fig.
3).

The largest single-bunch current stored was 35 mA.
Further injection was prevented by a beam instability which
was not investigated due to limited running time.

The beam lifetime (e-folding time) at normal operating
currents of 80 mA was between 200 and 300 min. Both the
beam lifetime and the injection rates were found to be strong-
ly dependent on the precise value of the vertical tune. With
seven nearly equally spaced bunches (with a separation of

1.0
30

Currant (mA)

'' **& teita^ o f v e r t i c a l emittance with stored current determined from
• • M T * ' ^ 0 ' measu*ements of the radiation profile. The current was

; ^ ^ » « « m t l e bunch.

FIG. 4. Lattice functions in the undulator insertion region showing undula-
tor and four adjacent quadrupoles. The square root of /S is proportional to
beam size. The horizontal dispersion function rj is the displacement per unit
energy error and is nearly zero in the undulator.

366 ns), the lifetime showed intermittent deterioration pre-
sumably caused by ion trapping. This was alleviated by stor-
ing only six bunches with an asymmetry provided by the
position of the empty seventh bunch. The maximum stored
current under these conditions was 115 mA. Operationally,
80 mA could easily be injected and stored.

The lattice functions in the low-emittance mode around
the undulator straight section are shown in Fig. 4. The beta
function was measured around each quadrupole in the stor-
age ring by varying its field strength and observing the effect
on the tune. Quadrupole fields were then adjusted to bring
the measured values of beta functions into conformance with
the lattice design. The measured values of the vertical and
horizontal beta functions in the straight section were 4.81 m
and 20.7 m, respectively, with the change in beta with dis-
tance along the orbit being nearly zero in both directions.
The lattice design values were 4.89 and 19.5 m.

There was little, if any, influence of the undulator on the
storage ring operational parameters, in particular on the
tune shifts. Varying the gap of the undulator magnet arrays
had little effect on the stored beam.

III. SPECTRAL MEASUREMENTS
One of the most useful spectral properties of an undula-

tor source is the spectral brilliance which is denned as the
flux emitted from a unit phase-space volume of the source. In
order to accurately determine experimentally the spectral
brilliance, it is necessary to evaluate various contributions to
the undulator source size. This subject has been discussed in
detail by Brown et al? and we w»l only summarize the find-
ings in our case. The main contribution to the source size
arises from the electron beam emittance and in terms of the
Gaussian rms widths ak and a\ [both in the horizontal
0 = x) and vertical (i = y) directions] is given by ^/e,/?,
and ^/e,//?,, respectively (see Table II). Here ex and ey are
electron beam emittances in the horizontal and vertical di-
rections. Source size broadening due to dispersion effects
must also be considered. In our case, the small value of the
horizontal dispersion at the straight section along with a
small electron energy spread adds less than \ % to the hori-
zontal size of the source. The increase in the source size from
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TABLE II. Measured phase-space parameters with CCD optics and with
scanning slits on x-ray beam (discussed in Sec. IV).

nm rad nm rad mm mrad mm mrad

CCD optics
Slits

76
84

1.16
1.96

1.2S
1.33

0.061 0.076 0.015
0.063 0.140 0.014

the radiation field describing the depth-of-field or diffraction
effects4 is estimated to be less than 1%. Hence, the electron
beam size totally determines the undulator radiation source
size in our case. The results of the measurements are sum-
marized in Table II.

A. Measurement of the angle-integrated flux

The angle-integrated flux is an invariant for a prescribed
operation of an undulator and can be experimentally mea-
sured. Theoretically, this quantity is obtained by multiply-
ing the on-axis brilliance by the phase-space volume. The
experimental measurement of the angle-integrated flux as a
function of x-ray energy was carried out using a nondisper-
sive double-crystal monochromator employing either silicon
(111) or (311) symmetrically cut crystals. The first crystal
of the monochromator was located 18.6 m from the center of
the undulator source, and was cooled either by water or liq-
uid gallium.9 All the measurements were made with a stored
beam current of less than 5 mA to make sure that the optics
did not distort due to the heat load from the undulator radi-
ation. There was a total of 2-mm beryllium and 10-cm air
between the source and the detector, in addition to the heli-
um-filled transport line. The measurements were carried out
using ion chambers filled with either nitrogen or argon gas at
STP. The ion-chamber currents were converted to flux as-
suming perfect crystal reflection properties. Software feed-
back ensured that data were collected at the peak of the rock-

TABLE 111. Measured (Fexp) and calculated (Fcalc) angle-integrated dux
(photons/s/0.1% bw/mA) at a gap or l.S cm (K= 1.4) and harmonic
number n = 1,3,5,7.

IX

1
3
S
7

keY

4.25
12.75
21.25
29.75

Fcxp
10"

1.1
1.3
0.4
0.1

/calc
1011

4.6
1.6
O.S
—

fexp/
.Fcalc

0.24
0.81
0.80
—

ing curve. These data were corrected for absorption in Be,
air, and helium in the x-ray path. Figure 5 shows angle-inte-
grated data measured with an undulator gap of l.S cm which
corresponds to a K value of 1.4. Seven harmonics were ob-
served in the energy spectrum. There was a large contribu-
tion to the low-energy part of this spectrum from the finite
size of the source since no slits were used. The measured flux
from the odd harmonics (n = 1,3,5,7) can be obtained from
these data and is compared with the calculated angle-inte-
grated flux in Table III.

In order to compare the measured angle-integrated flux
at various odd harmonics with theoretical values, we have
performed a numerical computation of the energy spectrum
which includes the phase-space volume of the electron
source. A typical brilliance spectrum for K = 1.4 is shown in
Fig. 6. The values of angle-integrated flux at'various har-
monics is deduced by multiplying the theoretical values of
the' on-axis brilliance by the phase-space volume of the
source used in these calculations. The first-harmonic radi-
ation at 4.25 keV is severely attenuated in the path before the
detector and the discrepancy reflects some of the difficulties
in fully accounting for the absorption corrections. For the
higher harmonics the disagreement is less than 20% -and
should be considered good in view of numerous experimen-
tal uncertainties.

c
o
"3c
Q.

X
3

-[—i—i—i—r

|3

i—i—r

3.3cm Undulator
1.5cm Gap. 4.5kG
No Slit

0 M 20 30
Photon Energy (keV)

FlG. 5. On-axis angle-integrated flux observed as a function of energy with
K = 1.4. The harmonic peaks were observed out to the seventh order.

10'
20

FIG. 6. Calculated on-axis brilliance as function of x-ray energy for the 3.3-
cm-period undulator with 61 periods, shoeing various odd and even har-
monics. The Monte Carlo calculations assumed K=\A (1.5-cm gap).
£ = 5.437 GeV, t, = 76 nm rad, and e, = 1.16 nm rad.
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FIG. 7. Flux through 10OX100 (im pinhole showing the first-harmonic en-
ergy spectrum with K = 0.54 undulator gap. The solid curve is theory,
which includes the electron phase-space dimensions, and reproduced the
experiment if scaled downward by a factor of 2.4.

used was the value of the flux at the peak of the harmonics.
The fit resulted in a reduction of the theoretical value of the
peak flux by a factor of 2.4. The origin of this factor is not
fully understood, although vertical beam position oscilla-
tions could be the main contributor. It must be pointed out
that in Fig. 7 the theoretical curve shows oscillations in the
intensity due to the finite size of an undulator with a limited
number of periods. These oscillations were smeared out in
the data consistent with the hypothesis of electron beam mo-
tion or trajectory errors in the undulator. The full width at
half intensity of the first and third harmonics shown in Figs.
7 and 8 are 400 and 200 eV. The main contribution to these
widths comes from the homogeneous broadening given by
1/nN, where iVis the number of periods and n is the harmon-
ic number. In addition, nonzero source size (a( and a\,
i — x,y) and nonideal fields in the undulator also contribut-
ed to the observed width.

B. Flux measured through a pinhole

A pinhole placed along the axis of the undulator can
reduce the source size seen by the detector, thus increasing
the peak-to-valley ratio at each of the harmonics. Measure-
ments were carried out by placing a square slit (100X100
fim2) 18.S m away from the center of the undulator. The
detector was positioned another 7.S m further downstream.
The angle subtended by the pinhole was about 0.003 mrad
around the undulator axis, and was smaller than the opening
angle of the undulator radiation (see Table II). In these
measurements, the monochromator was located immediate-
ly behind the pinhole. Figures 7 and 8 show two typical scans
of the first harmonic at 7.3 keV (with £ = 0.53) and the
third harmonic at 13.0keV (wither = 1.4). The solid curve
through the data in these figures show the best fit to a theo-
retical calculation of the flux through the pinhole. These
calculations account for the nonzero size of the source and
the projection of the pinhole onto the source phase-space
ellipse. In obtaining the fits, the only variable parameter

CD

<

"5.

O»

x
3

13
Energy (keV)

14

ux through 100-^m pinbole showing the third-harmonic energy
* l h A" 1.4 undulator gap. The solid curve is theory, which in-

h gp y
Jf*»u!i e ' e c t r o n phase-space dimensions, and reproduced the experiment
.**** downward by a factor of 2.4.

C. Polarization measurements

The angular dependencies of the polarization compo-
nents of radiation from an undulator have very interesting
behavior.6 For example, while the radiation has only crpolar-
ization in the orbital plane, the radiation above and below
the plane has both a- and ir-polarization components. Mea-
surements of polarization were carried out using an x-ray
Compton scattering polarimeter similar to the design of
Smend et al? Because of the restricted time available for
these measurements, the studies were limited to few data
points above and below the orbital plane for the first- and
second-harmonic radiation at 7.3 and 13.1 keV, respectively.
The in-plane linear polarization was measured to be over
90% at both these energies. Above and below the orbital
plane, the percentage of linear polarization for the second
harmonic decreased monotonically with distance along they
axis, with evidence of small shoulders in the first-harmonic
scans.

IV. MEASUREMENT OF ELECTRON BEAM
EMITTANCE

In Sec. II, a discussion was presented regarding the con-
tributions to the source phase space. Almost all of the contri-
bution comes from the electron beam phase space which, in
turn, is determined by the electron beam emittance. The
electron beam emittance is often measured using the optical
part of the synchrotron radiation emanating from the bend-
ing magnet. The result of such a measurement using the
CCD optics is given in Table II.

Another way of obtaining the electron beam emittance
is through the measurement of the phase-space ellipse of the
hard x rays produced by the undulator. A novel method
which uses scanning slits was developed for this purpose.
Assuming Gaussian distributions for the positions and di-
rections of the electrons in the beam, the source divergence
and size can be described by horizontal {ax,ax-) and vertical
(<V<3V) phase-space distributions, where ox, ay and ax.,
and <7y are the spatial and angular Gaussian widths of the
electrons in the beam. In phase space an x-ray constant-in-
tensity contour is elliptical.
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FIG. 9. (a) Schematic of verticil scanning slit apparatus, (b) Analysis pro-
ceeded by projecting the slit openings back upon the phase-space ellipse
describing the source.

Two movable narrow slits were used to measure the el-
liptical contours [Fig. 9(a)] . In order to measure the (ay,
ay) contour, long horizontal slits of 25-fim opening were
placed at A and B. For every position of A, a narrowband of
the (cry, ay) phase space is exposed as shown in Fig. 9(b).
The slit B is then scanned vertically to yield the x-ray intensi-
ty distribution in band A. From the known distance of the
source point to the slits, the intensity information can be
converted to obtain the intensity distribution at the source.
The entire vertical phase-space ellipse is mapped by repeat-
ing the procedure at various positions of slit A. The entire
procedure is then repeated with 10Q-/zm-wide vertical slits
located at A and B to trace the horizontal phase-space el-
lipse. The horizontal and vertical phase-space ellipses ob-
tained in this way are shown in Fig. 10. The phase-space

parameters are given in Table II. From these values the emit-
tance of the storage ring can be determined as discussed in
Sec. II.

It is interesting to compare the agreement between the
values of the phase-space sizes obtained from the CCD op-
tics and scanning slit measurements. The only major dis-
crepancy is in the vertical source size. The increase in the
vertical beam size for the slit data may be due to beam mo-
tion or instabilities over the 2- to 3-min-long periods needed
to perform the x-ray scanning slit measurements. The CCD
measurement, on the other hand, took only 1 ms of time. The
factor of 2 larger effective vertical source size in the undula-
tor region obtained from the scanning slit measurements
could also account for the reduction in the brilliance dis-
cussed in Sec. Ill B.

V. UNDULATOR POWER AND POWER HANDLING

The total power (in watts) radiated from an undulator
of length L (in m) is given by

P = 0.633 E2B2IL,

where E is the energy of the stored electrons in GeV, B is the
peak on-axis magnetic field in the undulator in Tesla, and / i s
the stored current in mA. With the gap of the undulator set
at 1.55 cm (5 = 0.42 T), the device produced 6.7 W/mA.

The power delivered by the undulator with a stored cur-
rent of 68 mA was 456 W. Of this, only 66% or 301 W of
power can reach the first optics due to absorption in the
prefilters and Be windows. The measurement of the power
reaching the optics was carried out by using calorimetric
methods in which the radiation from the device was fully
collected in a reentrant cup-shaped copper block. The in-
crease in the temperature of this suspended block over a
fixed exposure time to the radiation was used to obtain the
incident power. The temperature of the copper block in-
creased by 23.6 *C in 10 s. The calorimeter detected a total of
260 W which was 86% of the expected value.

Our ability to handle this power on the first optical com-
ponent was vital to the success of planned scientific research.
Hence, one of the foremost efforts was to develop well-
cooled optics. Although the total power is modest, the power
density is very high due to the small size of the undulator
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beam. It was found that the radiation heat load from the
undulator distorted the large water-cooled silicon optics for
beam currents above 5 mA (22 W absorbed power). On the
other hand, cooling the silicon optics with liquid gallium
made it possible to utilize the full power of the undulator
beam with as much as 80 mA of current stored in the ring.9

VI. 'USE OF UNDULATOR RADIATION IN SCIENTIFIC
STUDIES

Several experiments were performed using the undula-
tor radiation. These experiments provided a benchmark for
performance comparisons between undulator beams and
more conventional sources. One of the experimental studies
undertaken was a fluorescence microprobe analysis of mete-
orite and other mineral samples.* Undulator radiation lends
itself naturally to microprobe studies due to the high bril-
liance of the emitted beam. The unmonochromatized beam
was collimated through a 10 X10 fim2 square aperture and
allowed to impinge on the sample. By rastering the sample
and measuring the fluorescence with an energy resolving de-
tector, element-specific spatially resolved maps of the sam-
ple were produced. One significant finding was that the min-
imum detectable level (MDL) when using an undulator
beam was found in some cases to be about a factor of 10 less
than the MDL using a bend magnet source.

A second group of experiments involved x-ray standing
waves. The two experiments performed each employed non-
standard variations of the normal standing wave technique.
In one case,9 Bragg diffraction from a nonperfect high Tc

superconducting crystal was used to produce the standing
wave field and in the other,10 the standing wave field was
produced at a charged liquid/solid interface by using total
external reflection. In order to generate a sufficiently strong
standing wave pattern, both experiments required a small
beam cross section of ~0.01 mm2. For this cross-sectional
area, in the 8-12 keV region, the undulator radiation genera-
ted two orders of magnitude increase in the detected fluores-
cence signal over a comparable setup on a bend magnet
source.

The final experiment provided perhaps the most dra-
mauc display of the advances that can be made using undula-
tor radiation. Unmonochromatized undulator radiation was
allowed to strike a protein crystal after passing through a

300-/zm-diam collimator" and a fast shutter.12 With 35 mA
of electrons stored in a single bunch, a transmission Laue
diffraction pattern of lysozyme was obtained with the x rays
from the single bunch of electrons. The diffraction pattern
was recorded on storage phosphors (image plates) rather
than standard x-ray film, in an exposure time corresponding
to the bunch duration of 120 ps. Previous attempts at pro-
ducing short exposure Laue diffraction patterns have been
limited to the hundreds of microseconds regime. The undu-
lator radiation has provided a quantum leap in the decrease
in exposure time required to produce a diffraction pattern.
This feasibility demonstration opens up many new possibili-
ties to investigate dynamic processes in material and biologi-
cal sciences in the future.
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The magnetic structure and spectral properties of a 7.5-cm, 30-period hybrid undulator are
described. The device will be installed at the U5 port of the VUV storge ring at Brookhaven
National Laboratory and will be a tunable source of very high brillance soft x-ray radiation over
the range of 13 to approximately 150 eV.

INTRODUCTION

A tunable hybrid undulator to be installed at the U5 port of
the VUV ring at the National Synchrotron Light Source
(NSLS) is in the final stages of its design. Construction of
the device is expected to be completed by early 1989. The
undulator will cover the spectral range from approximately
13-150 eV using the first and third harmonic radiation and
will be a high brightness source of soft x-rays.

The unique spectral characteristics of this undulator
source in terms of its tunability, intensity, and temporal
structure will provide excellent research opportunities in a
variety of areas. These include spin-polarized photoelectron
spectroscopy of novel magnetic surfaces, molecular photo-
physics of shape and autoionizing resonances, and time-re-
solved spectroscopic and scattering studies to monitor sur-
face chemical reactions and interface phenomona.

In the following, some aspects of the design of the mag-
netic structure of the undulator are presented, as well as
results of calculations of the expected spectral properties
which explicitly include the emittance properties of the
VUV storage ring.

I. MAGNETIC DESIGN

The transverse undulator has a hybrid magnet configu-
ration in which the field quality is much less dependent on
the manufacturing tolerances of the permanent magnet ma-
terials than in Halbach's original pure REC design.' The
device uses Nd-Fe-B magnets and vanadium permendur
pole tips. The design is based on an optimization procedure
in which the geometrical parameters of the structure are var-
ied in two-dimensional (PANDIRA2) and three-dimen-
sional3 field computations. The resulting parameters are pre-
sented in Table I.

Three-dimensional effects are estimated in order to ob-
tain the pole and magnet width and overhang necessary to
obtain the required horizontal field homogeneity and to re-
duce flux loss."

Figure 1 shows a two-dimensional cross section of the
upper half of the magnetic structure including the end-pole
configuration. Also shown are the magnetic flux lines from
the PANDIRA calculations at the minimum gap of 3.4 cm.

The pole overhang in the vertical (j>) direction is 1 mm and
the pole thickness is 1.40 cm. The magnet overhang in the
horizontal (x) direction is 1.6 cm, which minimizes the field
rolloff and reduces flux losses in this direction.

The estimated peak-field value of 0.42 T at the closed-
gap setting assumes a coercive force for the Nd-Fe-B of
— 10.6 kOe and also a finite magnet width. The expected
harmonic content of <2% (see Table I) in the field along
the longitudinal direction is determined primarily by the
pole thickness (1.4 cm) compared to magnet thickness.

The end-pole configuration shown in Fig. 1 consists of a
modified magnet-block arrangement preceding the last pole
piece in which a half-thickness portion of magnetic material
is removed. In addition, a half-thickness magnet piece of
approximately 40% of the standard magnet height is in-
stalled between the end pole and end-field clamp. In this
arrangement, the height of the last piece is adjusted in order
that the field integral is approximately zero for the device at
closed gap. Additional electromagnetic compensation is
proposed to be included, if necessary, and can be installed in
a space between the field clamp and end pole. A plot of the
on-axis magnetic field due to the end compensation is shown
in Fig. 2. The end-field terminates to zero in approximately
14 cm.

TABLE I. Magnetic specifications of the US hybrid undulator.

Total length (m)
Period length (cm)
Magnet material
Coercive force (kOe)
Pole material
Minimum gap (cm)
Peak field (T)
Pole width (cm)
Pole overhang (mm)
Magnet width (cm)
*Bm/B
Harmonic content of field
Residual steering errors
Sextupole error
Phase error {iU/A)

2.25
7.5
Nd-Fe-B
>10.6
vanadium permendur
3.4
0.42
>7.5
1
>10.7
<0.01 oncenterline
<2%
< 100Gem vertical
<100G/cm
0.008 on centerline
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TABLE II. Electron beam parameters for the VUV ring used in the calcula-
tion of the spectral properties.

FIG. 1. Horizontal (JC) cross section of the upper half of the undulator mag-
net structure including the end-pole configuration. The flux lines are from a
PANDIRA calculation at the minimum gap of 3.4 cm. Here M is Nd-Fe-B
magnet and P is vanadium permendur pole. HM and TM are the magnet
height and thickness and Hf and Tp, the pole height and thickness, respec-
tively.

II. SPECTRAL PROPERTIES

As mentioned, the undulator will be tunable in energy.
This will be accomplished by changing the value of the mag-
net gap and hence magnetic field of the device so as to set the
position of the fundamental or third harmonic at the re-
quired energy. The on-axis energy of the odd harmonics, EJt

is given by5

Ej =0.949jE2
r/{Ao{l + K2/2)], (1)

where Er is the ring energy in GeV, j is the harmonic num-
ber (1,3,5,...), Ao is the undulator magnetic period in cm, K
is the deflection parameter given in terms of Ao and peak on-
axis magnetic field, Bo, by

K= 0.934 AoB0. (2)

For the hybrid geometry, the field has an approximate
exponential-like dependence on the gap and, therefore, K
and consequently E} are functions of the gap. For the
minimum gap of 3.4 cm and a ring energy of 0.75 GeV, the
fundamental occurs at approximately 13 eV with a K value

Ring energy
Stored current
Horizontal emittance
Vertical emittance
Horizontal beta function
Vertical beta function

0.750 GeV
750 mA
90 nm rad
0.9 nm rad
11.6m
5.5 m

of 2.9. At the open gap position, with K = 1, the fundamen-
tal occurs at approximately 50 eV. With these K values, ex-
cellent spectral intensity will be available at the third har-
monic and consequently, the combined fundamental and
third harmonic tunability range will be 13 to approximately
150 eV.

The actual spectral intensity as a function of x-ray ener-
gy has been calculated using a Monte Carlo numerical code
which takes the electron beam emittance into account. The
VUV ring parameters used are given in Table II. Figure 3
shows the on-axis spectral brilliance of the device in
(ph/s/0.1%BW/mrad2mm2) as a function of photon ener-
gy for the minimum gap with K=3 and the open gap of
approximately 6 cm, where K = 1. At ring currents of 750
mA, a spectral brilliance above 10'6 is expected at the har-
monics over the tunability range. Quite sizable second on-
axis harmonic radiation is also observed at all the gap set-
tings due to the finite size and divergence of the electron
beam.

The spectral brilliance for the fundamental and third
harmonic is shown in Fig. 4 over the tunability range expect-
ed for the device. These results indicate that high brilliance
(and hence spectral intensity) exceeding 1016

ph/s/0.1%BW/mrad2mm2 can be achieved over the tuna-
ble photon energy range of 13 to 150 eV. This represents a
usable tunability interval which is a factor of ten times the
minimum fundamental energy possible.

At the odd harmonic energies, the spatial distribution of
the radiation for the case of zero particle beam emittance
consists of a central intense radiation cone surrounded by
rings of weaker intensity. The angular width of the central
cone is given by <j(.A./L), where A is the x-ray energy and I ,

BrilK-1.0
Bril K - 3.0

50 100
Energy (eV)

150

FIG. 2. Plot of the vertical (y) component of the midplane on-axis flux of the
undulator near the end pole region at the minimum gap.

FIG. 3. On the on-axis spectral brilliance of the US undulator including
emittance effects of the VUV ring, at the open (K = 1 cm) and closed g»P
(AT = 3 ) positions.
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First Harmonic

Third Harmonic

50 100

Energy («V)
150

FlC. 4. The spectral brilliance of the fundamental and third harmonic over
the entire tunability range.

FIG. 5. The flux through a 0.14 by 0.14 mrad- pin hole on axis as a function
of photon energy at the open {K— 1) and closed (A" = 3) gap positions.

the undulator length.6 For the upper and lower gap settings,
this corresponds to 0.06 and 0.2 mrad, respectively, for the
fundamental. The angular divergence due to the finite parti-
cle beam emittance is approximately 0.1 and 0.01 mrad in
the vertical and horizontal directions, respectively. Conse-
quently, the effective width of the central cone is dominated
by the radiative width except for the closed-gap fundamental
in the horizontal direction.

Calculation of the photon flux through a 0.14X0.14
mrad2 pin hole expected over the spectra range for the two
gap settings is given in Fig. S. The calculations show that at a
harmonic, x-ray fluxes of greater than 1013 ph/s/0.1 %BW
can be expected. This is approximately 100 times larger than
that achieved on a bending magnet beamline at the VUV
ring with the same pin-hole size.

III. CONCLUSIONS

The magnetic design of the variable-gap tunable undula-
tor to be installed on the VUV ring at the National Synchro-
tron Light Source is in its final stages, and construction of
the device should begin soon. The magnetic properties have
been optimized to provide enhanced spectral brilliance over

a large tunability range which is ten times the energy of the
fundamental at the closed gap position. The large flux ex-
pected for the device over the soft x-ray range will provide
new possibilities for experiments in the areas of spin-polar-
ized photoemission, surface science, and materials science.
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THE EFFECT OF RANDOM FIELD ERRORS ON THE RADIATION SPECTRA OF SELECTED
APS UNDULATORS *

Esen E. ALP and P.J. VICCARO
Materials Science Division, Argonne National Laboratory, Argonne, IL 60439, USA

The effects of the random magnetic field errors are introduced into the calculations of spectral characteristics of tunable
undulators for the proposed 7 GeV Advanced Photon Source (APS). Single electron calculations are made for an undulator with first
harmonic radiation tunable between 3.5 and 13 keV. Using the universal curves developed by Kincaid Jl], the effects of randomly
distributed field errors on the first and third harmonics of two proposed typical undulators are calculated. It is found that a lower
limit of 0.5% on field errors is more than sufficient for the successful operation of the undulators planned for the APS.

1. Introduction

Random magnetic field errors in the mid-plane of
undulators can adversely affect the performance of these
devices. The origins of these errors in permanent mag-
net devices are the dimensional tolerances achievable
during manufacturing and the achievable precision of
the magnitude and direction of the bulk moment of the
permanent magnet materials. At present, random field
errors can be minimized to 0.5-2% in the peak magnetic
field. For long undulators with many periods, where the
intrinsic energy width of the harmonics is small, errors
of this magnitude can be detrimental to the perfor-
mance of the undulators as bright sources of hard
X-rays, especially for higher harmonics.

The following analysis of random field errors is
based on the treatment given by Kincaid [1], and will
specifically discuss some of the typical undulators pro-
posed for the 7 GeV Advanced Photon Source to be
built at Argonne National Laboratory. Using the single
electron model, estimates of the largest acceptable ran-
dom field errors are presented.

Table 1
Characteristics of APS undulators

Number of periods, N
Period length, Xo (cm)
Magnet gap, G (cm)
Peak field on axis, Bo (T)
Fundamental, £min (keV)
Fundamental, £ roa l (keV)

Undulator A

158
3.3
1.0-2.8
0.78-0.21
3.5
13.0

Undulator B

226
2.3
1.0-1.9
0.47-0.13
13.0
19.5

nent magnets and with vanadium permendur pole pieces.
This undulator, with a minimum gap of 1.0 cm, will
deliver first harmonic radiation between 3.5 and 13.0
keV. Undulator B, which is similar but with a 2.3 cm
period, will have a first harmonic tunable between 13.0
and 19.5 keV. The geometry of these devices, and the
coordinate system used in the analysis of the next
section, are shown in fig. 1.

2. Characteristics of undulators

The characteristic feature of APS is that the inser-
tion devices (IDs) are to be the main source of radia-
tion. Among various types of IDs, APS will provide a
tunable photon energy range of 4-40 keV for the first
and third harmonics. The parameters of two typical
undulators [2] are given in table 1. Undulator A is a 3.3
cm hybrid-type device [3] with Nd-Fe-B-type perma-

• Work supported by the U.S. Department of Energy, BES-
Materials Sciences, under Contract #W-31-109-i~.NG-38.

O168-9OO2/88/SO3.5O © Elsevier Science Publishers B.V.
(North-Holland Physics Publishing Division)

Vanadium
permendur
pole pieces

Fig. 1. A typical hybrid undulator with period Xo. The refer-
ence frame used in the analysis is shown on the left.
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3. Treatment of random errors

The energy emitted per unit frequency and solid
angle from an electron accelerated by a magnetic field is
given by

dw dfl 16TT3

(1)

where e is the electronic charge, Zo is the impedance of
free space, n is the unit vector, B = u/c, and r(t) is the
electron position vector [1].

Following Kincaid [1], the field errors can be simu-
lated by assuming that the peak field in the undulator
deviates randomly around an average value. Suppose
that B(z) is the y-component of the magnetic field, and
includes errors £B(z)/B0, both of which are functions
of z:

= £„ 1 +
l

COS -
lmz

(2)

where \0 is the undulator period. The errors AB(z)/B0

are assumed to be random and described by a Gaussian
distribution function with standard deviation o —
(&B/B0). In other words, (AB/B0) is the expectation
value of fractional change in the magnetic field. One
should notice that the errors at each pole are assumed
to be uncorrelated. Such a field distribution is depicted
in fig. 2.

The field errors have two effect on an electron: (a)
to change velocity, and (b) to cause orbit walk. The
orbit deviations can be minimized by using compensat-
ing coils ai each end of the undulator. The changes in
the transverse velocity of the electron as it proceeds
through the undulator cause timing or phase errors.

The conditions under which these timing errors can
be described by a Gaussian noise distribution have been

4010 15 20 25 30 35
2 (cm)

fig- 2. Simulated magnetic field for a hybrid undulator with
uncorrclated random errors at the pole pieces. The effect is

exaggerated by assuming a o = 10% field error.

0.0 0.5 1.0 1.5
< JbB/B >(%)

2.0

Fig. 3. The reduction of normalized intensity as a function of
field errors for APS Undulators A and B whose parameters are

described in the upper legend and in table 1.

derived in ref. [1]. If N is the number of periods, then
the Gaussian limit for phase errors is valid when:

o2./V3<0.5. (3)

Under this condition, the reduction in radiation inten-
sity due to field errors can be calculated explicitly, and
is given by

d2/
du dfl

where

real do)

K2/2

(4)

(5)

Here, n is the harmonic number, and K is the undula-
tor deflection parameter, given by K =
0.93450(T)A0(cm). With present technology, the o er-
rors are on the order of 0.5% for hybrid type devices. If
we take this as a lower limit, then the condition given in
eq. (3) yield N g 27. In other words, for undulators with
more than this number of periods, the Gaussian limit is
no longer applicable.

When the Gaussian phase noise approximation is
not valid, then one must calculate the effects of phase
errors numerically. Such is the case for both APS undu-
lators. Following Kincaid, we have calculated the reduc-
tion of peak intensity as a function of n, o, N and K.
These calculations assumed a K value of 1.0, and the
undulator A and B parameters from table 1. The results
are shown in fig. 3, where the normalized peak intensity
of the first (n = \) and third (n = 3) harmonics are
shown as functions of rms field error (AA/B0).

As can be seen from fig. 3, the worst case reduction
is for the third harmonic of undulator B (Xo = 2.3 cm)
where a rms field error of approximately 0A% results in
a peak intensity reduction of 50%. However, very little
intensity is expected from the third harmonic from this
device since the actual K-value will be less than unity.
For the other cases, the field errors are not overly
harmful, assuming a <: 0.5%.

l(d). INSERTION DEVICES
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Normalized
Intensity Normalized

Intensity
1-1-0

< AB/B0>

Fig. 4. The effect of field errors on (a) first and (b) third harmonic radiation of undulator A, calculated using Fourier transformation
approximation.

SI
I

The actual emission spectrum of an undulator with
random errors can be simulated numerically around a
given harmonic using an approximate method based on
the Fourier transform technique. The results of our
calculations for the first and third harmonics of Undu-
laior A are given in figs. 4a and 4b as a function of
(AB/B0). It is seen that, as expected, higher harmonics
are more sensitive to random errors, especially for long
undulators with a large number of periods.

In order to show the effect of the number of periods
on the reduction of peak intensity, we have calculated
the approximate field error magnitudes which would
cause a 30% reduction in peak intensities, for an undu-
lator with K =1.0 . The results for the first and third
harmonics are plotted in fig. 5. As can be seen, the third
harmonic is more sensitive to field errors than the first,
especially for undulators with the number of periods
larger than 80. Also, as expected from the analysis of
the specific APS undulator cases. The smallest toier-

-i 1 1 1 1 1 r

1 - 0.7 l o

Third Harmonic

I . I .

20 10 60 60 100 120 140 160 160 200

Number cf Periods. N

Fig. 5. The relation between number of periods and random
error magnitudes for a 30% reduction in intensity for an

undulator with K = \.O.

ances occur for devices with a large number of periods.
The minimum tolerance expected from fig. S is on the
order of 0.5%.

A second result of the analysis is that the required
field error tolerances for a given peak intensity become
larger as the AT-value decreases. In a variable gap undu-
lator, K may vary between approximately 2 and 0.3 as
the gap varies between the closed and open positions,
respectively. In order to maintain the same normalized
peak intensity of say 0.7 over the tunable range, the
field error tolerances must be smaller at the close gap
position and can be larger at the open gap position.
This is rather fortunate since field quahty is best at the
closed gap where the two undulator halves are closest.
This would imply that the natural tendency of undula-
tors to have larger field errors at the open gaps may be
offset by the relaxed field tolerance requirements at the
open gap position.

One relevant result of these calculations concerning
APS undulators is the possibility they suggest for using
segmented rather than long undulators. It has been
shown that the brightness of typical APS undulators
including finite emittance varies as N* where a = 1.2
[2]. This would mean that segmenting a long undulator
into two shorter devices reduces the brilliance by ap-
proximately 13%. At the same time, the effects of ran-
dom errors are smaller for each of the segments, and in
principle the same intensity could be achieved with less
stringent tolerances. Of course the coherence properties
of the long versus segmented undulator would be differ-
ent.
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The effect of nonzero particlejbeam emittance and magnetic field errors on the on-axis spectral
brightness (BT0) oflong undulators is discussed. It is shown that the quadratic dependence of
BT0 on the number of undulator periods, N, is reduced by emittance to Nx with 1 <x < 2. Further
reductions in the intensity result from random magnetic field errors present in the undulator. An
approximate model for the intensity of the central core of radiation of the principle harmonics is
discussed and the results compared to those from Monte Carlo-type calculations where emittance
is explicitly accounted for. An estimation of the effects of random field errors on the on-axis
brightness in the presence of nonzero particle emittance is made. For the particular case of
undulators proposed for the 7-GeV Advanced Photon Source, the results indicate that 5-m-long
devices segmented into two sections will provide the required spectral intensity of a single long
undulator when both emittance and magnet errors are considered.

INTRODUCTION

Long undulators with a large number of magnetic periods,
N, have been proposed as x-ray sources. This is based pri-
marily on the expectation that the on-axis spectral bright-
ness, BT0 (in/>H/s/0.1%BW/mrad2), for the odd harmon-
ics depends quadratically on N.1-2 This is true only for the
idealized case of a particle beam with zero emittance and a
perfect undulator. In a storage ring the particle beam has a
spatial and angular distribution which significantly affects
the quadratic dependence of brightness on N. As discussed
below, for the case of undulators designed for the low-emit-
tance lattice of the Advanced Photon Source (APS) to be
built at Argonne National Laboratory, it has been shown
that BT0 varies as N1-2 rather than N2?

Another factor influencing the undulator brightness is
the presence of random-magnetic field errors in the device
associated with construction tolerances. The presence of
field errors in a real undulator reduce the spectral bright-
ness.4'5 For the same field errors the reduction increases with
increasing N, and as a consequence smaller field errors (and
hence tighter construction tolerance levels) are necessary
for longer devices to deliver their full potential.

As is discussed below, for particle-beam emittances ex-
pected for the new generation synchrotron sources, both fac-
tors mentioned above lead to undulator designs where the
spectral brightness oflong undulators can be achieved satis-
factorily by segmenting the device in two or more indepen-
dent (but tandem) devices. In most cases of interest, the
energy bandwidth of the principle harmonics (viz., low-or-
der odd harmonics) is expected to be only slightly larger for
the segmented device. This is offset by the larger acceptable
random-field errors permitted for the segmented device
compared to the single long undulator in order to achieve the
required on-axis brightness.

I. EMITTANCE EFFECTS ON ON-AXIS BRIGHTNESS
AND BRILLIANCE

In this section, the dependence of the spectral brightness
and brilliance on the number of undulator periods is dis-
cussed. First an approximate analytical formulation will be
presented which describes the influence of non-zero emit-
tance of the particle beam. Then, the results of this model is
compared to those obtained from a numerical analysis in
which the effects of the phase-space distribution of the parti-
cle beam in a storage ring is accounted explicitly for.

The origin of the reduction of BT0 at the odd harmonics,
n — 1,3,5,..., of the undulator can be predicted using a gaus-
sian approximation for both the spectral properties of the
radiation and the particle beam. For a trajectory of a single
electron in an undulator, the on-axis radiation consists of
energy harmonics, En, in keV given by

En (keV) = 0.949£ J + K2/2). (1)

Here, Er is the ring energy in GeV, Xo is the undulator mag-
netic period in cm, and A* is the deflection parameter which is
given by

K= 0.934 V o . (2)

where Z?o is the peak magnetic field in Telsa along the axis of
the undulator.

As is well known,1 the on-axis brightness, BT0, for a
beam of particle with no spatial and angular distribution
(zero emittance) in units of /7H/s/100%/BW/mrad2) is

BTOn=aN2f(J/c)Fn{K), (3)

where a is the fine structure constant, /, the storage ring
energy in Amperes, e the charge on the electron in Cou-
lombs, and y, the relativistic factor given by 1957£r. The
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function Fn (K) is given in terms of Bessel functions (see
Ref. 1).

The angular distribution, Pr, of the radiation at the odd
harmonics is characterized by an intense well-collimated
central cone surrounded by weaker rings of intensity. The
central cone is approximately gaussian with

1
- e x p -

1/2(0=
(4)

where 6 is the vertical and 0 the horizontal angles relative to
the central axis of the undulator. The characteristic width,
a'm, can be expressed in terms of the x-ray wave length An, of
the «th harmonic by

This angular width corresponds to the natural energy band-
pass of the undulator of the nth odd harmonic of

LE/E= 1/nN. (6)

Since the total flux, /„ (K) at En given by

/ „ (# ) = iraN(I/e)(l + K2/2)Fn(K)/n, (7)

depends linearly on N, then the brightness for the nth har-
monic can be written as

BTOn =fn{K)/2ir(a'rn)
2, <»>

which again depends quadratically on N.
For the case of a nonzero beam emittance, the particles,

which can be considered as independent source points, have
angular and spatial distributions which are described by
gaussian in the horizontal (x) and vertical (y) directions
relative to the beam direction (z). The resulting angular dis-
tribution of the radiation associated with this partical beam
is again a gaussian with widths:

2; = (a'2 + O 1 ' 2 (i = *jO, (9)

or

The on-axis brightness in this case can be written approxi-
mately as

BTOn=fn(K)/2ir2'xZ' (10)

As is obvious, the particle beam emittance degrades the qua-
dratic dependence of BT0 on N for the single electron. For
cases where the particle beam divergence is much larger than
a'n, the on-axis brightness is proportional to N.

In Fig. 1, the results of BTOn vs N for the first harmonic
are presented for a typical APS Nd-Fe-B hybrid undulator
with 3.3-cm period. The device at the 7-GeV APS can deliver
first-harmonic radiation at 10 keV. The two curves in Fig. 1
represent the cases with zero emittance (curve a) and with
the design parameters (curve b) of the APS (see Table I) at
the first harmonic. As is evident, even for the low-emittance
expected for the APS, BT0l is reduced by several orders of
magnitude compared to the zero-emittance case for devices
with iV greater than 50 periods. The curve with emittance
(b) varies approximately as Nx2 rather than N2. For the
higher harmonics, the brightness will vary as N* with an x
value smaller than for the fundamental since the radiative
widths decrease with increasing harmonic number. It should

50 100 150
N: Number of Periods

200

FIG. 1. The on-axis brightness vs the N, the number of undulator periods for
the fundamental at 10 keV of 3.3-cm APS device at 7-GeV storage ring
energy curve a is the case for zero particle beam emittance; curve b, with the
APS emittance using the gaussian approximation; curve c, with the APS
emittance using the Monte Carlo method.

be pointed out that the undulator lengths proposed for the
APS are approximately 5 m or 150 periods for a single 3.3-
cm period device mounted on a straight section.3

Following the same procedure for the on-axis bright-
ness, a similar relation can be written for the on-axis bril-
liance, BLOn, in units of /?H/s/100%BW/mmVmrad2

which takes the spatial distribution of the particle beam into
account. For the zero-emittance case, BLOn is given by

£,2 ; s ; , ( i i )

(12)

where 2,- is defined above and

or

and Anar = jNAA0 is the single particle source size and at is
the particle beam gaussian width in the horizontal and verti-
cal directions. For the case of zero emittance (a, = 0), the
on-axis brilliance is proportional to JV unlike the spectral
brightness which is proportional to N2. Figure 2 shows the
on-axis brilliance for the first harmonic of the 3.3-cm undu-
lator for the case of zero emittance (curve a) and the APS
emittance (curve b). In this case, BL0X varies approximately
as N '•' with emittance.

In order to test the validity of the above model, numeri-
cal analysis was done using a Monte Carlo procedure in
which the spatial and angular divergences of the positron
beam are included explicitly. The results for the brightness

TABLE 1. Design parameters of the 7-GeV APS and in the calculations.

Current (mA)
e^ (nmrad)
e, (nm rad)
0. (m)
0,0")

100
7.3
0.73

13
10
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N: Number of Periods

200

FlO. 2. The on-axis brilliance vs A', the number of undulator periods for the
fundamental at 10 keV for a 3.3-cm device at 7-GeV storage ring energy.
Curve a is the case for zero particle beam emitlance; curve b, with the APS
emittance using the gaussian approximation; curve c, with the APS emit-
tance using the Monte Carlo method.

versus JV are shown in Fig. 1 (curve c) for the 10-keV first
harmonic of the 3.3-cm undulator. In curve c of Fig. 2, BL0

from the Monte Carlo calculations versus N is plotted for the
same case. The brilliance in this case varies as approximately
N] Ol. The results in both cases are comparable to those pre-
dicted by the approximate Gaussian model discussed above.
It should be pointed out, however, that at photon energies
away from the odd-harmonic peaks, the approximate analyt-
ic model is not valid and the full numerical analysis is re-
quired.

II. RANDOM MAGNETIC FIELD ERRORS

For the case of the APS undulators,3 the effect of ran-
dom-field errors on the peak intensity of the various odd
harmonics have been determined for a particle beam with
zero emittance. The acceptable errors are shown in Fig. 3 as
a function of the number of periods for the first and third
harmonics. In order to maintain the third-harmonic peak
intensity of higher than 70%, for example, the random-field

i - 0.710

Third Harmonic

20 40 60 80 100 120 140 160 180 200
N: Number ol Ptriods -

FIG. 3. The single particle (zero emittance) calculation of the relation
between the number of periods, W, and random magnetic field errors for a
30% reduction in intensity for an undulator with K = 1.0.

error allowed should be less than 0.5% for a device with
N = 150. On the other hand, approximately 1% errors are
required for the same reduction in spectral intensity for an
undulator with half the number of periods.

The estimation of the effects of both field error and emit-
tance on the spectral properties requires a complete numeri-
cal analysis. However, at the odd-harmonic energies, it is
possible to estimate the combined effects on the on-axis
brightness. This follows from the fact that the reduction for
each effect is associated with very different mechanisms. The
presence of field errors causes primarily a loss of coherence
for the trajectory of a given particle through the undulators.4

For a nonzero emittance on the other hand, the reduction for
a given K value, results from the angular spread in particle
trajectories around the central on-axis trajectory. To a good
approximation the particle maintains the same degree of co-
herence in the trajectory and the on-axis brightness is given
by a convolution of the radiation pattern from each of the
particles with the distribution function determined by the
emittance.

This indicates that as a first approximation, the com-
bined effect for the on-axis brightness of the odd harmonics
can be estimated by considering each reduction indepen-
dently. Under these conditions, we can estimate that since
BT0 varies approximately as N'2 for the expected APS emit-
tance a 75 period device will have approximately 44% of the
on-axis brightness of one with 150 periods. Two such devices
in tandem, but with independent sections will have approxi-
mately 88% of the brightness of a single 150 period device.
In order to maintain 70% of the third-harmonic peak inten-
sity, Fig. 3 shows that each segment requires a 1 % field error
rather than 0.5% for the single long device. Thus a reduction
of only 12% in spectral output results from a factor of 2 less
stringent field tolerance requirements for the segmented de-
vice.

There is indeed an increase in the energy bandwidth of
the segmented device. If this is calculated for a zero-emit-
tance lattice, it is approximately 40% larger than that from a
single long device. In a more realistic case with the particle
beam emittance included in the calculations, however, the
inherent energy bandwidth is dominated by the electron
beam divergence and no significant increase occurs.6

III. CONCLUSIONS

An approximate model for the effects of emittance on
the on-axis brightness and brilliance of an undulator is dis-
cussed and results compared to those obtained from a full
Monte Carlo-type calculation for the 3.3-cm period APS un-
dulator. Random magnetic field errors are considered and it
is shown for a 5-m-long device and the expected APS emit-
tance that approximately the same on-axis brightness for the
odd harmonics can be achieved with a device consisting of
two independent segments, but with approximately twice
the required minimum random-field error. The relaxed field
error results in larger permissible construction tolerances
which will have direct bearing on the design and the cost of
the device. In addition, since the two segments are indepen-
dent, the design and construction of the vacuum chamber as
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well as the mechanical design of the device are facilitated.
Since the power load on the first optical element can be ad-
justed by selecting the number segments in a device for its
best performance. This provides greater flexibility in the de-
sign of the first optics.
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We present a new code capable of realistically modelling the radiation from" ideal undulator sources, including explicit electron
emtttance effects. The code has been developed as part of the SHADOW X-ray optics ray tracing program, in order to predict the
performances of undulator-based optical systems. The approach is based on a simplified field distribution that allows an efficient
calculation of the trajectory and of the radiation field. We show explicitly that the undulator radiation pattern is shift-invariant with
respect to the electron trajectory angles, so that the emittance effects can be included without recomputing the radiation distribution.
Furthermore, the time consuming computation of the undulator emission patterns is decoupled from the Monte Carlo sampling of
the wavefront, leading to a very fast code. This is achieved by computing the three-dimensional source probability distribution
function and by using an inversion algorithm to generate a random variate with the same distribution as the source. The physical
basis of the code and the algorithm used are discussed in detail and some results presented.

1. Introduction

The use of undulators in electron storage rings is
becoming widespread because of the unique characteris-
tics of the radiation emitted by those devices [1]. An
undulator is typically formed by a periodic array of
alternating dipole magnets installed in a straight section
of an electron storage ring [2], so that the field will
cause the relativistic electron beam to oscillate around
its central orbit. The resulting trajectory is almost
sinusoidal, thus leading to emission of radiation by the
electrons in the portion of the trajectory where the
acceleration is not zero. Because of the periodic nature
of the electron motion, there will be some wavelengths
for which the radiation will be in phase over several
periods. These wavelengths will be reinforced by an
interference process, while others will be suppressed.
This is the basic principle of operation of undulator
sources. In contrast to a bending magnet source, the
radiation will be emitted at a few discrete wavelengths
and will be centered into a narrow cone along the
undulator axis (because of the rapid onset of destructive
interference) [3,4]. The theory of the radiation bright-
ness and its application to the case of synchrotron
radiation sources is presented in several papers by Kim
[4]; the computer model presented here follows the
same approach.

As will be shown in detail below, it is important to
notice that the spatial extent of the radiation source

("source size") is given by the electron beam cross
section, while the angle of emission ("source aperture")
is given by a convolution of the radiation opening angle
and the electron beam divergence. Sources of small
aperture allow the design of smaller optical elements:
this is of critical importance because the aberrations in
an optical system are a high-power function of the
optical element size (typically third power). Further-
more, the cost is also a strong function of the element
size. Because of the large power emitted by the synchro-
tron sources it is necessary to limit as much as possible
thermal loading fo the optical surfaces that may lead to
surface distortions of sensitive optical elements such as
diffraction gratings or monochromatizing crystals. The
undulators emit radiation in narrow bands making them
well suited as sources for monochromators.

It is of crucial importance to model and predict the
performances of an optical system designed around an
insertion device such as an undulalor. In particular, the
effect of the high power density on the optical surfaces
must be understood and controlled so that the resolu-
tion will not be degraded in actual operation. This can
be done by modelling the beam generation at the source
and its propagation through the optical system. A com-
puter code capable of performing this task is SHADOW
[5]. a well-established X-ray optics modelling code de-
veloped by our group. The rest of this paper deals with
the description of the newly implemented undulator
source model for SHADOW.

0168-9002/89/S03.50 © Elsevier Science Publishers B.V.
(North-Holland Physics Publishing Division)
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The principle of operation of undulators is decep-
tively simple. The equations controlling the radiation
pattern and emission rate cannot be put in closed form
and, furthermore, the undulatoi source does not have
the scaling properties of the conventional bending mag-
net sources (making it necessary to recompute the source
model for any change in the operation point) [6,9].
From a computational point of view, calculations based
on exact field and trajectory models quickly become
very lengthy. It is thus essential to define a model based
on a simplified field distribution that can model accu-
rately the properties of the undulator to the degree
needed for optical analysis. We notice also that an
optical simulation code such as SHADOW needs to
generate thousands of rays in order to model the source
- direct calculations are inefficient and prohibitively
time consuming. We have then separated the task into
two parts; we first compute the source brightness and
from it was generate a probability distribution function
(PDF) that can be used by a very efficient Monte Carlo
code to generate the source model [8].

The paper is organized as follows. After presenting
the basic assumptions of the ray optics model, we
discuss the trajectory calculations and we compare our
results with those obtained by other codes. In the sec-
tion on the radiation we present the model and the
results obtained, again comparing with other authors.
We then discuss the effect of finite electron beam
emittances on the spectrum. Finally, we present and
discuss the implementation of the Monte Carlo method
leading to the generation of a random variate with a
probability density function (pdf) given by the undula-
tor spectral characteristics, i.e., the source modelling
algorithm. Some examples of ray tracings will conclude
the presentation.

for each photon. The statistical analysis of the particle
beam propagation is easily extended to photon beams.
In the current framework, we assume that the spatial
part of the source is determined by the cross section of
the electron beam while the angle part is given by a
more complicated interplay of the electron trajectory
angles and of the radiation emission pattern, to be
discussed below. Whatever the details, the photon beam
propagation is represented by the evolution in phase
space of a volume enclosing the ensemble of points
describing a sample of the real source. Typically, an
undulator source will define a very small phase space
(in comparison to a bending magnet) because of the
narrow emission angle. The key parameter is the density
of system points in the phase space, i.e., the brightness.
The brightness is conserved in the propagation through
a lossless nondispersive system. In particular, the flux
transmitted by an optical system is given by the integral
of the brightness function [4]

B(x, x'\ y, y'\ hu) dx dx' dy dy'
Acceptance

(1)
over the optical system acceptance volume in phase
space. To avoid losses of flux, the extension of the
source phase space should always be smaller than the
optical system acceptance. We notice that the far-field
intensity pattern is obtained instead by integrating over
the spatial variables (x, y), making it independent of
the beam cross section. It is important to realize that
this model is an approximation of the more complete
phase-space description of synchrotron radiation optics
presented in ref. [4J.

• / .

2. Electrons and photons: the ray optics model

In the development of the source model we assume
that the electrons are radiating independently from each
other but coherently along the trajectory. Implicit in
this is the assumption that the undulator field is perfect
(no random errors) and that the emission of a photon is
a small perturbation on the electron orbit. In this model,
each photon is generated along the trajectory but be-
cause of the interference process leading to the rein-
forcement/suppression of certain wavelengths no exact
origin can be defined. In keeping with the principles of
ray optics [10,11] we identify the origin of each photon
with the transverse position of the radiating electron.
The apparent source location (i.e., the photon beam
waist) will be located then at the electron beam waist
[10]. The main difference with the case of a bending
magnet (or a wiggler) source is the lack of interference
processes in these cases, leading to a well defined origin

3. Trajectory

Basic to the modelling of spectral distribution of
radiation from an undulator is an accurate calculation
of the electron trajectory. We will show that by ap-
proximating the magnetic field and performing a change
of variables the computation of the coupled differential
equation typically encountered in trajectory calculations
is eliminated. All calculations will use the definitions of
position and angle variables as shown in the undulator
geometry of fig. 1.

A sinusoidal magnetic field perpendicular to the
undulator axis, such as

B = By = B0 c o s ~ j ) ,
An

(2)

forces the electron travelling along z to oscillate along
the jc-axis. This field does not satisfy the irrotationality
condition, 7 X 8 = 0 . A nonzero B. component is re-
quired to satisfy the condition, but it can be easily
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Fig. 1. Coordinate system and variables used in the calculations (upper panel) and relevant position vectors (lower panel).

shown that it is a second order term at most and can be
safely neglected for small amplitudes.

The force on the electron is given by the Lorentz
equation (in combination with eq. (2)):

z) (3)

(where m denotes the rest mass of the electron). The JC
component of the acceleration is given by:

while the velocity along y is a constant of motion
(Fy = 0) in the simplified field of eq. (2). A simple
expression is thus obtained for the x component, since
now the acceleration along x is a function of variable z
only:

ym
(5)

We can further simplify the calculation of /}, by rewrit-
ing the time derivative as a position derivative:

A simple integration gives the final expression for the x
component of the velocity:

n - T ^ + A o - (7)
ymc

Since

A-i/*2-«?(*)-# (8)

the velocity along z can be obtained directly using eq.
(7). We proceed now to change variables and write the
trajectory as a function of position, z. This leads to the
time being written as:
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Similarly, we now write x as a function of z, leading to
the following integral:

(10)

An identical procedure solves for y in terms of z,

(11)

The trajectory of the electron in the undulator is thus
fully specified, as a function of the coordinate z, by eqs.
(9)-(ll). We stress that the simplicity of the equations
defining the trajectory is a consequence of the fact that
in an undulator the magnetic field component along the
z-axis is negligible. This leads to the separation of the
problem into independent equations that can be in-
tegrated directly. The integration process is further sim-
plified by the change of variables from t to z. In an
undulator with a field such as that of eq. (2), the motion
of the electron is strictly periodic. We can then compute
the trajectory over a single period and repeat the results
over the length of the undulator.

Although simplified, the integrals still cannot be
computed in closed form. We resort then to a numerical
computation scheme. The velocities of the electron are
computed at a prefixed number of points along one
period and stored in double-precision (64 bits) varia-
bles. The integration is performed using the subroutine
QSF from DEC'S SSP library; it employs a combination
of Simpson rule and Newton 3/8 rule. The electron
trajectory is stored on disk, for further processing, as a
binary unformatted file containing the position and
velocities along the trajectory as a function of the
position along the undulator axis (i.e., z). The code also
computes useful beam and undulator parameters that
are written at the beginning of the trajectory file, as well
as to a user defined ASCII file for reference.

We tested the accuracy of our code by comparing its
results with those generated by other, exact, codes. Fig.
2 shows the trajectory for the on-axis case where the
solid line represents data from a code developed by
Luccio [7] while the crosses are those generated by
EPATH, for a few values of K. The agreement is very
good and confirmed by a more detailed analysis.

4. Radiation

The intensity of radiation at a distance far from the
instantaneous point of the electron position is related to
the detailed trajectory [12]. Before presenting our al-
gorithm, let us review briefly the basic principles of the
emission process. Fig. 1 illustrates the relative position
vectors for the observer i?p , trajectory r( / ' ) , and dis-
tance between trajectory and observation points R(t')
= Rp-r(t'). The accelerated electron emits radiation
at time .'' and position r(t'), which arrives at the
observation point Rp, at some later time /. The time it
takes the field to reach the observer is R(t')/c, where
R(t') is the distance between a point on the trajectory
and the observation point.

We begin by defining the field created at a position
R by an electron located at a point r along the trajec-
tory; the expression describing the field at the source is
often written in the form:

R(l-nfi)3
(12)

It is more convenient to work in the frequency domain.
By making the conversion from t to / ' , and inserting
the expression for the field, the following form is ob-
tained:

(nx(nxp))\

\ /

0 0 02
z (meters)

Fig. 2. Trajectories computed in a single period. Solid line:
output from Luccio's code, crosses: present calculations.

The integral can be readily integrated by parts as-
suming far-field approximations where /{(r') = .Rp so
that for small opening angle $0, R(t') and n( / ' ) are
approximately constant in time. This enables us to
remove R outside the integrand. The approximation in
R cannot be taken to the phase term because the
exponential term is very sensitive to small variations in
the phase. Integrating by parts and noting that the field
must be zero at i = + oo, we obtain:

Xe(-ioK,'+«(rVc)| dr ' ,

In the phase term we can write:

(15)
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The first dot product contributes a constant phase term,
which we can ignore.

The final form of the far-field approximation is,

X e l - i»« '-"<-« ')AM d , ' . (16)

The integration is over time and proceeding with the
change of variables corresponding to the argument of
the trajectory parameters we substitute, df' = dz/(c/J.).
We further change the limits of integration to the region
of the undulator, L, because there is no magnetic field
outside the undulator and thus no radiation; we neglect
the effect of any fringing fields. For simplicity we
denote the constant in front of the integral as Fo, and
the phase term as •

= ~u\t ' ] •
The form of eq. (16) becomes,

fi)] *{*M%•

(17)

(18)

Because of the fast oscillations of the integrand, the
main contributions to the emission spectrum will come
from the region in which the phase is stationary [15],
i.e.,

dz [\+K2/2 + y292]'
(19)

The integration taken over the entire undulator in-
cludes all No periods. Let us define T as the time it
takes to travel one period of the trajectory and Xo the
period directional along the z-axis. The phase is peri-
odic in z, with period Xo. This allows us to reduce the
integral of eq. (4) to a sum of integration taken over one
period. The final form becomes:

-L/2
> ^ - . (20)

The physical model behind this description is thus that
of a collection of N radiators emitting in phase. This is
similar to what is observed in diffraction grating theory
[9], solid-state physics [14], and is a manifestation of the
diffraction nature of the undulator source [13]. The first
factor (the grating-like) is purely kinematical in nature
and simply defines the position in energy of the emis-
sion peaks; notice that it gives the same intensity for all

the harmonics. The second factor, the integral, de-
termines the repartition of energy among the different
harmonics. For example, the grating term is insensitive
to the detailed shape of the magnetic field within each
period, while the second is strongly affected by it. Thus,
undulators with the same periodicity but with, for ex--
ample, different field distributions will have different
intensities in the various harmonics. Again, this effect is
very similar to the repartition of energy among the
different orders of a diffraction grating or the different
Bragg reflecitons from a crystal.

Finally, the power per solid angle per energy interval
is expressed in terms of the transformed field as

(21)dS2 du (ioc

From this we find the final expression:

d2w
dii do> 16, V 3

HZ-"
(22)

Again, we check the accuracy of our calculations by
making a comparison between our results and those of
other well-established codes. We elected to use one of
the cases illustrated by Tatchyn [9] as our prototypical
system. We computed the on-axis and off-axis spectra
at (8 = 60 |o.rad, 0 = 60 |irad) spectra in the region
500-5500 eV. The results are shown in fig. 3. We also
compare the emission pattern from the undulator in the
region of the first, second and third harmonics, as

2000 3000
E (cV)

Fig. 3. Undulator spectrum computed by Luccio's code (lower
curve) and our code (upper curve) for two different observa-

tion angles. The curves have been offset for clarity.
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Fig. 4.

« * *

Fig. 5.

Fig. 6.

shown in figs. 4-6. The output from our code is essen-
tially identical to that of refs. [7,9].

5. Electron beam emittance effects

So far we have considered only the case of ideal
electron trajectories, i.e., zero emittance beams. Let us
first consider the effect of the finite spatial extent of the
beam in (x, y). The beam cross section is a double
Gaussian of standard deviation (ax, ay). Since we have
assumed that the field in eq. (2) is translationally in-
variant in (x, y), the offset in the trajectory of the
electrons due to the finite beam size will have no effect
in the equations of the spectra. This can be seen directly
from eq. (20) where an offset in r will result in a
constant phase term. We do not expect any spectral
modifications as long as the beam size can be consid-
ered small relative to the magnetic field extension.

Let us consider now the case of an electron incoming
with a velocity 0 «(f t , ft,, ft) where ft, ft, <*: ft. The
angles subtended will be «, , ay as shown in fig. 1. Let
us consider separately the effect on the undulator spec-
trum of ay and ax*0. In the first case (ay+ 0), the
velocity component ft, is parallel to the magnetic field
B so that the Lorentz force due to ft, will be zero. A
small force will be present if we consider the initial
component of B along the axis needed to satisfy
Maxwell's equation but its magnitude is a second-order
term. Furthermore, we neglect variations of the mag-
netic field in directions orthogonal to the undulator
axis. From the point of view of the electron traversing
the undulator at this off-axis angle there will be the
following two effects. The first will be a lengthening of
the magnetic period by a 1/cos ay * 1 + oJ/2 factor,
again a second-order effect. The second, a reduction in
the apparent value of the magnetic field by the same
factor. Overall, these effects are negligible if we consider
that a is at most a fraction of a milliradian, so that the
corrections are in the parts per million range. As a
consequence, eq. (22) should be invariant under rotation
of the reference frame bringing the undulator axis along
the electron initial velocity to the first order. The radia-
tion pattern law is thus shift-invariant [IS]. Explicitly
stated, the radiation pattern described by eq. (22) above
will depend only on the difference between the observa-
tion direction and the initial electron direction. This
clearly reduces the computational problem for a four-
dimensional space to a much more manageable two-di-
mensional space. This result can be considered as a
special case of the general phase-space (position and
angle) shift invariance discussed by Kim in ref. [4].

Figs. 4-6. Emission patterns (far field) for the undulator
source at the 1st, 2nd and 3rd harmonics.
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A particle beam is characterized by having a con-
tinuous distribution of velocities, thus affecting the
overall emission spectrum. We consider the electron
beam to be an incoherent source, so that each electron
can be assumed to radiate independently and the over-
all spectral properties will be determined by the sum of
all the individual spectra intensities. This can be stated,
for a shift-invariant .ystem, in terms of the convolution
of the one-electron spectra with the angle distribution
of the electron trajectories, i.e.,

N(n, n-vc, hu)F(vc), (23)

where n is the vector directed to the observer and q. is
a unit vector along the electron velocity. In the case of
small angles we obtain, in Cartesian units,

N(ox, oyy hw)

jdaxdayN(ox-ax, oy-ay , ay),

(24)

where F represents the angular distribution of the elec-
tron trajectory. It is easier to understand this result in
terms of the (6, w) plots described by eq. (19). The
Gaussian distribution of the electron velocities will in-
troduce a broadening of the surfaces of constant phase,
thus leading, for example, to a wider range of photon
energies emitted within a given angle. This conclusion
has several important consequences. First, the photon
beam brightness will be reduced relative to that of a
collimated electron beam because of the redirection of
some of the emission away from the observer position.
For a Gaussian beam, the angular standard deviation
can then be obtained by the quadrature of the photon
and electron beam standard deviations. Second, the
spectrum radiation from a machine with finite emit-
tances will apear red-shifted to an observer on-axis
because the electrons will now be radiating at some
angle 9 = ay, thus giving a red shift because of the term
y262 in eq. (19). This is a first-order term because of the
large value of y. Similar arguments can also be applied
to the case of ax, leading again to an observational red
shift. This is still true for a small pinhole; however, the
flux integrated over a pinhole wide enough to accept the
whole beam will not be modified.

For our case, the key conclusion is to recognize that
the radiation pattern is shift-invariant, so that we can
indeed compute the radiation pattern once and then
simply shift it along the electron velocity to take into
account finite electron emittances.

6. Source algorithm

The analysis of optical systems in the XUV is best
done by modelling the source with a Monte Carlo

approach. One of the reasons is that it closely simulates
the physical behaviour of the source; for example, the
inspection of the cross section of a photon beam at an
ima^e plane will give an immediate and vivid image of
the quality of the focus, similar to what would be
observed if a photographic film were placed at thai
position in a real laboratory experiment. The essential
idea behind these simulations is that the low describing
the frequency of observation of a given variable (prob-
ability density function, pdf) is well known, either from
a theoretical model or from experimental observation.
From the pdf one can then define the probability distri-
bution function, PDF (also called cumulative distribu-
tion function, CDF):

(25)PDF(x)= f dx'pdf(x'),

One can, recognize in the pdf a "differential cross
section" for a random process. It is possible to generate
from a known PDF a distribution of random points
that has the required pdf; this is done by generating a
uniform variate, say within (0, 1) in fig. 7, and then
invert the PDF to obtain the value of x corresponding
to it (inversion method). It is easy to convince oneself
from fig. 7 that the variate will have a frequency distri-
bution equal to the derivative of the PDF, i.e., the pdf.
This method is particularly effective if the analytical
description of the PDF is complicated or unknown but
a distribution table is available.

Let us consider first the case of a one-dimensional
problem, such as the integrated spectrum from an undu-
lator, N(hu). After normalization so that the area is 1,
N is clearly the pdf of finding a photon of energy ha.
From this the PDF can be computed and a random
variate with the distribution generated by the inversion
method. The advantage of this method lies in the fact

0.2 0.4 0.6 08 I
THETA (mrad)

Fig. 7. Example of random variate generation from a PDF
curve. A uniform random number is generated on the y-axis
and inverted to give the required variate x. Lower panel:
Vertical emission pattern at 3rd harmonic; upper panel: associ-

ated PDF.
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Fig. S. Undulator emission pattern as generated by SHADOW. Lower panel: Monte Carlo source; upper panel: theoretical intensity
contour plots (logarithm).

that the PDF needs to be computed only once and the
inversion algorithm used is fast and efficient. Thus
lengthy calculations of the PDF do not compromise the
overall code efficiency.

The higher dimensionality problems are solved in a
similar way. In the case of the undulator, we compute
the emission pattern in the Cartesian angles (ox, oy)
over a selected photon energy range. This leads to a
three-dimensional array RN0(o,, oy, hu>), typically
(31, 31, 51) in size. We then build two more arrays
derived from it. The first is obtained by integrating over
ox, leading to an array R N l ^ , ha) that contains the
number of photons emitted at all horizontal angles. We

further integrate over oy to get RN2(A<o), the angle
integrated spectnirr. (i.e., the flux). Working backward,
we compute first the PDF of the photon energy,
CDF2(ha). Then the two-dimensional CDF1(^, Aw)
is computed, by integrating and normalizing over oy per
each photon energy. Similarly, the three-dimensional
CDF^o,, oy, hu) is then obtained by integrating over
ox for each (oy, hu) pair. These arrays are stored in a
binary file to be read later on by the part of SHADOW
that generates the actual source.

The steps for the generation of the source model (the
"photon beam") are the following. A code segment
called SOURCE reads in the file, and generates the
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photon energy from CDF2 by the inversion method
described above. Since the value of photon energy is not
likely to correspond exactly to one of the array ele-
ments, it will be necessary to interpolate CDF1 to
obtain a PDF describing the distribution of oy at that
specific value of ha. The interpolation must take into
account the relative weight of the two distributions.
This will lead to a one-dimensional array that can be
used to generate oy by the inversion method again.
After the completion of this step, both oy and h u will
have been fixed. The same procedure of interpolation/
inversion is then applied to generate the last variable,
ox, from CDF0. The photon direction and energy are

now fully specified. After repeating these steps M times
(with M -1000-5000 in order to create a statistically
significant sample) a photon distribution whose pdf is
given by N(ox, oy, hu) will have been created.

Finally, the emittances are taken into account by
generating a binomial variate for the electron position
and direction by means of a transformation algorithm,
with the standard deviation given for example by ox,
ox>. Using the shift-invariant properties of the emission
law, the angles of the photon obtained above are added
to those of the electron and the process repeated for the
other dimension (y). In this way a source that takes
into full account the nature of the electron and photon
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distribution is generated. The code is highly efficient,
with the CPU time required to generate a sample of
5000 rays being 20 s on a VAX 8600 machine running
VMS.

7. Results

Using the above procedure, we have generated the
source model for the first, second and third harmonics
of the model undulator described in ref. [9]. The distri-
butions show a photon energy range of 10 eV centered
at the relative harmonic. The results are shown in figs.

8-i0 for the case of a no-emittance beam. We present
also the intensity level predicted on the basis of eq. (22).
The density of rays represents faithfully the location of
the maxima in the intensity of the emission pattern. As
expected, no photons are emitted on-axis for the second
harmonic. It is interesting to notice explicitly the cir-
cular symmetry in the emission spectra. Fig. 11 shows
how the source is modified by the emittance in the
electron beam; for the sake of illustration we have
modelled the case of an electron beam having a waist
located at the center of the undulator and standard
deviations of o,. y- = 50 u,rad in the velocity distribu-
tions. As expected, the radiation distribution is smeared
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out relative to the no-emittance case. Fig. 12 shows the
co-0 curves generated by the Monte Carlo method.
From a computational efficiency point of view,
SHADOW uses about 5 ms of CPU per ray on a VAX
8600 under VMS; 5000 rays are generated in 25 s.

8. Conclusions

In summary, we have presented a new approach to
the modelling of the undulator spectra which is accurate
and efficient to the point of making possible fast Monte
Carlo modelling of the source. A simplified description

Fig. 12. 6-a plots for the case of zero emittance (upper panel)
and for electron angle standard deviations <r,-(or>.<) — 2 x 1 0 " '

rad (lower panel).

of the magnetic field, together with a judicious change
in the variable of integration, leads to a greatly sim-
plified mathematical problem that can be solved by a
simple integration. The trajectory thus computed is then
used as input to a code segment for the computation of
the radiation distribution. The use of far-field ap-
proximation in combination with the assumption of a
periodic structure allows the calculations to be per-
formed only over a single period of the magnetic field.
Most importantly, we have shown the undulator system
to be shift-invariant relative to the electron trajectory
and radiation emission angles. This cuts in half the
dimensionality of the problem, allowing excellent com-
putational efficiency as well as physical insight into the
behavior and mechanism of the undulator. All the theo-
retical considerations lead to the construction of a very
efficient algorithm for the generation of the Monte
Carlo source describing the radiation. This new code
opens finally the possibility of accurate ray tracings
through optical systems based on undulator sources.
More work needs to be performed in the area of polari-
zation of the source and in the extension to the case of
intermediate AT's.
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Note added in proof

After submission of this article we have become
aware of another effort in progress at the University of
Texas at Austin. D.C. Anacker, W. Hale and J.L. Erskine
have developed a source model for SHADOW that
takes in full account the emission properties of the
undulator. The code, based on an acceptance-rejection
method, provides an accurate model of the source and
can be used as an alternative to the one described in the
present article. Another important contribution to the
theory of undulator emission is found in the article
by H. Rarback, C. Jacobsen, J. Kirz and I. McNulty,
[Nucl. Instr. and Meth. A266 (1988) 96] where the
red-shift caused by the finite electron emission is dis-
cussed.
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Abstract

The next generation of low emittance-high brilliance synchrotron facilities such
as the 7-GeV Advanced Photon Source (APS) will have Insertion Device (ID) x-ray
sources with unique spectral properties. These new sources will also produce x-
ray beams with unprecedented photon power densities. Undulator at the APS for
example can have highly peaked photon power distributions with central
densities approaching 300 kW/mrad2 and a total power of 10 kW. Large power
densities can also be expected for some of the high power wiggler IDs. Handling
such power densities is a formidable task for non-optical components such as
beam stops and apertures which must intercept the full power of the beam
without mechanical degradation from the thermal/stress loading. For optical
components such as mirrors and diffracting crystals, the performance depends
critically on their ability to efficiently dissipate the absorbed power without
undergoing small distortions which could seriously degrade the brilliance of the
incident beam. In order to design and accurately predict the behavior of these
components , reliable models for both the spatial and frequency distribution
contained within the ID x-ray beam must be known. An overview of the
properties for ID sources will be presented for both existing facilities and third
generation facilities such as the APS.
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INTRODUCTION

The 7-GeV Advanced Photon Source (APS) synchrotron facility at
Argonne National Laboratory will be a powerful source of hard x-rays with
energies above 1 keV. In addition to the availability of bending magnet
radiation, the storage ring will have 35 straight sections for insertion device
(ID) x-ray sources. The unique spectral properties and flexibility of these
devices open new possibilities for scientific research in essentially every
area of science and technology. Existing and new techniques utilizing the
full potential of these sources, such as the enhanced coherence, unique
polarization properties, and high spectral brilliance, will permit
experiments not possible with existing sources.

In the following presentation, the spectral properties of ID sources are
briefly reviewed. A summary of the specific properties of sources planned
for the APS storage ring is then presented. Recent results for APS
prototype ID sources are discussed, and finally some special x-ray sources
under consideration for the APS facility are described.

GENERAL PROPERTIES OF ID SOURCES

Both undulator and wiggler IDs at the APS will be composed of magnet
arrays in a planer geometry which set up a spatially oscillating magnetic
field along the length of the device [1]. These arrays can either be made up
of permanent magnets, with or without high-permeability magnetic poles,
or electromagnets. Whatever the structure, the spectral properties of the
devices is related to the peak magnetic field, BQ generated. In particular,
the field results in an oscillating trajectory of the particle beam through the
device. The amplitude and maximum slope angle depend linearly on both
the field, BQ, and the period of the device through the deflection parameter,
K, defined by:

*This work supported by the U.S. Department of Energy, BES-Materials Sciences,
under contract no. W-31-109-ENG-38



K = 0.933X030,

where \Q is the ED magnetic period in cm, and BQ is in tesla. For a K less
than approximately 10, the maximum slope angle is given by,

e = K/y,
where y = 1957 E r is the relativistic factor, and E r is the ring energy in GeV.
This is to be compared with the natural opening angle of synchrotron
radiation,

v~i/y,
which is approximately 73 urad for the 7-GeV APS storage ring.

The spectral properties of a given device will depend on the relative
values of the maximum slope angle, 6, and the opening angle, y. In the
undulator regime, where K ~ 1, the radiation from each part of the
trajectory is within the radiation opening angle, and interference effects
can occur. This interference causes spatial and frequency bunching which
gives rise to the typical undulator spectrum consisting of narrow bands of
radiation called harmonics. The energy at which these harmonics occur
depends on the ring energy and the peak magnetic field in the device. For a
single radiating particle, the radiative source size and divergence depend
on the wavelength of the x-ray and the length of the undulator. Typically,
the radiative divergence at the harmonic energy is a fraction of the natural
radiation opening angle, \j/, and the photon flux at this energy is enhanced.

In the wiggler, where K > 5, the output from the device is a sum of
intensities from each magnetic pole and the spectral output is similar to a
bending magnet, but contained within a horizontal angular range of ± K/y.
The spectral output on-axis is approximately N times the output from an
equivalent bending magnet source, where N is the number of magnetic
poles.

The spatial and angular distribution of the particle beam will affect the
undulator spectrum most severely. Since the particles in the beam are
independent, the effective source angular distribution and size are a
convolution of the radiative and particle beam distribution parameters. The
particle beam distributions are approximately Gaussian as is the case for
the central radiation cone at the principal harmonics. For the low-
emittance APS storage ring, the particle beam vertical divergence is on the
order of the Gaussian width (9 urad) of the first harmonic central cone. In
the horizontal direction, it is a factor of approximately two larger. As a first
approximation, information concerning the number of photons in a given
bandwidth contained within a given angular aperture can be estimated for



the principal harmonics using the convoluted effective source spatial and
angular properties.

The on-axis brilliance BLQ (sometimes referred to as brightness) is
defined as:

BLQ = number of photons/(0.1%BW mm2mrad2)

and is equivalent to the total flux at a given photon energy in a fixed
bandwidth (BW) divided by the effective radiative source size and effective
source divergence in the vertical and horizontal directions.

The on-axis brilliance at the principal harmonics of an undulator
contains information concerning the approximate angular distribution of
the source. In fact, the peak angular flux density of the central radiation
cone is given approximately by the product of BLQ and the effective source
area. As mentioned, the angular width is the convoluted width of the
particle beam divergence and radiative width.

APS RADIATION SOURCES

Several IDs have been identified as standard x-ray sources for the APS.
These include two planar undulator and two planar wiggler sources.
Undulator A, which has the Nd-Fe-B and vanadium permendur hybrid
geometry, is capable of spanning the photon energy interval from
approximately 5 to 30 keV using first-harmonic radiation. Undulator B,
which also has the hybrid structure, is tunable for approximately 13 to 20
keV. The wigglers A, with the hybrid structure, and B, which has
magnetic structure based on electromagnets, have critical energies of 32.6
and 9.8 keV, respectively. These critical energies are above and below that
for the bending magnet radiation of 19 keV.

In addition, several other devices are described. One of these is an
undulator-wiggler source. This ID for K-values near 1 behaves like an
undulator with a first harmonic in the range of 1 to 2 keV. At closed gap,
and with K ~ 9, the device is a wiggler with critical energy near 30 keV.
Undulator C is an x-ray source with first harmonic spanning the interval
of 0.5 to 1.5 keV. Both devices are very effective sources spanning the
interval between soft and hard x-ray sources.

The flux through a pin-hole with an angular opening equal to the
angular width of the central radiation cone for the first harmonic of
Undulator A is approximately 10 ̂  photons/sec in 0.1% bandwidth at the



energy of 8 keV. This value is typical for most undulator sources at the
APS. The total flux within the central radiation cone is approximately 10 ^
photons/sec per 0.01% bandwidth at 8 keV.

APS UNDULATOR PROTOTYPE RESULTS

As part of the R&D effort, the APS has developed two prototype undulator
sources in order to evaluate construction techniques, critical construction
tolerances, and performance. The first of these is a prototype of undulator
A with a period of 3.3 cm and a length of approximately 2 m. It was the
first short period undulator to be used as a synchrotron x-ray source. The
device was installed on the CESR/Cornell storage ring for a one month
dedicated run[2]. The storage ring was modified to have approximately the
same vertical emittance as the APS. The performance of the device was
excellent and satisfied all the requirements for an undulator of this type
installed on the APS. As part of the performance evaluation of the device,
the effect of introducing a taper in the undulator gap was tested. In this
mode, the first harmonic bandwidth increased by a factor of two. At the
same time, the spatial distribution remained essentially unchanged. This
result can be explained by the fact that the band width is determined
essentially by the difference in entrance and exit peak fields caused by the
taper in the gap. The spatial distribution at the harmonic, on the other
hand, is determined by the energy of the emitted photon.

A second prototype is the undualtor for the U-5 straight section at the
VUV storage ring at the National Synchrotron Light Source (NSLS). The
device will be used by a multi-institutional materials research group in a
diverse program. The undulator, which was delivered to the NSLS in
March 1990, will be tested and its performance evaluated in early summer
of 1990. The device has a period of 7.5 cm and a length of 2.3 m. It has the
lowest random field error of any built to date. Some of the essential design
parameters can be obtained from [3].

SPECIAL PURPOSE IDs

Part of the R&D effort in this area will be placed on the development of
techniques which utilize x-rays with a variable degree of elliptical
polarization of ID sources in the region of 2 to 100 keV. In the low-energy
part of this spectral region, techniques used for the investigation of elastic
magnetic scattering and polarization processes will be prominent. In the
high-energy portion of the spectrum, magnetic Compton scattering will be



important.
At present, there is a significant amount of activity concerning the

development of ID sources capable of producing circularly or elliptically
polarized x-rays. These include:

• Asymmetric Wiggler [4]
• Elliptical Motion Multipole Wiggler[5]
• Helical Motion Crossed Undulator[6]
• Planar Helical Field Undulator [7,8]
• Crossed Planar Undulators[9]

Of the possible ID configurations, two have been chosen as candidate
sources of variable polarized x-rays on the APS. The first is the crossed
planar undulator first proposed by K. J. Kim [9] which is an efficient source
on the APS for producing circularly polarized x-rays from 1 to 5 keV.
Third harmonic radiation would extend the range up to 8 or 10 keV. The
major advantage of this source is its time modulation capability since the
degree of polarization depends on an electromagnetic phase shifter. The
conceptual design consists of two hybrid sections with Nd-Fe-B magnets
and vanadium permendur poles. The sections are in tandem with an
electromagnetic phase shifter between them. The total length of the device
is approximately 2.5-m.

The second device is a version of the elliptical motion multipole wiggler
which has been recently been tested at the Photon Factory-KEK[5]. The
device proposed for the APS has a period of approximately 20 cm and is 1 m
in length. The critical energy will be approximately 30 keV and the device
will span the range from above 8 keV to approximately 100 keV.

Other programs include permanent magnet IDs with enhanced
magnetic designs capable of producing high magnetic field. As
undulators, these devices will exhibit larger photon energy tunability than
current devices. As wigglers, these devices will be capable of achieving
high critical fields above 50 keV.

These special devices are an important a part of the R&D activity in ID
source development at the APS. It is expected that APS users and scientific
needs will spur activity in other areas of source development after the
storage ring becomes operational.
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ABSTRACT

Insertion device (ID) synchrotron x-ray sources on present day and next-generation
synchrotron facilities have very attractive spectral properties. In addition however, they
are capable of producing x-ray beams with large powers and in some cases,
unprecedented power densities. An overview of the spatial and frequency distributions of
these sources including the effects of synchrotron particle beam emittance is presented.

1. INTRODUCTION

The next generation of low emittance-high brilliance synchrotron facilities such as
the 7-GeV Advanced Photon Source (APS) will have Insertion Device (ID) x-ray sources
with unique spectral properties . These properties will open new possibilities for
scientific research in essentially every area of science and technology. Existing and new
techniques utilizing the full potential of these sources, such as their enhanced spectral
coherence, unique polarization properties, and high spectral brilliance, will permit
experiments not possible with existing sources.

However, these new sources also will also produce x-ray beams with unprecedented
photon power densities. Undulators at the APS for example, can have highly peaked
photon power with central densities approaching 300 kW/mrad^ and total power levels of
10 kW. Large power densities can also be expected for some of the high power wiggler
IDs. Handling such power densities is a formidable task for non-optical components
such as beam stops and apertures which must intercept the full power of the beam
without mechanical degradation from the thermal/stress loading.

For optical components such as mirrors and diffracting crystals, the performance
depends critically on their ability to efficiently dissipate the absorbed power without
undergoing small distortions which could seriously degrade the brilliance of the
incident beam^.
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In order to design and accurately predict the behavior of these components, reliable
models for both the spatial and frequency distribution contained within the ID x-ray
beam must be known. An overview of the properties for ID sources will be presented for
both existing facilities and third generation facilities such as the APS.

2. GENERAL PROPERTIES OF PLANAR ID SOURCES

Both undulator and wiggler IDs are composed of magnet arrays in a planar
geometry which set up a spatially oscillating magnetic field along the length of the
device*^. These arrays can either be made up of permanent magnets, with or without
high-permeability magnetic poles, or electromagnets. Whatever the structure, the
spectral properties of the devices is related to the peak magnetic field, BQ. In particular,
the field results in an oscillating trajectory of the particle beam through the device. In a
first approximation, the amplitude and maximum slope angle depend linearly on both
BQ and the period of the device through the deflection parameter, K, defined by:

K = 0.934XoB0,

where XQ is the ID magnetic period in cm, and BQ is in tesla.

For a K less than approximately 10, the maximum slope angle, <|>, is given by,

where y = 1957 E f is the relativistic factor, and E r is the ring energy in GeV.
This is to be compared with the natural opening angle of synchrotron radiation,

which for example, is approximately 73 urad for the 7-GeV APS storage ring.
The spectral properties of a given device will depend on the relative values of the

maximum slope angle and the opening angle, \\r. In the undulator regime, where K ~ 1,
the radiation from each part of the trajectory is within the radiation opening angle, and
interference effects can occur. This interference causes spatial and frequency bunching
which gives rise to the typical undulator spectrum consisting of narrow bands of
radiation called harmonics (see Fig 1.). The energy at which these harmonics occur
depends on the ring energy and the peak magnetic field in the device. On- axis, the

position of the odd harmonic of the radiation is given
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E n = 0.949

where XQ is the period of the undulator in cm.
For wigglers, where K £ 5, the output from the device is a sum of intensities from

each magnetic pole and the spectral output is similar to a bending magnet, but
contained within a horizontal angular range of ± K/7. The on-axis spectral output is
approximately N times the output from an equivalent bending magnet source, where N
is the number of magnetic poles. As a typical example, Fig. 1 shows a comparison of the
spectral output for two undulator IDs, a wiggler ID, and bending magnet synchrotron
x-ray sources for the APS at 7 GeV with a stored current of 100 mA.
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Fig.l A comparison of the spectral brilliance as a function of photon energy for x-ray
sources. Undulator A and B are 5 m long devices with periods of 3.1 and 2.1,
respectively. Wiggler A is 1.5 m long with a 15 cm period, and the bending
magnet source has a critical energy of 19.5 keV. All three devices are for the
APS storage ring operating at 7-GeV with 100 mA stored current.
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For a single radiating particle, the radiative source size and divergence depend on
the wavelength of the x-ray and the length of the undulator. Typically, the radiative
opening angle at the harmonic energy is a fraction of the natural radiation opening
angle, \y, and the photon flux at this energy is enhanced. The case of a wiggler ID is
similar to that of standard bending magnet radiation.

The spatial and angular distribution of the particle beam will affect the undulator
spectrum most severely1 >3. Since the particles in the beam are independent, the
effective source angular distribution and size are a convolution of the radiative and
particle beam distribution parameters. The particle beam distributions are
approximately Gaussian as is the case for the central radiation cone at the principal
harmonics. For the low-emittance third generation storage rings, the particle beam
vertical divergence is on the order of the Gaussian width of the first harmonic central
cone or smaller. In the horizontal direction, it is a factor of at least two to three larger.
As a first approximation, information concerning the number of photons in a given
bandwidth contained within a given angular aperture can be estimated for the principal
harmonics using the convoluted effective source spatial and angular properties.

The on-axis brilliance BLQ (sometimes referred to as brightness) is defined as the
total flux at a given photon energy in a fixed bandwidth divided by the effective radiative
source size and effective source divergence in the vertical and horizontal directions. At
the principal harmonics of an undulator, BLQ can be used to estimate the approximate
angular distribution of the source. In fact, the peak angular flux density of the central
radiation cone is given approximately by the product of BLQ and the effective source
area.

3. POWER DISTRIBUTION FROM ID SOURCES

3.1 Total Power

The total power emitted by an electron or positron in a constant magnetic field

depends on its kinetic energy and the strength of the bending field BQ. For the case of a

circulating particle beam of current I(mA) and energy Er(GeV), in a storage ring with

identical dipole magnets with magnetic field BQ(T), the total power in kW radiated by the

circulating beam is given by .•

Ptotal = °-0 2 6 5 4 B0 E r 3 1 -

For a 1 GeV storage ring for example, with dipoles which have field strengths of
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approximately 1 T, the power radiated in the entire ring with 1 amp of particle beam
current is on the order of 26 kW. Half of this total power is emitted above the critical x-
ray energy of the source, Ec,and the half the power below, where the critical energy in

keV is given b y ^ :

Ec = 0.6651 E r
2 B 0 .

For an ID, the particle trajectory is periodic through the device. In this case, in
either the undulator or wiggler regime, the total power of the device in watts given by°:

Ptotal = L 2 6 3 E r 2 < B 2 > l L>

where L is the length of the device in meters and <B2> is the average value of the square
of the magnetic field through the device. In the case of a wiggler or undulator ID

source, the magnetic field is approximately sinusoidal, and as a result, <B2> can be

replaced with BQ2 /2.

The maximum value of the critical field occurs on-axis and is given by the same
expression as for the case of the bending magnet above. For viewing angles off-axis in
the horizontal plane, the effective critical field as a function of horizontal angle, 8,
within the angular extent of the radiation given by ± K/y, is given by^,

E = EcV(l-ey/K).

In the undulator regime, the frequency bunching into harmonics modifies the
overall energy distribution. However, an effective critical energy of an undulator can
still be defined since only a small portion of the total power emitted by the device is
contained in any given harmonic and the approximate relation that E c is the half power
energy of the device in this case.

3.2 Angular Distribution of Power

For an ID with an oscillatory magnetic field, the angular power density for a electron

or positron beam of zero-emittance in the far-field approximation is given by^:

dP/dQ = d2P/dyd9 = P t o t a l (21Y2/167CK) G(K) f^W-T©).

where dP/dii is the angular distribution of total power and y is the angle in the vertical
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direction in rad. If the total power is given in watts, then dP/dQ is in watts/rad2.
The function G(K), is an angle-independent factor which depends only on the

magnetic parameters of the ID through the deflection parameter, K. It is a polynomial
in K which approaches the value of 1 for K-values greater than 2. For K-values less than
approximately 0.5, G(K) varies linearly with K.

The power distribution envelope is described by the normalized angular distribution
function, fj£(yy,yQ), which depends on the deflection parameter, K and the angles 6 and
\|/. In the forward direction on-axis, fĵ O.O) = 1 and dP/dQ I QO corresponds to the peak
value of the power density.

As is obvious from relation, the angular power density goes as the forth power of the
ring energy, E r , since Ptotal *n ^ e eQuation varies as the square of the E r.

Some general features of the angular distribution can be deduced by looking at the In-
dependence of the envelope function %. By straight-forward integration of the equation
for f̂ , one observes that the in the vertical (y) direction, the power envelope shown in
Fig. 2a. is nearly Gaussian and approximately independent of K. The Gaussian half-
width is given by a1 = 0.608/y.

Fig. 2. The angular distribution function fjtfyytf) for two different values of the K-

parameter evaluated in a) the horizontal (6) and b) vertical (y) directions.

In the horizontal direction, 6, the distribution depends on K. For K large (>5), the
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envelope shown in Fig. 2b is parabolic and extends to approximately ± K/y. For K-values
near 1 in the undulator regime, the power envelope has a total width near 1/y. This
shows that the major difference in the power distributions of wiggler and undulator IDs
is in the horizontal extent of the distribution.

In general, the undulator device will be characterized by very steep power gradients
and in general, on-axis peak powers which are larger than wigglers. This is
demonstrated in Fig 3 which compares a wiggler device planned for the APS to an
undulator ID . In spite of the lower power of the undulator (0.7 kW) compared to that
for the wiggler (4.6 kW), the undulator shows a much larger peak on-axis angular
power density.

Wiggler A

Fig 3. The power envelopes of the undulator and wiggler IDs in Fig. 1. for the APS
operating at 7 GeV and 100 mA stored current. The undulator is operating at a
gap corresponding to a first harmonic at approximately 12 keV.

In the far field approximation, the peak power density in kW/mm2 of a surface at
normal incidence to the an ID x-ray beam and at a distance O(m) from the source is
given by:

d2P/dxdy = (dP/dOVD2
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where dP/dQ is in kW/mrad2 The horizontal (x) and vertical (y) dimensions of the
normal incidence footprint is given by the product of the distance, D, from the source
and the 6 and y angular widths of the power envelope. At an angle of incidence, a, from
the normal, the normal incidence peak power density is reduced approximately by the
factor sin(a).

Table 1 show a comparison of the power characteristics of several existing and
planned ID sources. As can be seen from the table, undulators have steep distributions
with large peak powers, and lower energy storage rings with E r ~l GeV, have
significantly less dramatic power densities than those for higher energies such as the
APS.

Table 1. Comparison of total powers and densities for some IDs at existing and planned
the next generation synchrotron sources. The facilities are: National
Synchrotron Light Source, Stanford Synchrotron Radiation Laboratory, Cornell
High Energy Synchrotron Source, Advanced Photon Source, and The Advanced
Light Source. SUW is a 6 T superconducting 6-pole wiggler, and CHESS-WIG is
a 6-pole electromagnet. All other IDs are hybrid permanent magnet devices. P
is the normal incidence peak power density.

NSLS
SUW

Er(GeV) 2.5
K 99
P. , iflfW^ 38

P(kW/mr2) 3.8
Distance(m) 15
P(W/mm2) 16.8

SSRL
X

3

15
1.6

1.5
10

15

3.3 Frequency Distribution

CHESS
WIG

5.4

30
1.8

2.7
15

12

UND

5.4

1.4
0.75

25
18

77

APS
UNDA

7
2.5
9.8

300
25

480

WIGA

7

15
4.6

24
25

38

ALS
U5

1.5

5
2.5

2.3
10

23

The frequency distribution of the photons within the power envelope determines that
part of the spatial distribution that will be selected for a particular experiment. Fur
example, for a wiggler, the radiative opening angle for a photons with the critical
energy E c is approximately given by the relation o' = 0.565(1/Y). Therefore, at Ec, the
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opening angle of these photons in the vertical direction is approximately equal to the
width of the power envelope. For energies different than Ec, o' is multiplied by the factor
(EfJEfl'^S, For energies larger than E c, the opening angle is smaller than that
for the power envelope, while the opposite is true for photon energies smaller
than E c

For undulator IDs, the radiative opening angle for photons at the odd
harmonics is given approximately by:

where n is the order of the harmonic. This angle, as mentioned above, is a
fraction of the natural synchrotron radiative opening angle. As a result, in
general, the central cone of a given harmonic will have a width which is 5 to 10
times smaller than that for the power envelope. This is illustrated in Fig 4 where
the radiative width of first harmonic radiation of the APS prototype undulator at
CHESS [8] is compared to the vertical opening angle of the power envelope. In
many case, a pin-hole may be used to reduced the total power of an undulator
source without sacrificing photon flux.

I

1.0

0.8

0.6

0.4

0.2

0.0

Vertical Power
Envelope

1st Harmonic
(Central Cone)

-2 -1

Fig. 4. A comparison of the power frequency distribution envelope in the vertical (\|O
direction with the distribution envelope of the first harmonic central cone for the
APS 3.3 cm period, 2.0 m-long undulator8.
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4. PARTICLE BEAM EMITTANCE EFFECTS

The particle beam in an actual storage ring is not a single filament of positrons or
electrons. Instead, the beam is characterized by finite cross section (size) and
divergence distribution of the particles. To a good approximation, these parameters can
be described by Gaussian distributions with characteristics widths. As mentioned, most
of the radiative properties of the individual particles are also described by Gaussian
distribution. This means that the properties of the beam can be represented by a
convolution of single particle distribution envelopes and the beam distribution
parameters. In principle, for power distributions, this should result in a reduction of
the power densities. In actual fact for modern storage rings and especially the next
generation facilities, the beam parameters such as the divergence are in general
smaller the single particle power envelope opening angles in the horizontal and vertical
directions. As a result, the particle beam emittance has very little effect on the power
densities.
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Abstract

The nearly four orders of magnitude increase in brightness
expected for insertion device (ID) x-ray sources on the next
generation low emittance synchrotron facilities will have a
tremendous impact on nearly every area of research. However,
in order to deliver the expected performance, the IDs will need
to satisfy stringent magnetic and mechanical requirements.
Errors in real devices affect both the spectral performance and
storage ring. For example, one source of field errors relating to
the uniformity of the peak field through the device has a direct
effect on the peak spectral brightness of undulator harmonics.
Other errors associated with the higher moment fields present
in the devicejan effect the performance of the low emittance
storage ring
generation synchrotron facilities.

* Both effects are discussed in terms of the next

1. INTRODUCTION

The next generation of low emittance-high brilliance
synchrotron facilities such as the 7-GeV Advanced Photon
Source (APS), 1-2 GeV Advanced Light Source(ALS),
European Synchrotron Radiation Source (ESRF), SPring 8
(Japan), etc. will have insertion device QD) undulator and
wiggler x-ray sources with unique spectral properties. These
properties will open new possibilities for scientific research in
essentially every area of science and technology. Existing and
new techniques utilizing the full potential of these sources,
such as their enhanced spectral coherence, unique polarization
properties, and high spectral brilliance, will permit
experiments not possible with existing sources.

The enhanced performance predicted for ideal undulator
sources on the low emittance rings over present synchrotron
sources in most cases is remarkable, and a considerable amount
of effort has been spent over the past years to understand the
spectral properties of these devices. During this time, it has
become clear the the performance of actual devices will depend
not only on the quality of the low emittance particle beam, but
also on the achievable magnetic and mechanical tolerances. In
addition, the error fields for real devices may introduces
deleterious effects on the storage ring and as a consequence,
indirectly effect the undulator spectral performance.

In general, the magnetic field quality or tolerance for
actual devices is determined by the storage ring requirements
and the acceptable spectral performance. In the following, a
summary of these tolerance requirements for typical planar
permanent magnet undulator IDs on the new 3rd generation
synchrotron facility storage rings is presented. In addition,
some recent results for APS prototype undulators are
discussed.

The major emphasis of this article is to identify the

sources of magnetic field errors in real IDs and to describe the
effects of these errors on the spectral performance of the device
and on the storage ring.

2. CHARACTERISTICS OF IDEAL PLANAR IDs

A. Base-line Spectral Properties

Both undulators and wigglers are composed of magnet
arrays in a planer geometry which set up a spatially oscillating
magnetic field along the length of the device [1,2]. These
arrays can either be made up of permanent magnets, with or
without high-permeability magnetic poles such as vanadium
permendur, or electromagnets. For the new low emittance
storage rings with ring energies between 1 and 8 GeV, the
majority of IDs have periods less than 20 cm in order to
achieve the required spectral energies. This is the optimum
range for permanent magnet structures rather than
electromagnetic ones. In almost all cases, rare-earth-transition
metal magnets, especially Nd-Fe B, are used because of their
enhanced field strength. The magnetic structures of a pure
permanent magnet (PPM) and hybrid device with vanadium
permendur poles are compared in Fig. 1. In both cases, the
field along the z-direction of the ID varies periodically with a
period 3lo- For the PPM ID, the field variation along the
centerline of the midplane is sinusoidal For the hybrid
structure, the field has higher harmonics determined by the
detailed structure of the pole and magnet array.

The slope angle for the sinusiodal field is 6 = K/y,
where Y=1957 Er , and Er is the ring energy in GeV. In the
undulator regime, where K ~ 1, interference effects occur
within the synchrotron radiative opening angle, \|/=l/y, which
cause spatial and frequency bunching of the radiation. This
gives rise to the typical undulator spectrum consisting of
narrow bands of radiation called harmonics.

In general, the spatial distribution of the radiation is
complex [3]. Near the harmonic energy however, it consists
of a central radiation cone combined with structure off-axis.
For a single particle, the radiative source size and divergence of
the central radiation cone of the nth harmonic depend on the
wavelength, Xn, and the length, L, of the undulator and are
given by:

* Work supported by the U. S. Department of Energy, BES-
Materials Sciences under Contract WC-31-109-ENG-38

respectively.
In both ID structures, the spectral properties depend

on the trajectory of the particle beam through the device. For
a pure dipole field with a sinusoidal variation along the
centerline of the ID, the amplitude and maximum slope angle,
8, of the trajectory depend linearly on both the peak magnetic
field, Bo, and the magnetic period of the device \Q, through
the deflection parameter, K = 0.934XQBQ.



Pure Permanent Magnet

Hybrid

Pole Nd-Fe-B

Fig. 1. A pure permanent magnet structure with four
magnetic blocks per period compared to a structure with steel
poles with approximately the same period.

The spatial and angular distribution of the stored
particle beam determined by the emittance will affect the
undulator spectral properties most severely. The particle beam
distributions are approximately Gaussian and given in terms of
the beta functions, (3X and py, at the undulator location in the
lattice and the storage ring emittance, ex and £y. For the
i=x,y directions, the particle beam size, cj, and divergence, o'j,
are given by:

and

The effective radiative source size and divergence in
the x and y directions is given approximately by the
convolution of the natural single particle source parameters and
the particle bea<Ti parameters, and

and

For 3rd generation storage rings natural emittances, e
on the order of of ~1 nm.rad will be achieved. Assuming a
coupling of ~ 10%, between the vertical (y) and horizontal (x)
emittances, the magnitude of a'y and Gy are on the order of ~
5-10 jirad and 50-100 nm, respectively. This is to be
compared to the natural radiative opening angle and size of the
undulator photon beam which depends on x-ray wavelength of
the harmonic chosen. For soft x-ray devices with harmonics
in the range of 100- 1000 A, the natural undulator source
divergence dominates. In the harder x-ray region, the source
emittance effect become important near 1 A radiation.

The energy of a given undulator harmonic, n, is given

approximately by:

En(keV)= 0.949 r£2(GeV)/(l+K2/2+YV).

The natural energy band width is given by AE/E=l/(nN),
where N is the number of magnetic periods in the device. The
bandwidth AE corresponds to an angular divergence, y-o 'r-
This natural energy bandpass is increased by particle beam
parameters such as the emittance and energy spread. For a
given storage ring, the baseline energy width will require
numerical calculations which take into account the actual
angular acceptance, and the particle beam emittance. For
perturbations which are not much larger than the natural
undulator angular width a\. The contributions to the energy
spread, AE/E, of the harmonics from the particle beam
divergence is given approximately by:

Ai=(o'iY)2/(2(l+K2/2)) and

where i=x,y. The energy and momentum spread of the particle
beam contribute linearly to the harmonic width.

The on-axis spectral brilliance BL0 (sometimes
referred to as brightness) in photons/(s 0.1 %BW mm^mrad2)
is defined as:

where F is the total flux at a given photon energy in a fixed
band width (BW).

These intrinsic spectral properties of undulator
radiation including emittance define the base-line performance
of ideal devices for different storage ring conditions. This base-
line is a convenient one to from which to discuss the effects of
magnetic field errors on the performance of real devices. One
of the effects of particle beam emittance is to complicate the
description of field errors of real devices on the spectral
properties. For some types of errors such as phase errors
discussed later, the spectral properties depend on a simple
convolution of the error field distribution with emittance For
steering errors, it is not clear whether independent
convolutions can adequately describe the combined effects of
error fields and emittance.

B. Effect on Storage Ring

From the point of view of the storage ring, a perfect
undulalor with infinite width and plane poles will show some
degree of vertical focusing of the particle beam [4]. This
focusing is associated with the small variation of the magnetic
field from the device centerline in the midplane to the pole
face. For a field with a sinusoidal dependence along the length
of the undulator, this focussing is equivalent to a quadrupole
component of the magnetic field and results in a tune shift of
the storage ring. It is the smallest possible perturbation
achievable with a device. The quadrupole component depends
approximately on the square of the ratio of the peak field to the
ring energy and is more important for high field devices in low
energy storage rings. A small non-linear octapole-like term
also is present. The sextupole term vanishes over one period.

There is no net steering given by jB-dz in one period
length of a perfect ID because of the periodic variation of the



field. A net steering will occur for configurations of poles in
which the net number of periods is a half integer. No net
particle beam offset occurs through the device except in this
case.

3. PERFORMANCE OF REAL UNDULATOR DEVICES

A. Sources of Magnetic Field Errors

As mentioned, the spectral properties of a given ID
on a particular storage ring depend exclusively on the trajectory
of the particle beam through the device. For planar devices
which the focus of this article, the magnetic field is determined
by the array of magnetic elements. The field variation along
the length of the device for the hybrid structure can have odd
harmonics of the field higher than the sinusiodal dipole term.
The magnitude of these harmonics can usually be kept below
10% of the main sinusiodal field by appropriate choice of the
pole dimensions. Optimization is required since the peak field
also depends on the pole size and over hang. As mentioned,
the variation of the magnetic along the z-direction for a PPM
ID is sinusiodal.

For undulators, the presence of higher field harmonics
can affect the relative intensity of the energy harmonics of the
device. For wigglers, they will modify the spatial distribution
of the photons. These effects cannot really be considered as
associated with magnetic field errors since the degree of purity
of the fundamental can be controlled in most cases.

Real errors in the magnetic field of both PPM and
hybrid IDs arise from several sources. One is the mechanical
construction tolerances achieved in the fabrication of the
device. These errors involve placement tolerances of pole
pieces and magnets, as well as dimensional tolerances on the
assembly or backing beams. A second source of field errors
are orientation errors and block to block variations of the net
magnetic moment of the permanent magnet blocks used in the
construction of the device. Finally, the magnetic block can
have inhomogeneities in the moment distribution which can
be different for different blocks. All of these factors will give
rise to magnetic field errors that have both a random and
systematical component. They introduce both particle beam
steering, trajectory distortions, and focusing effects in both
the vertical and horizontal directions. As result, they affect the
spectral properties of the undulators and performance of the
storage ring

These sources of errors should be distinguished from
size effects in real undulator. In general, one predicts the of
magnetic arrays assuming IDs with infinite width so that the
fields ar two dimensional. Finite width effects for real devices
can be estimated from experimental results 15] or model
calculations [6]. In general, the width of a given ID requires
optimization in order to maintain magnetic field quality and
roll-off in the horizontal (x) direction. This roll-off for a
perfect two dimensional device results in a horizontal focusing
as was the case for the vertical focusing and the other non-
linear terms associated with the vertical field variation. The
width of the magnet and pole array can be readily controlled in
order to achieve the price-performance required. Higher
multipoles of the field can be reduced to acceptable levels.

Of the real error sources mentioned, the block
properties are the most crucial in determining the final ID
performance. In the initial stages of permanent magnet ID

development, pure permanent magnet arrays were used to
achieve the required field. In this case the magnetic system is
nearly a linear medium since the permeability of the magnet is
approximately equal to 1. As a result, the quality of the
resultant magnetic field depends directly on the quality of the
blocks used in constructing the magnetic array. This means
that ultimately, the field quality depends on the materials
properties of the magnets. In principle, this requires very tight
fabrication tolerances on the the magnetic properties of the
blocks and careful sorting algorithms [2].

The hybrid structure on the other hand offers the
advantage that in principle, the magnetic is achieved by
exciting a steel pole such as vanadium permendur by
permanent magnet blocks. The steel pole is kept far from
saturation and consequently the magnetic properties depend less
on the detailed material proteriies of either the block or the
pole. In addition, a certain amount of error cancelation is
expected since the same magnet block excites poles of
opposite sign. In actual fact, as will be discussed, the
magnetic field errors and performance in both high quality
PPM and hybrid structures devices required for the next
generation IDs depend to some extent on the permanent
magnet block properties is similar ways.

Presently, the fabrication of the Nd-Fe-B blocks
which are used in the production of high quality, high field IDs
involves a three step process consisting of:

• orientation of the fine powder in a magnetic field
• pressing the powder to a- 70 % bulk density
• sintering the magnetic powder

Isostatic pressing of the magnet in the applied field produces
the best performance and most uniform magnets. It also has
the highest production cost. In addition, the dimensional
tolerance and direction of the moment are more difficult to
control because of the lack of a well defined datum surface.

The bulk magnet properties depend on the average
direction of the net moment and the uniformity of the
magnetic moment distribution through the block. A perfect
set of blocks will all have the same magnitude of the net
moment and in the same orientation relative to some specified
direction. For real blocks, orientation and magnitude errors in
the magnetic moment occur. In the case of a hybrid magnetic
structure, orientation errors can give rise to excitation errors in
the pole adjoining the magnet since only the perpendicular
component of the moment from the blocks surface is
important. The orientation can also cause a non-zero
component of the field on the bottom face of the magnet
which can affect the midplane field and zero crossing. In the
PPM structure, they contribute directly to the field errors of
the device. Errors such as these require careful measurement of
the block moment and orientation with a Helmholtz coil
arrangement for example. Once measured, the data can be used
in a sorting algorithm, to properly select and distribute the
errors over the body of the ID.

Block errors much more difficult to measure are
associated with non uniformities in the moment distribution.
These occur throughout the block but are detrimental on or
near the surface of the block facing the particle beam near the
zero crossing of the field. They add net steering of the particle
beam and contribute in a random way to the field error of the
device.

An additional factor for the Nd-Fe-B magnets is the
temperature behavior of the magnetic moment. Because of



their lower magnetic transition temperature, the magnets have
a larger temperature coefficient than the cobalt-based alloys.
Fig. 2 shows data for the temperature variation of a typical Nd-
Fe-B magnet used in the construction of IDs. A coefficient for
the relative variation of the magnetic moment of the block of
approximately 4 parts in 10"4 per degree was obtained. For the
undulator, this translates into a systematic variation in the K-
value and hence the harmonic energy. The harrr wic energy
variation of the undulator with magnetic field corresponds to:

AE/E=-(K2/(1+K2/2))AB/B.

For a K-value of 1, the temperature variation in B results in a
approximately the same magnitude shift in the harmonic
energy. This should be compared with the width of the
harmonic which depends primarily on the number of periods,
the harmonic, the emittance of the storage ring, and the
limiting apertures of the experiment. For a hundred period
device, the variation in the energy caused by a 1 degree change
in temperature corresponds to approximately 1/10 of the
natural bandpass (AE/E) for the 3rd harmonic with no
emittance.

For the wiggler, the temperature variation in the
moment will result in the same magnitude shift in the critical
energy of the device.

.C-18.240
S
S 18.238 I

§ 18.236 f-
o
S 18.234 t
118.232 t
a

22.6 227fJ 2X0 2X2 23.4N 23.6
Temperature (°C)

Fig. 2. The measured temperature variation of a Nd-Fe-B
permanent magnet using a coil form in the Helmholtz
arrangement

B. Effect on Spectral Properties

In a perfect ID with infinite width, the magnetic field
can be completely described in terms of a unique peak field and
magnetic period. The errors mentioned above introduce both
systematic and random variation in the field. In the simplest
picture, the field is assumed to be described by a peak field Bo
plus an error field ABj, which depends on the pole considered.
As an approximation, the error fields are assumed random with
a Gaussian distribution.

Kincaid [7] did the pioneering work of predicting the
effect of random non-correlated errors on the spectral properties
of undulators. There are two effects resulting from field errors
distributed in the device. The first is that the net steering of
the particle beam through the device will not be zero. Each
pole will contribute steering due to the error field of jABidz.

An example of the steering introduced by a 1 % difference in a
peak field at a given pole is shown in Fig. 3 As can be seen,
the error field will cause a kick in the panicles trajectory angle
and result in a displacement.
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Fig. 3 Steering caused by an 1 % increase in a pole for a
hybrid structure with a peak field of 0.46 T and period of 7.5
cm.

Such displacements are detrimental if the magnitude
of the kick angle is larger than the intrinsic divergence of the
undulator given in Section 2. For the case of zero-emittance
particle beam, this can be shown [8] to result in an allowable
integrated dipole field error of < 1704/N1/2G-cm. This in
effect is equivalent to maintaining steering kink to within the
natural divergence cone of the undulator.

With emittance, the kick will depend on the
divergence of a given particle in the beam, and as a result, a
simple convolution of the beam emittance effects and fields
causing steering is not possible. Full numerical calculations
are required

The error field AB| also contributes to a phase error
associated with the difference in the time the particle spends in
each pole region. This phase error exists whether steering is
present or not and introduces statistical fluctuations in the
photon pules train and for the undulator results in a loss of
intensity and broadening of the harmonic. For small steering
errors (<0.5%), the phase errors can be convoluted with the
emittance to obtain the combined effect. In general, however,
calculation for athe specific error field distribution are required
if the performance is to be predicted accurately. Numerical
calculations [9] have show that the degradation not only
depends on the error field but also on the detailed distribution.
In any case, field errors will be less than 0.5% in most cases
for the new storage rings [10]. Table 1 shows a typical values
achieved for an APs prototype undulator installed on the VUV
ring at the National Synchrotron Light Source. Also show are
field requirement expected for APS undulators.

Both the steering and phase errors effects are the result
of field errors which depend on several parameters. First, they
depend on the mechanical tolerances of the pole and magnet
placement and pole shape. Variations in the effective gap
between poles for example can result in variations in the
magnetic field. The mechanical tolerances on pole and magnet
placement and dimensions are between 20 and 100 \xm for 3rd



generation IDs [11,12]. Field errors are also associated with
magnet block properties. Upper limits on moment
distributions and orientation errors are on the order of 1 % and 1
degree. These values, combined with the required remnent
moment, Br, and the third quadrant behavior of the coercive
force, Hc, are stringent specifications for the Nd-Fe-B magnet
blocks. Limits on the inhomogeneities are under investigation
and attempts to measure surface fields are in progress [13].

Table 1. Measured parameters of the APS prototype undulator.

Measured (NSLS) APS

Period
Number of Periods
Minimum Gap (mm)
Peak Field (kG)
(AB/B)rms (%)
Gap Resolution (jim)
Transverse Rolloff (%) in
±lcm
Steering Error (G-cm)
Integrated Quadrupole (G)
Skew Quadrupole (G) <
Integrated Sextupole (G/cm)

7.5
27.5
34.0
4.60
0.22
4

0.1
13
7
10
60*

-

10
-
0.3
2.5

0.1
<100
<10
-
<100

Effect of Errors on Storage Ring

As mentioned, a perfect ID with a finite width will
show both horizontal and vertical focusing of the particle
beam. In general, the y-component of the field, By, can be
given as a series expansion:

By(x,y=fl,z>=By(x=0,y=0,z)(l+Qx+Sx2+...)

where Q is the quadrupole and S, the sextupole component.
The full quadrupole field involves both x and y as well as a
skew components with principle axes rotated by 45 °. The
skew quadrupole mixes x and y and result in a larger coupling
constant and hence vertical emittance. The sextupole
component involves terms like x2-y2 and xy. In areal device,
the mullipoles result from errors in the magnetic structure.
The quadrupole, for example is the result of pole canting
errors. For a hybrid device, the Bx component is suppressed at
the pole surface resulting in principle in a reduced skew
quadrupole.

Of interest to the performance of the storage ring is
the integrated multipoles over the length of the ID within
some specified good field region of the device. The acceptable
values depend on the sensibility of the storage ring to the ID
and its ability to correct the effects of the higher moments
with existing magnets in the ring. Since many IDs will be
installed on the new rings, the combined perturbation to the
lattice must be considered.

Measurement of the integrated multipoles by
scanning point probes or rotating coils are difficult and require
in many cases a precision slightly beyond the state of the art.
Measurements of these moments using the storage ring for the
APS 7.5 cm prototype undulator are in progress. For an
earlier APS prototype device with a 3.3 cm period and 2 m

length installed on the Cornell High Energy Storage Ring
operating in a special low emittance mode, the moments
determined by the storage ring measurements were consistent
with magnetic field measurements. Correlations of the type
are necessary if reliable predictions concerning the
performances of IDs on the new storage rings is required.

For the case of the APS, the values of the integrated
moments are given assuming 34 devices on the storage ring.
The values are within the correction capabilities of the
magnets within the lattice. A similar set of requirements is
given for the ALS [x]. Only the sextupole component is
significantly different with a value of 0.5T/m compared to
lT/m for the APS.

The origin of the higher moments for real devices is
still under intense scrutiny. Both the sextupole and skew
quadrupoles require more evaluation for the hybrid structure
where suppression of the moments should occur.
Measurements are expected to continue on prototype devices.
Both components appear to be the result of non-cancellation of
the moment integrals in the device. This is most likely the
result of the detailed spatial distribution of the error near the
surface of the magnets.

A new model which may be successful at explaining
the origin of the perturbation has recently been developed [14].
If successful, the model will permit the prediction of higher
moments and error fields from localized perturbation in the
magnet block.
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EMITTANCE MEASUREMENTS OF CESR USING THE EMITTED RADIATION
FROM A SHORT-PERIOD UNDULATOR *

D.M. MILLS and P.J. VICCARO
Argonne National Laboratory, 9700 South Cass Avenue, Argonne, IL 60439, USA

A. MERLINI, Q. SHEN and K. FINKELSTEIN
Cornell High Energy Synchrotron Source, Cornell University, Ithaca, NY 14853, USA

The horizontal and vertical emittance of the Cornell Electron Storage Ring (CESR) was measured using the radiation emitted
from a short-period (3.3 cm) 123-pole undulator. Average horizontal and vertical emittances measured by this technique were 80
nm-rad and 1.75 nm-rad, respectively. These compare favorably with the results from a charge-coupled device (CCD) system
routinely used at CESR and with the calculated values of 65 nm-rad and - 1 nm-rad for the horizontal and vertical emittances
respectively.

1. Introduction

A plot of the transverse source size versus angular
divergence of a particle beam in a storage ring yields
contours of equal particle density that lie on ellipses [1].
These so called phase space plots are parametrized by a
property called the emittance, which is equal to the area
of the phase space ellipse divided by IT. Although the
shape and orientation of the ellipse many vary as a
function of the particle's position around the ring, the
emittance is a constant of the motion. Therefore, the
emittance is a fundamental property of the storage ring
lattice and accurate measurement of the emittance is an
important parameter when comparing the calculated
and actual characteristics of particle accelerators.

Because of the push for low-emittance synchrotron
radiation storage ring sources (for high-brilliance pho-
ton beams), there is considerable interest in developing
expertise in measuring the angular and spatial proper-
ties of particle beams. The very small beam dimensions
and divergences encountered in these low-emittance
sources will require modifications to the conventional
techniques of measuring beam emittances. For instance,
a typical technique for measuring the beam emittance at
high-energy-physics storage rings involves using the visi-
ble radiation from a dipole or bending magnet source.
However, at the 7 GeV Advanced Photon Source (APS),
the verticular angular divergence of the positron beam

at a bending magnet source is projected to be 7 urad
(for /? = 17 m); this is about a tenth of the natural
opening angle (1/y) of the emitted radiation, and hence
the measurement would be overwhelmed by the natural
opening angle of the radiation, and the contribution due
to the particle beam emittance would be difficult to
determine. One method to minimize the contribution of
the radiation opening angle is to make the measurement
on an undulator beamline, where the opening angle of
the radiation at the odd harmonics is given by

(l/y)[(l + K2/2)/2kN] = y/{K/L).

Here K is the magnetic deflection parameter, k the
harmonic number of the emitted radiation, N is the
number of periods, A is the X-ray wavelength and L is
the length of the insertion device. For a "typical"
insertion device several meters long and a fundamental
X-ray wavelength of 1 A, the radiation vertical opening
angle is approximately 10 u.rad, comparable to the
particle beam divergence.

This approach was taken to measure the emittance at
the Cornell Electron Storage Ring (CESR) during dedi-
cated operation for the APS/CHESS undulator [2] run.
The goal of these measurements were twofold: to mea-
sure the horizontal and vertical emittances of CESR
operating in "low emittance" mode, and to investigate
the dependence of the emittance on the stored beam
current.

Work supported by the U.S. Department of Energy, Office
of Basic Energy Sciences, Division of Materials Sciences,
under contract no. W-31-109-ENG-38, and by the National
Science Foundation under contract no. DMR-87-19764.

2. Experimental technique

Two experimental approaches were considered in the
emittance measurements; a fixed/scanning two-slit

0168-9002/90/S03.50 « 1990 - Elsevier Science Publishers B.V. (North-Holland) V(a). ACCELERATORS
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measurement and a scanning/scanning two-slit mea-
surement. In the fixed/scanning technique, the first
fixed slit acts as the aperture of a pinhole camera and
the source is imaged at the hutch. The size of the image
can then be measured with a second scanning slit.
(Measurement of the image size can also be done by
densitometry of the image on a film or with a one-di-
mensional detector.) With knowledge of the fi function,
the source properties can be determined from the size of
the imaged source [3]. We chose the scanning/scanning
two-slit technique. This method involves rastering both
slits, but requires no prior knowledge of the accelerator's
properties. Unfortunately, because both slits have to be
scanned, the data acquisition time is longer than for the
fixed/scanning slit technique.

The scanning/scanning two-slit technique for mea-
suring particle beam phase space has been reviewed by
Van Steenberger [4], and we will use his notation in this
manuscript. We will define p(x, x', y, y') as the pro-
jection of the six-dimensional phase space density for a
particle beam traveling along the z direction. The func-
tion p has the property that integration over the varia-
bles yields the total number of particles N in the beam,

Slit A
<r)

N = t'dydy'. (1)

We can also define integrated partial density functions
by:

D(x, x') = ffp(x, x', y, y') dy dy'; (2a)

D(y, / ) = JJp(x, x', y, / ) dx dx'. (2b)

The two parts of eq. (2) give the horizontal and vertical
phase space functions of the particle beam.

Now consider two narrow slits, A and B, located Za

and Zb from the source and positioned at some point
Xa and Xb from the center line (see fig. 1). When the
two slits are projected back onto the phase space of the
source using the standard matrix transformations for
drift spaces,

(3a)
0 1 J L *
1 Z,

they select a unique point on the source phase space
ellipse given by

x, = (X,Zb-XbZa)/(Zb-Za)

and

.r,' = ( . y b -A-J / (2 b -Z a ) . (4)

Similar relationships hold for y and >•'. (A comment on
notation is appropriate here. The horizontal and vertical

Slit B

Phase Space
Ellipse

Fig. 1. The projection of the two slits onto the source phase
space. Data is collected by first fixing slit A and then recording
the measured intensity as slit B is stepped. Slit A is then moved
and the procedure repeated until the entire phase space area
has been rastered over. For a given position of slit A, XA, and

slit B, XB, the point xu x[ in phase space is sampled.

beam properties are measured separately, with two sets
of horizontal slits and two sets of vertical slits, respec-
tively. Horizontal slits are apertures that limit the hori-
zontal extent of the beam and are used to measure the
horizontal beam properties; the vertical slits function
similarly.)

By recording the X-ray intensity that passes through
the two slits, the entire function D(x, x') or D(y, y')
can then be mapped out by repeatedly positioning the
first slit and scanning the second slit. Note that because
we are using slits, the integrations in eq. (2) are auto-
matically performed in the measurement, and alignment
of the slits is not as critical as in the case of crossed-slit
or pinhole measurements.

All measurements described here were made using
monochromatic radiation with CESR running at 5.43
GeV. The monochromator, consisting of two water-
cooled Si(311) crystals in a non-dispersive geometry,
was adjusted to diffract the first harmonic of the undu-
lator (see fig. 2 for a schematic of experimental arrange-
ment). Initial measurements were made at very low
stored currents (< 2 mA in seven-bunch mode) to en-
sure that the first optical component was not thermally

Slit B

Slit A

Detector

Source
Monochromator

Fig. 2. Schematic of the experimental arrangement for emit-
tance measurements. The distances from the source to slit A
and slit B were 18.54 and 25.97 m respectively. Slit sizes, a,
were 100 (im for the horizontal emittance measurements and

25 urn for the vertical emittance measurements.
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Table 1
Contributions to measured divergence and source size

Term Source Expression Horizontal Vertical

<w
°rad

beam emijtance
dispersion
radiation
slit size

beam emittance
dispersion
radiation
slit size

1.125 mm
0.015 mm
0.001mm
0.040 mm

0.058 mrad
0.045 mrad
0.009 mrad

0.002 mrad

0.070 mm
0.000 mm
0.001mm
0.010 mm

0.014 mrad
0.000 mrad
0.009 mrad
0.0005 mrad

a> Approximation of a square function with a Gaussian function.

strained. Thermal strains could cause an increase in the
angular spread of the output beam and hence an error
in our emittance determination. To measure the emit-
tance under higher beam currents and still maintain
relatively low thermal loads on the monochromator,
large currents were stored in a single bunch rather than
the standard seven bunches. In this way a large total
currents, say 35 mA, could be simulated by having only
S mA of beam in the storage ring. Implicit in this
simulation is the assumption that any growth in beam
emittance is due to mwabunch interactions and not to
interbnnch phenomena.

3. Contributions to the measured phase space

Numerous contributions to both the measured source
size and source divergence must be removed in order for
the true particle beam emittance to be determined. In
this work we will assume that the individual contribu-
tions can be added in quadrature (although they may
not all be Gaussian in nature). The measured source
size and divergence (am and o^ respectively) can be
written for either the horizontal and vertical directions

as:

(4)

Tables 1-3 give the explicit form for each a( and a,' and

their numerical values. As can be seen from table 1, the
finite slit width has little effect on the measured source
size and divergence; the dominant contribution comes
from the particle beam emittance, i.e., apIrlick and
"particle-

4. Analysis of the experimental data

A total of four runs in single-bunch mode were
carried out to determine the horizontal emittance: three
were at low currents (1-5 mA) and one at a higher
current (25-30 mA). The high-current run was the least
reliable because of fluctuations and instabilities in the
beam position. Because of beam-position instabilities
only one low-current, single-bunch measurement of the
vertical emittance was acceptable. All runs were made
with an undulator magnet gap of 2.4 cm (A1- 0.54) on
the peak of the fundamental ( £ - 7 . 2 keV), with the
exception of one horizontal emittance run, which was
made at the third harmonic (£*= 17 keV) with a magnet
gap of 1.8 cm (K= 0.98). Two methods, called intensity
scaling (IS) and Gaussian fit (GF), were used to analyze
the experimental data and are outlined below.

4.1. Intensity scaling

Consider, for example, the horizontal case, and the
following upright Gaussian distribution centered at the

Table 2
Calculated values of storage ring parameters

Parameter

< (m-rad)
/?(m)
/?'
7) (m)

i)'

o«/E

Horizontal Vertical

6.5 xlO"8

19.48
0.335

-0.022
0.06S
6.97 X10""

1.0X10"'
4.89
0.118
0.00
0.00
6.97 xlO"4

Table 3
Physical dimensions

Parameter

a horizontal
0 vertical

Value

0.100 mm
0.025 mm

18.54 m
25.97 m

V(a). ACCELERATORS
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origin of the coordinate axes x, x'

f x2 x'2

/(.v, x') = /0 exp - h r -^ + ^ - T
2o; 2cr-.

(6)

where /0 is the peak intensity measured when the posi-
tions of both A and B slits are positioned on the source
central ray, and I(x, x') is the measured intensity at
the phase space point (.*, x'), corresponding to a generic
position of the two slits (see eq. (3)). By choosing
various intensity levels on the experimental curves, to-
gether with the relative slit coordinates XA and *B , the
corresponding phase space coordinates are calculated.
All the points (xs, .xs') defined as

should lie on a ellipse with axes a, and ox

(.v, jr') plane, i.e.,
in the

(8)

The intensity scaling procedure defined by eq. (7) is
general, i.e., it applies to any Gaussian distribution,
which may be tilted or translated relative to the coordi-
nate axes x and x'. The resulting expression, which
takes the place of eq. (8), is then a quadratic equation
describing a tilted or translated ellipse. A plot of xs vs
x[ is illustrated in fig. 3a for one of the horizontal
emiuance measurements. Fig. 4 is a similar plot for the

0.10

-0.10

0.02 -

-0.02 •

-0.2 -0.1 0.1 0.20.0
y (mm)

Fig. 4. The vertical phase space data plotted using the intensity
scaling (IS) analysis technique taken at 1.7 mA using 7.2 keV
X-rays. The measured (uncorrected) la values for the vertical
beam size and divergence were 0.14 ram and 0.017 rad respec-

tively.

vertical case. The ellipses, chosen by trial and error, arc
the best visual fit to the points. All the ellipses are
upright; small tilts (less than 2°) were not significant,

0.10

0.05

0.00

-0.05

-0.10

Fig. 3. (a) The horizontal phase space data plotted using the intensity scaling (IS) analysis technique. The data were collected with 1
mA of beam in the storage ring using 17 keV X-radiation from the undulator. The measured (uncorrected) lo values for the
horizontal beam size and divergence were 1.20 mm and 0.080 mrad respectively, (b) The horizontal phase space plotted using
Gaussian fit (GF) analysis procedure. The data were collected with 2 mA of beam in the storage ring using 7.2 keV X-rays. The

measured (uncorrected) lo values for the beam size and divergence for this case were 1.33 mm and 0.062 mrad respectively.
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being well within the experimental errors and the preci-
sion of the distances 2 a and ZB. This result is a
confirmation that the derivative of the beta function is
nearly zero at the undulator position.

4.2. Gaussian fit

A computer program was also used to obtain a
two-dimensional Gaussian fit of the experimental scans
after conversion of the slit positions and distances to
phase space coordinates. The values of am and o^ were
extracted from such a fitting. In addition to these two
parameters, the program yielded four additional param-
eters: peak intensity, phase space origin and tilt of the
Gaussian distribution. The program iterated the calcula-
tion to yield a minimum x2 value. The fitting could
also reflect an averaging over the crossed area (the
experimental window) of the A and B slits. Fig. 3b
shows the data analyzed in this fashion.

5. Results

Tables 4 and 5 give the results of the above data
analysis and, for comparison, the data obtained in the
visible range with a CCD [5]. A comparison between the
results of the CCD optics and scanning slits methods
warrants the following comments. The agreement be-
tween the horizontal emittance results is satisfactory
when the values of the source size and the divergence

are compared. On the other hand, in the vertical direc-
tion, the value of the source size (and hence the emit-
tance) obtained with the scanning slits methods is twice
as large as that measured by means of the CCD optics.
Such a large discrepancy might be explained by errors
arising mainly from the estimate of the optical system
resolving power and/or from fluctuations of beam posi-
tion during the measurements done with scanning slits.
The resolving power of the CCD optical system was
estimated lo be 150 jim - twice the given source-size
value. The presence of fluctuations in the beam position
during most, if not all, of the slit scans was confirmed
by using a highly sensitive beam position monitor.
While the beam was stable in the millisecond-second
time range, fluctuations with a total excursion of 30-40
jim and a periodicity of about 4 min were observed
together with a slow beam drift over a time range of a
few hours. Such fluctuations certainly affected the scan-
ning slit measurements, which required 40-45 min, and
would result in an apparent increase in source size. The
combination of these two sources of error is sufficient
to bridge the gap between the two values of the source
size.

Acknowledgements

The authors would like to thank all the members of
the Argonne National Laboratory, CHESS and CESR
staffs who participated in the undulator work during

Table 4
Horizontal emittance

Method
[mm] [mrad]

"par

[mm]
"par

[mrad]
Emittance
(nm rad)

Conditions

IS
GF

IS
GF

IS

CCD optics
Calculated

1.33
1.33

1.20
1.22

1.33

0.062
0.063

0.080
0.08

0.058

1.33
1.33

1.20
1.22

1.33

1.22
1.13

0.042
0.042

0.065
0.069

0.036

0.061
0.058

55
55

79
83

47

75
65

2 mA, £x . r a y - 7.2 keV

1mA, £x . r a y=17keV

25-30 mA, £x.ra}. = 7.2 keV

low currents
low currents

Table 5
Vertical emiuance

Method
[mm] [mrad]

"par

[mm]
"p«r

[mrad]
Emiltance
[nm rad)

Conditions

IS
GF

CCD optics
Calculated

0.14
0.16

0.071

0.017
0.018

0.016

0.14
0.16

0.067
0.070

0.014
0.015

0.014
0.014

1.96
2.40

0.94
- 1

1.7 mA, £x . r a y = 7.2 keV

low currents
low currents
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Introduction;

As part of a national multi-institutional Materials Research Group (MRG),

Argonne National Laboratory had the responsibility, under a prime contract

with the U. S. Department of Energy, of obtaining a Permanent Magnet Hybrid

undulator to be used on the U5 Beam Line on the VUV Ring at the National

Synchrotron Light Source (NSLS). The procurement involved determining the

technical specifications of the device as well as developing an effective

procedure for evaluation of the proposals. The conceptual-design of the

magnetic structure including all pertinent magnetic field properties was

developed before the actual procurement process was initiated. In addition,

complete calculations of the expected spectral properties of the undulator

were performed which included the emittance properties of the VUV ring. The

results from both analysis were essential in determining the expected

performance of the device and the final choice of operating parameters.

The procurement involved three distinct phases of activity until the

final choice of a vendor was made. These involved:

A. Technical Specification and Related Issues.

Specification of the conceptual magnetic design and expected

spectral properties based on the research requirements of the

MRG

In-house cost base estimate.



Technical specification of the device and its required magnetic

and mechanical tolerance levels. Formation of the Technical

Evaluation Team (TET) and formulation of the evaluation

criteria.

B. Preparation and Distribution of Request For Proposals.

C. Evaluation of Proposals by the TET and Recommendations.

D. Final Selection of Vendor by the ANL Source Selection Board.

Each of these phases are discussed in detail below and relevant supporting

documentation is contained in the Attachments. The procurement process

outlined above was inLtiated in March, 1937' and the selection of the Vendor

took place in-October, 1987.

Detailed Procurement Process:

Phase A.

The specification of the initial magnet design of the device vas based on

the radiation tunability requirements of the members of the MRG and

requirements specified by the NSLS regarding the storage ring. In addition,

the performance of the undulator was optimized from the point of view of

actual beam emittance expected for the VUV ring. Field calculations were

carried out in order to estimate magnetic field properties in the horizontal,

vertical, and transverse directions.

Based on the preliminary design, a cost estimate was made. This estimate

used in part vendor quotes for similar devices and the cost-base developed by

the Advanced Photon Source.

The technical specifications including magnetic and mechanical tolerance

requirements and ths tie tailed statement of work was prepared. Consultations

ware made with established experts in the field of undulator design at sister



laboratories and other research institutions. The final Statement of Work

including tolerances is included in Attachment 1.

A Technical Evaluation Team was formed and the evaluation criteria were

formulated.. The evaluation method was composed of two parts. In the initial

evaluation phase, it was decided to provide no cost information to the TET in

order that incoming proposals would be judged on their technical merit only.

The evaluation criteria and weights given in Attachment 2 were distributed to

each member of the TET. Cost information would be supplied after the

technical evaluation by each member was completed.

Phase B.

A request for procurement was forwarded to ANL Procurement. A synopsis

was prepared and a procurement invitation was sent for publication in the

Commerce Business Daily (see Attachment 3.) The Request For Proposals (RF?)

was prepared. The cover letter describing the documentation included in the

RFP is given in Attachment *1. The RFP was sent to 12 prospective bidders

given in Attachment 5.

Phase C.

The proposals received were evaluated individually by the TET members

according to the procedure outlined in Phase A. Discussions were held by the

TET concerning the individual ratings and further information was solicited

from bidders on specific points of the proposals. After the technical

evaluation was complete, the cost information was released to the TET. The

final recommendation by the TET which took the cost information into account

the individual member recommendations and group averaged recommendation was

sent to the SSB.



Phase D.

A meeting was held by the SSB with members of the TET in which specific

points concerning the recommendation of the TET were discussed. A final

selection of the vendor was indicated by the SS3 based on their evaluation of

the recommendations of the TET.
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"SPECIFICATIOH FOR A HYBRID UNDULAIOSL POR TBZ U5 BEAHL1NE AT HSLS"



SPECIFICATION FOR A HYBRID UNDULATOR FOR THE U5 BEAMLINE AT NSLS

1. SCOPE

This specification is for the design and fabrication of the basic

magnetic and mechanical structure of a permanent-magnet hybrid undulator to be

used on the U5 beamline on the vacuum ultraviolet VUV ring at National

Synchrotron Light Source (NSLS). The device shall have a variable gap with

provisions for remote adjustments incorporated into the design. The first

choice for the permanent magnet materials shall be-the Nd-Fe-B alloy and for

the ferromagnetic pole, vanadium permendur. The specifications are such that

the undulator will provide the recommended field strength and the smallest

bandwidth on the first and third harmonic radiation within the emittance of

VUY ring. Both the magnetic and mechanical properties are to be compatible

with the vacuum chamber housing of the storage ring. The stand and mechanical

structure shall also comply with the space requirements of the storage ring.

End correctors shall comply with the NSLS requirements for the VUV ring.

A review of the preliminary magnetic and mechanical design is to occur

before final acceptance of the design. A second review of the final design

and its magnetic and mechanical tolerances will also occur before

fabrication. Results of final tests shall be performed at the installation

site (NSLS). Final acceptance of the device shall occur after the device has

operated within specifications at NSLS for a period.no less than 90 days.

The device will be used as a photon source for spin-polarized

photoemission studies of magnetic'materials. The performance of the device,



including gap adjustment, should not perturb normal storage-ring operations.

The photon flux in the first three harmonics should be at least 70% of that

calculated for an ideal magnet array using the actual NSLS VUV ring emittance

values.

2. MAGNETIC STRUCTURES

2.1 Magnetic Materials: The permanent magnet material shall be Nd-Fe-B

w.ith a minimum coercive force (-Hc) of 10.6 kilo-Oersted (kOe). The

ferromagnetic pole shall be vanadium permendur alloy. Both items shall be

procured by the vendor.

2.2 Length: 2.25 m (maximum)

2.3 Period: 7.5 cm

2.4 Gap: The minimum gap is 3.4 cm (giving 3 cm clearance in the vacuum

space, plus 0.2 cm vacuum-chamber wall thickness per wall). The gap

adjustment device should operate to 2.4 cm gap, however, for future

applications. The maximum open gap shall be such that the on-axial magnetic

field is < 500 G.

2.5 Gap Variation: . The gap shall be varied remotely from the minimum to

maximum value. Encoder signals compatible with a microprocessor' control unit

shall be provided. The gap setting shall be reproducible to within 0.001

inch. It is envisioned that in normal operation the gap will be varied

constantly throughout the day, to tune the photon energy. Hence, a rugged

dependence device is needed.

2.6 Peak Magnetic Field: Shall be 1.0 kG (0.1 Tesla) at the minimum

gap.

2.7 Magnetic Structure: The thickness of the pole and permanent

magnetic materials shall be optimized to achieve the peak field and to achieve



longitudinal f ie ld quality along the midplane of the device. The maximum

deviation of the midplane f ie ld variation from a pure sinusoidal one shall be

less than 2% at any gap. Approval of the final design for the magnetic

structure, including the permanent-magnet materials, w i l l be made at the

preliminary design review.

2#** Pole Width: The selection of the permanent-magnet and vanadium-

permendur width shall be dictated by the. peak-field requirements given above,

and the magnetic f ie ld uniformity required in the horizontal direction.

Within an aperture of +1 cm-horizontal-in the midplane, "the f ie ld rol lof f

shall be less than 0.5%. Final acceptance of the design shall be consistent

with recent experimental data for a 7-cm period undulator. (See K. Halbach et

a ! . , IEEE Trans. Nucl. Soc, NS32 (1985) 3640) A two-dimensional model

analysis, such as PANDIRA shall not serve as a basis for acceptance of

performance.

2.9 Gap Errors; Gap errors which cause steering errjrs within the

undulator body shall be less than 1 mil (0.001 inch). This includes pole-

placement errors as well as permanent magnet placement errors and pole t i l t .

2.10 Magnetic-Field Errors: At midplane along the axis of the

undulator, the uncorrected f ie ld error shall be |_^£E5.| < o.Ol. This value is

based on a 30% loss in peak amplitude in the third-harmonic radiation. The

analysis is based on the work by B. M. Kincaid, 0. Opt. Soc. Amer., B2 (1985)

1294.

2*1 1 Phase Errors: The deviation in the period over the length of the

device shall be jL X™S \ < 0.008 on centerline, midplane. Verification can be

based on a determination of the magnetic-field cross-over position.

2.12 Good Field-Length of Device: The above specifications on errors

shall be satisfied to within 4 poles (2 periods) on each end.



2.13 End-Field Clamp: End-field clamp plates shall be provided so as to

reduce stray and fringe fields.to a minimum. The final configuration shall be

approved at the preliminary design review.

2.14 End Correctors: End correctors" shall be provided in accordance

with specifications given by NSLS requirements.

2.15 Residual Steering Errors: The integrated dipole-field error shall

not exceed 100 gauss-cm vertical. The integrated quadrupole shall be less

than 10 gauss within a horizontal region of + 1 cm. The integrated sextapole

component shall be less than 100 gauss/cm. The trajectory errors shall be

commensurate with the steering errors.

3.0 MECHANICAL STRUCTURE

3.1 The dimensions of the mechanical structure shall be consistent with

the available space. Clearance shall be provided for the vacuum chamber that

houses the storage ring.

4.0 DESIGN REVIEW: TIMETABLE AND SCOPE

4.1 Preliminary Design Review: A design review shall occur not later

than four months, and as soon as possible after the acceptance of the order.

The vendor shall meet with designated reviewers at the vendors site to present

the magnetic and mechanical designs chosen. This meeting shall include

presentation of:

4.1.1 magnetic-field calculations and choice of magnetic configuration

4.1.2 model measurements which may have been carried out

4.1.3 chosen mechanical tolerances



4.1.4 specifications for proposed purchase of permanent magnet

material

4.1.5 choice of suppliers for permanent-magnet material

4.1.6 permanent magnet material testing plans

4.1.7 engineering approach and schedule showing major milestones

4.1.8 engineering layout drawings

Work necessary for the final design may proceed following written acceptance

of the preliminary design.

4.2 Final Design Review: No more than two months, and as soon as

possible, after the preliminary design review, the vendor shall present a) the

final engineering drawings, b) detailed construction and testing plan, c)

production schedule to the review teams. All additional work may proceed

after written acceptance of the final design. Any minor changes after this

date shall be negotiated and accepted by mutual consent.

5. ACCEPTANCE TESTING

Prior to shipment the vendor shall certify that all specifications of the

undulator have been met. The purchasers shall be invited to witness these

certification measurements. Final test data shall be supplied by the

vendor. Written acceptance of these results will be required as part of

approval process of the undulator.

6. DELIVERY

6.1 The undulator shall be delivered to NSLS within fifteen months from

acceptance of the order.



6.2 The vendor shall repeat the certification measurements of the

magnetic field at NSLS and shall make available any apparatus needed for these

measurements. •Written approval of all results will be required as part of the

acceptance process of the undulator.

6.3 The vendor will assist in the installation of the undulator in the

VUV ring, at NSLS.

6.4 Final acceptance will occur after the device has operated within

specifications at NSLS. for a period of no less than 90 days.

7. WARRANTY

7.1 One year standard limited warranty against parts failure and defects

in workmanship.

7.2 Warranty against damage in shipping to NSLS.

8. DOCUMENTATION

All relevant instruction and maintenance manuals, and schematic and

engineering drawings are to be provided upon delivery.

9. BIDDING INSTRUCTIONS

9.1 Bids should be valid for six months.

9.2 List separately the price of optional features, and easily

retrofitted features, such as the vacuum chamber that the undulator encloses.
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RFP.NO.87-DJ43-012
,1987

Evaluation Criteria



EVALUATION OF PROPOSAL FOR HYBRID UNDULATOR

Bidders are encouraged to prepare a technical -proposal which is specific

and sufficiently detailed to allow a complete evaluation of their methods for

satisfying the requirements set forth in this RFP. The proposal shall address

the following evaluation criteria:

1. Suitability and quality assurance of magnetic materials

The proposal shall contain purchasing specifications for both the

permanent-magnet material and the ferromagnetic pole material, a

description of the testing and sorting procedures for these materials, and

a description of the equipment to be used in the testing.

2. Magnetic design

The proposal shall contain a detailed description of the magnetic design

including, but not limited to, thickness and width of permanent magnet and

pole materials, design of end correctors, and methods for achieving the

magnetic field adjustments described in the specifications. Bidder should

describe the procedures used in arriving at the design including, where

applicable, the nanes and descriptions of computer programs employed.

Additional design work, including model construction and testing if any,

that vould be performed after award of contract should also be.described.



3. Magnetic measurements

Bidders should provide a detailed description of the magnetic measurement

apparatus and techniques to be used to make the measurements required by

these specifications.

4. Mechanical design

The proposal shall contain a detailed description of the undulator

including support structures, gap adjustment mechanism, and vacuum

chambers. The mechanical design of the magnetic structure of the

undulator shall be described in detail including the methods chos.en for

installing and aligning the permanent magnet and pole materials,

dimensional tolerances, fabrication and quality control procedures.

5. Experience and capability

Bidder shall present evidence of experience and capability in the design

and construction of hybrid permanent-magnet undulators. This evidence

could include, but is not limited to, the specifications of insertion

devices built by the bidder, the date of completion, and the names,

addresses and telephone numbers of the users of these devices.



6. Schedule and delivery

The proposal shall include a schedule of the planned work showing the

performance period for each major element of work and setting forth a

schedule of delivery of all items to be furnished under the contract.

This shall include proposed delivery dates for all deliverables described

in the specifications. Bidder shall also describe preparation for

shipment) method of shipment, and installation procedures.



U5 EVALUATION

PROPOSAL No. 87-DJ43-012 EVALUATION: US HYBRID UNDULATOR

CRITERIA

Suitability & QA of Mag Matt

Magnet Design

Magnetic Measurements

Mechanical Design

Experience and Capability

Schedule and Delivery

%

15

15

10

25

25

10

Total

Normalized Total

Page-I

•
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ARGONNE NATIONAL LABORATORY
9700 SOUTH CASS AVENUE, ARGONNE, ILLINOIS 60439

May 19,1987

U. S. Department of Commerce
Office of Field Operations
Commerce Business Daily Section
P.O. Box 5999
Chicago, IL 60680

Transmittal No. 106

Argonne National Laboratory
Procurement Department
9700 South Cass Avenue
Argonne, IL 60439-4873

-A-Specification for a Hybrid Unduiator for the U5 Beamiine at NSLS. This
specification is for the design and fabrication of the basic magnetic and
mechanical structure of a permanent-magnet hybrid unduiator to be used on the
U5 beamiine on the vacuum ultraviolet VUV ring at National Synchrotron Light
Source (NSLS). The device shall have a variable gap with provisions for remote
adjustments incorporated into the design. The first choice for the permanent
magnet materials shall be the Nd-Fe-B alloy and for the ferromagnetic pole,
vanadium permendur. The specifications are such that the unduiator will provide
the recommended field strength and the smallest bandwidth on the first and third
harmonic radiation within the emittance of VUV ring. Both the magnetic and
mechanical properties are to be compatible with the vacuum chamber housing of
the storage ring. The stand and mechanical structure shall also comply with the
space requirements of the storage ring. End correctors, end-field clamps, and
residual steering errors shall comply with the NSLS requirements for the VUV
ring.

The permanent magnet materials shall have a minimum coercive force of 10.6
kOe. The recommended period is 7.5 cm and the maximum length is 2.25 m.
The gap adjustment should be rugged and dependable for constant daily
operation from a minimum of 2.4 cm to a maximum such that the on-axis
magnetic field is less that 500 Gauss. The gap setting shall be reproducible to
within 0.001 inch. The maximum deviation of the midplane field variation from a
pure sinusoidal one shall be less than 2% at any gap setting to within 2 period on
each end of the device. The device shall be delivered to NSLS within fifteen
months from the acceptance of the order. The purpose of this announcement is
to establish a bidders list. Interested organizations will be placed on the bidders
.list by requesting in writing. Argonne National Laboratory, 9700 South Cass
Avenue, Argonne, Illinois 60439, Attention: DonCarios James, Building 20I-PRO.
This announcement closes 15 days after publication of this notice.

U.S. Department of Energy The University of Chicago
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Your firm's proposal should fully explain your proposed methods and procedures in
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The modulator is a five pole wiggler with a fixed 5 cm gap. In the current
design, the modulator is oriented so that the magnetic field in the device is
parallel to the field in one of the undulators. Fig. 1 shows a longitudinal section
through the modulator. The two end poles have no coil and are only half as thick
as the inner poles. The end poles serve as field clamps that reduce the stray field
of the modulator and the sextupole coefficient of the field integral. The center pole
and the two side poles can be energized with coils. As long as the permeability is
large enough within the steel the current in the center coil should be twice the
current in a side coil to avoid steering the electron beam2. Therefore, if the center
coil has twice as many turns as the side coil, the magnet can be driven by one
power supply.

The design of the modulator is based on theoretical work done by
K. Halbach3. The highest magnetic flux density occurs at the base of the center
pole where the average flux density should be well below the saturation field of
vanadium permendur. Assuming infinite permeability, the average flux density
at the base of the pole can be calculated as a function of pole height and phase
shift. This design was checked with the 2D-Magnet Code POISSON using a
measured B-H curve4 for vanandium permendur. The computer calculations
showed that at up to 80% of the design current, the steering of the electron beam
is small (<30urad) compared with the minimum width of the first harmonic
radiation cone of UA (= 280jj.rad). The phase shift at 80% of the design current is
2K for a wavelength of 1300A. Due to the beginning of saturation, the steering of
the electron beam increases to 140um at 100% of the design current (600A).

To avoid the saturation problem, a vacuum chamber with a slightly
reduced vertical clearance and having the modulator vertically oriented should be
considered. This could lead to a significant improvement of the modulator
performance at large phase shifts and large wavelengths.

The cooling requirements for the coils were specified by assuming that
100% of the design current is flowing in the modulator coils and that the increase
in cooling water temperature in a main coil is AT=10K. The necessary water flow
is =30 cm3/s (0.46 gal/min); the pressure drop over one main coil is about 5.1 bar
(72 psi). The total power dissipated in the modulator is about 3.6kW, the ohmic
voltage drop is 6V. Additional heat is dissipated when the modulator is driven
with alternating current with a frequency of lOHz and an amplitude of 300A.

2 K.Halbach, "Desirable excitation patterns for tapered wigglers", NIM A 250,1986, 95-99
3 K.Halbach, presentation at the 3 r d CUA Workshop at LBL, Ca., Feb. 23,1990.
4 LBL
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Figl: Longitudinal section through the modulator (schematic).



However, the power dissipation due to eddy currents in the conductor (<16W) and
in the steel laminations (<1W) are small. Also the power dissipation in the steel
due to hysteresis losses is quite small (<0.1W). The total voltage in the alternating
current case is less than 12V.

The data of the modulator are summarized below:

Total length
Period length
Gap
lateral width
pole thickness
pole height

Coil wire outer dia
Coil wire inner dia
Maximum Current
Total ohmic loss
Water flow (main coil)
Pressure drop (main
coil)

g
b
d
D3

da
di
I
P

Ap

20.00 cm
10.00 cm
5.00 cm
8.00 cm
2.50 cm
6.10 cm

6.48 mm
3.15 mm

600.0 A
3.60 kW

30 cm3/s
5.1 bar



A RAPIDLY-MODULATED VARIABLE-POLARIZATION
CROSSED-UNDULATOR SOURCE(*)

M. A. Green*. K.-J. Kim2, P. J. Viccaro3, W. S. Trzediak*. K. Halbach2, R. Savoy3,
and E. Gluskin3

1. Synchrotron Radiation Center, 3731 Schneider Dr., Stoughton, WI 53589, USA.
2. Lawrence Berkeley Laboratory, One cyclotron Rd., Berkeley, CA 94720, USA.
3. Argonne National Laboratory, 9700 S. Cass Ave., Argonne, Illinois 60439.

Within the areas of chemistry, life sciences, materials science, and physics, there
is a growing interest in experiments which require an intense source of variably-
polarized photons and which can be modulated between variable polarization
states at frequencies up to 10 Hz. This interest is also being anticipated by 3 r d

generation sources which will become operational in the next few years.

Therefore, a collaboration of scientists at ANL, LBL, and SRC is designing such a
source at the Aladdin storage ring, SRC. The source consists of two orthogonal
undulators, separated longitudinally by a modulator which varies the path length
of the electrons passing through, and hence, effectively the phasing of the
radiation from each of the two undulators. Varying the longitudinal spacing of
the undulators permits any base polarization state, linear, elliptical, or circular.
Further, the modulator can rapidly vary the phasing between undulators by up to
90°, permitting variations between circular polarization of opposite handedness,
or orthogonal linear states.

The source will provide radiation tunable over the range from 8-40 eV. Besides
the source, an initial-phase beam line is planned. This bf im line includes
diagnostics which can be used to characterize and control the polarization state of
the radiation. This facility would be immediately useful to research teams at
SRC. Furthermore, it would provide valuable experience for the implementation
of such devices at 3 r d generation sources such as ALS and APS.

This paper presents design work to date on this entire project. Topics covered will
be; the rationale for the configuration; parameter selection based on the
requirements of both the users and stable operation on the Aladdin storage ring;
and, the requirements and conceptual design for a most critical component - the
magnetic modulator.
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Abstract

The modulator, a short electromagnetic wiggler, can be used to
generate a phase shift between the synchrotron radiation of the
two undulators in a crossed undulator. The switching fre-
quency between two polarization states can be as high as
10 Hz. This paper discusses some physical requirements for
the modulator and a conceptual design of the magnet for a
crossed undulator at the Aladdin storage ring (Synchrotron
Radiation Center, University of Wisconsin, Madison) as a
prototype development for the Advanced Light Source (ALS)
and the Advanced Photon Source (APS).*

I. INTRODUCTION

Third generation synchrotron light sources, like the ALS at
Berkeley and the APS in Argonne, currently under construc-
tion, can be powerful sources of X-ray radiation with
adjustable polarization state, especially by utilizing the small
design emittance of these machines. A device to produce
radiation with any desired polarization state is the crossed
undulator [1,2] in which the electron beam travels through:
first., an undulator; second, a phase shifter, and, third, another
undulator. The on-axis radiation from a planar undulator by a
zero emittance electron beam observed through an infinitely
small pinhole is linearly polarized. The direction of the
magnetic field in the first undulator is perpendicular to the field
orientation in the second (a schematic drawing of the device is
found in [3]). Therefore, the polarization vectors of the
radiation from the two undulators are orthogonai. The
radiation from the two undulators is mixed in a monochro-
mator to produce the desired polarized radiation. The polari-
zation state can be selected by changing the phase of the
radiation from the upstream undulator with respect to the
downstream undulator. One way of adjusting the phase is to
introduce a drift space of variable length between the two
undulators. However, this procedure results in a rather slow
(some ten seconds) change of the polarization. Another
difficulty is that the drift space between the two undulators
enhances the depolarization due to the finite emittance of the
electron beam [2]. A more elegant approach without physi-

cally moving a magnet is to utilize an electromagnetic wiggler
as a phase shifter [2], The magnetic field within the wiggler
forces the electrons on a path that is longer than that for the
electromagnetic radiation. This phase shift is, in a saturation-
free magnet, determined by the current through the wiggler
coils. The switching frequency is limited by the eddy current
effects in both the wiggler laminations and the walls of the
vacuum chamber. Recently, a polarizer of this kind utilizing
two hybrid undulators and a dc modulator was installed on the
BESSY-1 storage ring [4].

II. THE MODULATOR

A. General Description

The modulator is a five pole wiggler with a fixed gap. The
magnet is constructed from thin stamped steel laminations that
are electrically insulated for each other to suppress eddy current
effects in* the steei. Figure 1 shows a longitudinal section
through the modulator. The center pole and the two side poles
can be energized with water-cooled coils. The end poles have
no coil and serve as field clamps to reduce the stray field of the
modulator and the sextupole coefficient of the field integral.

rSIDE COIL tMAIN COIL FIELD CLAMP-

*Work sponsored by U.S. Department of Energy, BES-
Materials Sciences under Contract W-31-109-ENG-38.

ELECTRON BEAM

Fig. 1: Longitudinal section through a modulator. The
upper half of the magnet is shown. The period length for the
SRC magnet is 10 cm, the overall length is 20 cm. The full
gap is 3.0 cm, a=2.5 cm and D3=6.1cm.

In a saturation-free magnet of this geometry, the first
(steering) and second (displacement) field integral of the



wiggler field are approximately zero when the current through
the center coil is twice the current through the side coils [5],
i.e.. the scalar potential of the center pole is 2Vo (side pole -
Vo). Therefore, if the center coil has twice as many windings
as the side coil, the magnet could be driven by one power
supply. One condition for proper functioning of the device is
to keep steering and displacement as small as possible.
Therefore, correction coils may be necessary to dynamically
adjust the steering.

B. Magnetic Design

The modulator shall be able to change ihe phase of the
longest wavelength of interest X.R by up to 2JI without
perturbing the storage ring. The magnetic design procedure as
outlined in [6] consists of two steps. First we determine the
necessary current that will produce a phase shift of at least 2rt.
Second, the pole height D3 [see Fig. 1] is determined. The
highest magnetic field in the modulator occurs at the base of
the center pole. The magnetic field at the base of the side
poles is considerably lower. This could result in steering due
to saturation at the base of the center pole. Saturation in the
center pole can be minimized by carefully specifying D3. In
the following paragraphs we describe the design process.

The time of flight difference At between the photon and the
electron beam is approximately:

At = 1 [ (1)

where L is the spacing between the two undulators, c the speed
of light, 7 the energy of the electrons in units of ihe rest
energy, XR the wavelength of the radiation and m the phase
shift in fractions of a wavelength XR. The adjustable path
difference s between the electron beam path length and the
radiation path length is calculated by:

s= I (Vl+x/2-l)dz " 1 x/2dz (2)

A standard coordinate system is used: z is measured along
the (ideal) average electron beam, x is the horizontal and y the
vertical distance from z. The prime symbolizes a derivative
with respect to z. The equation of motion of an electron in a
weak wiggler field is in good approximation:

(3)
Bp Bp

whese B(z) is the magnetic field as a function of z, A(z) the
vector potential, and Bp the rigidity of the electron beam.
Combining Eq. 2 and 3 results in:

s = A2(z)dz (4)

Using a 2D computer program that solves Maxwell's
equations (like POISSON [7]), it is straightforward to
numerically calculate the integral in Eq. 4 for a given scalar
potential Vo,2D- The scalar potential is related to the current
by 3Vo,2D=t10Itoi,2D. where Itoi,2D are ihe total Ampere-
turns about the center pole used in the computer run.

However, we want to inven the problem and calculate the
scalar potential Vo.d for a given path difference Sd. We define
the dimensionless quantity S:

(5)
V02D Xmc

where X ^ a is defined in Fig. 1. Writing s=m<iXR and using
Eqs. 4 and 5 we obtain:

Vo.d = ,
u "mod

(6)

The next step is to calculate the average magnetic field at
the base Bbase of the center pole. The derivation of Eq. 7 [6]
is beyond the scope of this paper. The result is:

2h 2

(7)

where p is the pole thickness in z direction, 2h2=
D3 the pole height and Eg and Eo are excess flux coefficients.
The concept of excess flux coefficients is discussed in [8].
However, we will give a recipe for determining EB and Eo.

E B can be determined with a POISSON run. A typical
field line plot is shown in Fig. 2a.

a . b .

Fig. 2: Field line plots of POISSON runs that are used to
determine the excess flux coefficients Eg (Fig. 2a) and Eo
(Fig. 2b). For details see text.

Only the upper half of a quarter period of the magnet is
shown. The bottom boundary is the midplane. A constant
vector potential AQ is assigned to the top boundary.



POISSON calculates the current in each node of the mesh on
the top boundary .that is necessary to satisfy this boundary
condition. These currents are added and multiplied by HQ *°
get the scalar potential of the pole VEB- The other boundaries
are obvious from the field line plot. The coefficient EB is
determined with:

h2

(8)

Eo is determined with another POISSON run. Now the
top and right boundary are set to a Fixed vector potential An-
The scalar potential of the pole Vgo is again calculated by
adding the currents that POISSON places in the nodes on the
boundary and multiplying them by \IQ. A typical field line
plot is shown in Fig. 2b.

(9)

III. THE SRC MODULATOR

VEO

A. Design Parameters

A crossed undulator that will deliver polarized radiation
between 8 and 40 eV using an 800 MeV electron beam is
being proposed for the Synchrotron Radiation Center (SRC) in
Madison-Wisconsin. The horizontal rms electron beam
divergence at the location of the device is about 140 fired,
whereas the vertical divergence is 15 firad.

The two hybrid undulators will both have five periods. A
period length of 10.5 cm results in a Kmax of about 3.70 at a
magnetic gap of 5.0 cm [9]. The synchrotron radiation
opening angle l/(y/N) is 280 jirad.

The modulator will have a Xmod of 10 cm and a gap of
3.0 cm. We are designing the wiggler for a maximun phase
shift mj of 1.5 at a wavelength of 1550 A. The tolerance on
the steering integral of the modulator is completely determined
by the storage ring. A steering error of only 3 |irad will
produce a beam displacement of 10 \im (and interfere with
experiments) at a bending magnet port [10].

B. Results of Calculations

The parameter 5 (Eq. 5) for the specified geometry is
1.735. Using Eq. 6, the necessary scalar potential of the pole
is calculated to be 3075 G-cm resulting in a total current of
7340 A-tums. The pole height D3 is determined using Eq. 7
assuming that BDase should not be larger than 1.5 T. The ex-
cess flux coefficients were determined to be: EB = 1.328,
Eo = 1.437. The resulting pole height is 5.64 cm. A
slightly taller pole (E>3=6.10 cm) is required to accommodate
the coil; the average field at the base of the center pole in-
creases to 1.57 T, which is still acceptable. This result was
independently confirmed with a POISSON run using a "real"
B-H curve. These results indicate that a slight steering of

about 30 .urad is introduced for m=1.5. It is larger than the
allowable steering, but can be compensated by using trim
coils. The maximum magnetic field in the midplane is
0.38 T, corresponding to a Kmod of about 3.5.

C. Coil Design

The coil [11] can be constructed with a standard square
hollow core conductor (min. bore 3.05 mm, effective copper
area 31 mm2, outer dimensions including insulation
7.95 mm). The maximum current in the conductor is about
370 A; the current density is 11.3 A/mm2.

The dissipated power is about 1400 W if we assume that
the coils are excited with a dc current of 370 A. An analysis
of the cooling requirements [12] showed that a modest water
flow (29.2 cm3/s at a pressure drop of <5 bar) will cool the
magnet efficiently. The temperature rise of the cooling water
is less than 4 K and ihe temperature gradient over the water
metal interface is less than 1 K.

Additional heat is dissipated when the modulator is ener-
gized with 10 Hz alternating current with an amplitude of
185 A. The power dissipation due to eddy currents in the con-
ductor, the steel laminations and the hysteresis losses is quite
small (total <20 W). The total voltage in the ac case is less
than 12 V.

IV. FUTURE RESEARCH

Field pertubations at the location of the electron beam
caused by eddy currents in the vacuum chamber will be studied
next.
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Tapering of the CHESS-APS Undulator.
Results and Modelling*

B. Lai. P.J. Viccaro, R. Dejus,
E. Gluskin, W.B. Yun and I. McNulty,

Advanced Photon Source
Argonne National Laboratory

Argonne, IL 60439

C. Henderson, J. White, Q. Shen, K. Finkelstein
CHESS Cornell University

Ithaca, NY 14853

When the magnetic gap of an undulator is tapered along the
beam direction, the slowly varying peak field Bo introduces a
spread in the value of the deflection parameter K. The result is
a broad energy-band undulator that still maintains high
degree of spatial collimation. These properties are very useful
for EXAPS and energy dispersive techniques. We have
characterized the CHESS-APS undulator flu = 3.3cm) at one
tapered configuration (10% change of the magnetic gap from
one and of the undulator to the other). Spatial distribution and
energy spectra of the first three harmonics through a pinhole
were measured. The on-axis first harmonic width increased
from 0.27 keV to 0.61 keV (FWHM) at the central energy of El =
6.6 keV (Kaverage = 0.69). Broadening in the angular
distribution due to tapering was minimal. These results will
be compared with computer modelling which simulates the
actual electron trajectory in the tapered case.

* This work supported by the U.S. Department of Energy,
Office of Basic Energy Sciences, Division of Material Sciences,
under contract no. W-31-109-ENG-38.

7th National Conf. on SRI, 10/28-31/91, Baton Rouge, LA (abstract).



Particle Beam Phase Space Measurements
Using Undulator Radiation and a CCD Detector*

Brian G. Rodricks, Roger J. Dejus, Barry Lai,
W. B. Yun, E. Gluskin and P. J. Viccaro

Advanced Photon Source
Argonne National Laboratory

Argonne, IL 60439

C. Henderson, J. White, Q. Shen, and K. Finkelstein
CHESS, Cornell University

Ithaca, NY 14853

The horizontal and vertical emittance of the Cornell Electron
Storage Ring (CESR) was determined by measuring the
emitted radiation from an Advanced Photon Source (APS)
prototype short period (3.3 cm) 123-pole undulator. During this
run, CESR storage ring parameters were modified to allow
operation in a dedicated low-emittance mode which mimicked
the APS storage ring characteristics. The intrinsic smaller
opening angle of undulator radiation makes it appropriate for
low emittance beams. A two-dimensional Charged Couple
Device (CCD) detector coupled with an upstream scanning slit
was used to scan the emitted radiation This has the advantage
of a rapid data collection. Further, this technique also allows
us to measure the emittance in the fixed/scanning technique
where the first slit acts as the aperture of a pinhole camera
and the size of the image is measured with the CCD.

* Work supported by the U.S. Department of Energy, Office of
Basic Energy Sciences, Division of Material Sciences, under
contract no. W-31-109-ENG-38, and by the National Science
Foundation under contract no. DMR-87-19764.

7th National Conf. on SRI, 10/28-31/91, Baton Rouge, LA (abstract).
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Calculation of Wiggler Spectrum 2 2
and its Absorption in Media

Roger J. Dejus, Ali M. Khounsary,
David A. Brown,t and P.J. Viccaro

Advanced Photon Source
Argonne National Laboratory, Argonne, Illinois 60439-4843

The thermal and structural analyses of beamline and optical

components exposed to high heat loads from insertion devices at the third

generation synchrotron radiation facilities often require an accurate

determination of the absorbed power profile. We have extended the existing

PHOTON program (which calculates bending magnet spectra and their

absorption in media) to the wiggler regime by taking into account the

softening of the energy spectrum as the beam is observed off-axis in the

horizontal direction. We develop the theory for this extension for the power

density and the total power for a wiggler source and give simple

expressions in terms of commonly used parameters. Using primarily

Wiggler B at the Advanced Photon Source (APS) as the model source, we

find an absorbed power profile in a beryllium window that is markedly

different from the power profile of the wiggler source: the absorbed power

density increases rather than decreases in the horizontal direction. This

finding may have a significant impact on the design of windows and other

beamline components exposed to high heat load from insertion devices.

"I" Graduate student at the Department of Physics and Astronomy,
University of Delaware, Newark, DE 19716.



I. INTRODUCTION

The third generation x-ray synchrotron radiation facilities with long

straight sections for insertion devices will have undulators and wigglers

that provide unprecedented high peak power densities.1 The thermal and

structural analyses of beamline and optical components2'3'4'5 exposed to

these high power densities require an accurate determination of the

absorbed power profile. This requirement is particularly important in the

design of windows, filters, mirrors, and monochromators subject to the

high heat loads.

In the existing PHOTON program6, which calculates bending

magnet spectra and their absorption in media, only the on-axis power

density of a wiggler can be treated, and absorption profiles cannot be

estimated for off-axis radiation in the horizontal direction. In this work, we

have extended the PHOTON program to the wiggler regime by taking into

account the softening of the energy spectrum as the beam is observed off-

axis in the horizontal direction. Details of the extension are described in

next section, and results with emphasis on the absorbed power profile in

beryllium windows are presented using the two planned wiggler sources at

the Advanced Photon Source (APS) as model sources in the calculations

(see Table I for parameters of these sources).



II. THEORY

The calculation of the absorbed power of synchrotron x-ray radiation

in media requires an accurate knowledge of the angular density of the

spectral power generated by the source (bending magnet, wiggler, or

undulator) and of the energy-dependent photon cross-sections of the

material over the full energy region covered by the source.

A. Absorption in media

The absorbed power d4Pabs (W) in the volume element dxdydz (mm3)

at the point (x,y,z) in the energy band dE (eV) about the energy E is given by

d4Pab8{x>y,z,E)=
ax ay ah QJ

where ———— denotes the source spectral heat flux (W/eV/mm2) at

dxdydE

normal incidence to the surface of the material, \ia(E) the photon linear

absorption coefficient (mm*1), and fx(E) the total linear attenuation

coefficient (mm-1) of the material. The cartesian coordinates x and y

indicate positions perpendicular to the incident beam in the horizontal and

vertical directions, respectively, and the z coordinate specifies the direction

along the incident photon beam (see Fig. 1). The absorption coefficient is

made up of two primary processes in the energy region of interest here7: the

photoelectric effect, which is dominant at energies below 30 keV and varies

with the atomic number Z and energy E approximately as —§-, and the

inelastic scattering of photons (Compton scattering) which results in



secondary electrons depositing energy in the material, and which starts to

become important at energies above 20 keV in low-Z materials. The total

linear attenuation coefficient accounts for all processes (scattering or

absorption) that reduces the number of photons in the beam and is always

larger than the absorption coefficient. Both coefficients are known with

sufficient accuracy so that neither is a source of error.

It is convenient to use the angles 0and y for the horizontal and

vertical directions, respectively, which are related to x and y at a large

distance D from the source through (see Fig. 1)

~ £ (2)

and

¥~rD' (3)

If x and y are measured in mm and D in m, then the angular unit is mrad.

Henceforth, we will refer to the absorbed power in angular units

d2Pabs(9,Y) ^ d2Pabs(0,Y) _ d2Pabs(x,y) ^
dO. dddY dxdy ' (A)

where af*s—'-*— is the frequency-integrated absorbed power in the foil in
dQ.

W/mrad2.



It is obvious that the frequency-integrated incident power density

dOdy J o ^ dOdydE

cannot be used to determine the absorbed power in thin materials such as

windows and filters or the absorbed power profile in thick materials such

as x-ray monochromators. It is an important quantity, however, when

considering the maximum absorbed power densities, and we will therefore

discuss it at some length.

The finite size of the electron or positron beam in the storage ring and

the angular divergence of the beam (non-zero emittance) have very little

effect on the radiation spectrum from bending magnets and wigglers but

can have a significant effect on the power densities from undulators.

However, at the third generation low-emittance storage rings now being

built, such as the APS, the influence becomes less important (Ref. 1).

B. Derivation of the wiggler spectrum

The radiation spectrum from a bending magnet will be used as the

starting point in deriving the spectrum for a wiggler source. The angular

density of the spectral power in W/eV/mrad2, which is uniform in the

horizontal direction 6 as long as the magnetic field is uniform, is given by8

3a 2 9
Y 10

f
dddydE ~4n2Y 10 [EC (6)



where a is the fine structure constant (— = 137.036), vis the relativistic
a

factor (y = 1956.95 Er, where Er is the ring energy in GeV), E is the photon

energy in keV, Ec is the critical energy in keV, / is the current in mA, and

H(T},ytfO is a function expressed in terms of the modified Bessel function of

the second kind, Kv(t]) (Ref. 8). Note that H depends on the radiated photon

energy E through the variable T)

2 ^ c v ' (7)

The vertical angle \ff is measured in radians in the last expression.

In order to introduce the horizontal angular dependence of the

radiated power for a wiggler source, we will follow the derivation given by

Thomlinson.9 The electrons or positrons in a planar wiggler experience a

spatially varying magnetic field (ignoring end-pole terminations) given by

B = BQCOSCC fo\

with

In
k» (9)

where Xw is the wiggler period in cm, z is the coordinate along the device,

and Bo the peak magnetic field in Tesla. The instantaneous deflection angle

6 is then

K .
it* ,

(10)



where K is the usual deflection parameter, which may be written in terms

of the peak magnetic field and the wiggler period

K = 0.934IJcm)• BQ(T) . ( n )

By inverting Eq. 10, the magnetic field can be expressed as a function of the

instantaneous deflection angle

(12)

Thus, the angle 6 varies within the limits ——» where the magnetic field, as

Y

experienced by the particles, goes to zero. The bending radius of curvature

approaches infinity at those limits. In reality, a small amount of radiation

is emitted outside -— but, for K larger than approximately five, this part is

negligible (Ref. 1).

Because the critical energy Ec is linearly proportional to BQ

Ec(keV) = 0.665E?(GeV)• BQ(T) ,

the dependence on the horizontal angle is merely obtained by replacing Ec

in Eqs. 6 and 7 by

(14)



N
In addition for a wiggler source with N magnetic poles (— magnetic

2

periods), the intensity will be N times the corresponding bending magnet

intensity because the intensity from each pole is added incoherently. Thus,

this describes the source we will use throughout the calculations presented

in this paper.

C. Frequency-integrated and angle-integrated wiggler spectrum

The incident power spectrum may be integrated over angles and

frequencies. The frequency-integrated power density for a wiggler source

with N poles can be calculated from Eqs. 6 and 7. One derives10

d2pinc(e,¥)_d2p\ 1 ^ fye^l / .0,-5/2
dOdy

(15)

d2P\where —— is the on-axis power density in W/mrad2, which may be
dQ\

expressed as

=5.421-10~3

where me is the electron's rest mass in MeV.



The power profile in the vertical direction, which closely resembles a

32 1 1 1
Gaussian distribution with o = ~—?— 0.608— (radians), may be

21V2ff y y
integrated to get the power distribution in the horizontal direction (W/mrad)

dd

where

=§l f"u) •

dPI d2P
dflU dQ

,fl.!.103 = ML2L ).Er(GeV)'Ec(keV)I(mA)N
21 y [9 m,)

= 4.221-10"3 • EfiGeV) BQ(T)- KmA) • N

d2p\
Note that the expressions for the on-axis power density -—— and the

vertically integrated power density —— are identical to those for a bending

magnet source multiplied by the number of poles of the wiggler source.

Then by integrating over the horizontal angle, we obtain the total power (W)

for a wiggler source

= 3.163 • 10~3 • E?(GeV) B§(T)- lw(cm) • KmA) • N .

(19)



Thus for a given storage ring energy, the power density depends linearly on

the peak magnetic field, the ring current, and the number of poles;

whereas the total power depends quadratically on the peak magnetic field,

and linearly on the current and the length of the device. It is also seen that

the on-axis power density is proportional to the fourth power of the storage

ring energy. This is why the heat loads are particularly large for insertion

devices at high energy storage rings.

In a previous analysis (Ref. 2) the absorbed power density in media

for radiation from an insertion device was estimated by assuming a

spectrally uniform source with a quadratic profile in the horizontal

direction. However, since the energy spectrum is not uniform but softens

as the horizontal angle 6 increases, a relatively larger fraction of the

photons will be absorbed in the medium and, in thin media such as

windows, the absorbed power density may even increase for off-axis

positions. In other words, when the radiation is viewed off-axis, the

incident power density decreases but the absorption increases resulting in

an absorption profile that is markedly different from the incident power

profile. This is demonstrated in the below, where results are presented

from the two models.

III. MODIFICATON OF THE PHOTON PROGRAM

The PHOTON program (Ref. 6) was modified to allow for the

horizontal angular dependence of the spectral power density. The modified

program, PHOTON3D, n calculates the incident, absorbed, and



transmitted power density at a given critical energy Ec, and then

decrements the critical energy to the next value of Ec corresponding to the

next value of the horizontal angle 8. The step size was chosen to be constant

in energy rather than constant in the angular variable because the incident

power density is linearly proportional to Ec (see Eqs. 15 and 16). The

nominal critical energy for the wiggler is selected by the user and then

reduced in the program to 0.01 x Ec in approximately 30 steps representing

j

an increase in the horizontal angle 0 from 0.0 to . The vertical profile
Y

(for yy < 4.0) was obtained using, typically, 41 points, thus giving a

combined mesh size of approximately 1,200 points representing one quarter

of the material (6 > 0, yr > 0). The energy mesh was, on the other hand,

larger than any of the other two; we used typically 100 points to cover the

range from 0.01 x Ec to 10 xEc. The calculated power densities were

numerically integrated over angles and frequencies and checked against

the expressions derived in the previous section. It was found that they

agreed to better than 1.0% using the suggested mesh sizes.

IV. RESULTS

Figs. 2 and 3 present the angle-integrated spectral power density for

two wigglers planned for the APS.12 The relevant parameters for these

calculations are listed in Table I. In the forward direction, Wiggler B

provides a considerable higher spectral power density than Wiggler A for

energies below 10 keV (see Fig. 2). When further integrated over the

horizontal angle, the difference becomes much smaller as seen in Fig. 3. .



Wiggler A now shows the highest spectral power for energies above

approximately 4 keV. We conclude that Wiggler B represents the worst

case for windows and filters subject to high heat load because primarily

low-energy photons will be absorbed by the thin media.

As a first step towards accurately determining the temperature

distribution and the induced thermal stresses in windows and filters, we

have calculated the absorbed power density (over one quarter of the

material) in two beryllium windows (pBe = 1.85 g/cm3). Fig. 4 shows the

incident power density for Wiggler B, and Fig. 5 shows the absorbed power

profile in a beryllium window located 24 m from the source (there are no

apertures or collimators restricting the beam here). The transmitted

angular power profile (power density left in the beam after the first

beryllium window) is shown in Fig. 6. It clearly resembles the source

power profile (c.f. Fig. 4). The absorbed power profile, however, is in

marked contrast to the incident power profile and to the absorbed profile

assumed in earlier modelings (Ref. 2), as seen in Fig. 7. In earlier

modelings, a Gaussian profile was assumed in the vertical direction and a

quadratic profile in the horizontal direction, and the extent of the profile in

the vertical direction was determined in such a way that the total integrated

absorbed power was conserved. In the present model, the absorbed power

density increases rather than decreases in the horizontal direction

suggesting it may have a significant impact on the design of windows and

other beamline components exposed to wiggler radiation.

The absorption of Wiggler A x-ray radiation in beryllium shows a

similar profile with a magnitude of approximately 5 W/mrad2/mA on-axis,



rising slowly to about 9 W/mrad2/mA at 6 near . Thus, as already

stated, Wiggler B represents the worst case with respect to thermal loading

and was therefore chosen for the calculations. The absorbed power profile

in the second beryllium window is shown in Fig. 8. Because the first

window now acts as a filter for the second window, much less power is

absorbed in this window, and the power profile becomes virtually flat over

the full horizontal opening angle of the beam.

V. CONCLUSIONS

In the past, the source power profile, or some variant thereof, has

generally been used to estimate the profile of absorbed power in media. We

found, however, that the absorbed power profile in beryllium windows

(generically true for any window material) is in sharp contrast to the

source power profile. Thus, the more accurate model presented here rray

have a direct impact on the design of windows and other beamline

components. More accurate thermal and structural analyses of beamline

components are now possible using this revised model.

The revised PHOTON program, PHOTON3D, will be further

extended to be able to utilize the radiation spectrum from other sources

(e.g., undulator sources). Initially, we will use the so-called Bessel

function approximation to calculate the spectrum for planar devices.13

Ideally, one should use the measured magnetic profile to calculate the

spectrum, and such a code development is also under way at Argonne.14
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TABLES

TABLE I. Parameters for Wiggler A and Wiggler B at the 7.0 GeV APS
storage ring.

Parameter Wiggler A Wiggler B

.Ec(keV) 32.6 9.77
Au,(cm) 15.0 25.0
Deflection parameter K 14.0 7.0
Number of poles N 20 40
Total power (W/mA) 46.5 13.9
Peak Power density 260.4 156.1
(W/mrad2/mA)
2K/Y (mrad) 2X) tO



FIGURE CAPTIONS

Fig. 1. Definition of the cartesian coordinate system and the horizontal

angle 6 and the vertical angle y. D is the distance from the center of the

insertion device to the surface of the media.

Fig. 2. Vertically angle-integrated spectral power density (|yv| <> 4.0) for

Wiggler A and Wiggler B.

Fig. 3. Horizontally and vertically angle-integrated spectral power

(|y^| < 4.0 and \y€\ <—) for Wiggler A and Wiggler B.

Fig. 4. Wiggler B angular power density (incident power). The profile is

almost Gaussian in the vertical direction and elliptical in the horizontal

direction.

Fig. 5. Absorbed angular power density in a 10 mil thick beryllium window

using the source power density shown in Fig. 4.

Fig. 6. Transmitted angular power density after a 10 mil thick beryllium

window using the source power density shown in Fig. 4.

Fig. 7. Comparison of two models for the absorbed power density in a 10 mil

thick beryllium window. The new model gives an almost flat behavior in

the horizontal direction (absorbed power profile same as in Fig. 5) over the



full extent of the incident beam \tf\ < —. The total absorbed power is the

same for the two cases.

Fig. 8. Absorbed power density in a second 10 mil thick beryllium window

adjacent to the first window.
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Abstract

The stability requirements of the next generation of
synchrotron radiation facilities have been achieved on
insertion device beamlines of existing rings. However, one
insertion device (ID) affects the stored beam and hence the
performance of all the other beamlines. Since the effects of
the undulators are cumulative, higher levels of performance
are required of the accelerator in order to meet and exceed
present day standards in rings with many undulators.

This paper will report experience to date in the areas
mentioned above at several multi-undulator facilities and
efforts to address these problems at facilities in the planning
and construction phase. Section II will treat orbit control and
feedback. Section III will describe work on linear and
nonlinear effects of ideal undulators in accelerators. Section
IV will mention ur.dulator imperfections and the demands
they make on the accelerator control system.

I. ORBIT CONTROL: FEEDBACK

Orbit stability requirements must be consistent with the
emittance of the ring to satisfy all users' needs regardless of
differences in beamline designs. For this reason, the motions
of the stored beam must be limited to 10% of the rms
beamsize and 10% of the rms opening angle at the source
point. This corresponds to a 0.5% change in the X-Ray flux
through an entrance slit of width equal to twice the rms beam
size. Table 1 shows the beam stability requirements at APS
and the NSLS X-Ray Ring. The vertical emittances are
based on 10% coupling. At APS, the listed vertical motions
could be induced by a 1-2 micron displacement of a single
quadrupole in the ring or by a changing magnetic field with
integrated strength 0.2 gauss-meter. Despite the larger
emittance of the NSLS X-Ray Ring, the beam position
requirements and the tolerance on quadrupole motions and
stray fields are comparable to APS. This is because the beta
functions in the ID straight section are much smaller than at
APS and the 2.5 GeV NSLS electron beam is less rigid.
Feedback orbit control will be essential to achieving the
necessary stability.

*Work supported by U.S. Department of Energy, Office of Basic
Energy Sciences under Contract No. W-31-109-ENG-38.

Table 1
Orbit Control Requirements at APS and NSLS X-Ray Ring

SX 6X 5Y 5Y

APS 8 nm 30 urn 2 ^rad 0.8 nm 9 urn 0.9 jirad

X-Ray 100 nm 37 ;im
Ring

27 ;irad 10 nm 6 17 jirad

"Local feedback orbit control systems are in widespread
use at synchrotron radiation facilities. The SPEAR ring has
9 local feedback loops installed, servicing 4 ID beamlines.
The NSLS X-Ray ring has 10 local loops in use during
normal operations.

The performance of a single feedback loop is limited by
the sensitivity of the detector, the gain (determined by the
loop stability), and the voltage and current available to the
steering magnets. When more "local" loops are implemented
on a storage ring, deviations from locality of the bumps in
one loop result in an interaction with all the other loops in
the ring. The interaction can reduce the efficacy of the'loops.
If the coupling between loops is strong enough, the system of
loops could become unstable.

Figure 1 shows a diagram of a feedback loop that
controls the amplitude of a local orbit bump so as to null the
output of a single beam position monitor. It is configured to
reduce the beam motion X observed on the detector by
powering a bump that subtracts a quantity x from X. The
beam position monitor has an output V proportional to x+X:

BPM output V = X+x

but x is produced by a "local" bump whose amplitude is
proportional to V:

so that

Feedback bump x = -G*V

(X+x) =

The ambient beam noise X is reduced by a factor (G+l).
We can generalize this treatment to an array of N

"almost independent" feedback loops. The i'th loop has a
single beam position monitor. Its output voltage Vj is



intended to create a beam motion xi that is detected only by
the very same (i ' th) monitor. There is a practical limit to
how local a bump can be, however. The i'th BPM still sees
only the motion at its own observation point:

But now the applied correction xi gets contributions from all
the other feedback loops:

N

x. = -y G..v.

Closing the loops results in an orbit correction described by
the matrix equation:

Figure 1. Schematic of local feedback loop - V is the
detector output.

In order to have a stable system of N feedback loops, the
matrix (G+l) must have a nonzero determinant. We can
establish a somewhat stringent condition sufficient for
stability by writing

(G+l) = g

All bl2 b13 * * * blN
b21 A22 b23 '•• b2N

, bNl bN2 NN-l V
where the A's are all of order one and the b's are all smaller
because they represent the deviations from perfect locality of
the feedback correction bumps. The determinant of a matrix
M may be written as the sum

IMI = X I
permutations

where p is even if the sequence J1.J2J3.-JN ' s foimt& ^rorn

1,2,3,-JNT by an even number of permutations and odd if an
odd number of permutations is required. The determinant
has one term equal to

A11 • A09 • A M •....• AVJM
,L X J»£+ JJ ill*

and many of terms proportional to products of the A's and
b's. If we say that all the Ajj's are proportional to a scaling
parameter A and all the bij's are proportional to another
scaling parameter b, we can show that the terms of the sum
can be grouped by powers of A and b and we can place an
upper limit on how many terms of a given order appear in the
sum. We may choose the smallest of the Ajj's to be A and
the largest of the bij's to be b and we can make the worst-
case assumption that all the terms of order A^" m ^ have sign
opposite to Ihe A^ term.

JHow many terms in the sum are proportional to
') • b m ? There are [N!/((N-m)!m!)J ways to choose

the (N-m) A's from the set of N A's available to us. Then
we must choose m b's so that they share no row or column
with either the A's or the b's we have already chosen. We
can overestimate the number of ways to choose the b's. Once
we have selected the N-m rows that will donais their A's to a
given term in the sum, we must choose m off-diagonal
matrix elements from the m -m submatrix constructed by
eliminating all rows and columns which have donated their
A's. This m • m matrix still contains one A-term and (m-1)
b-terms in each row. We overestimate the number of ways
we can choose the remaining b's as (m-l)l since we must
choose the b's so that none share the same row or column in
the m • m submatrix. The result is that the sum of all terms of
order less than A " in the determinant is less than

-*>• f (|
m=2

m HI (a-1)i
(N-a) !m!

Again we make an overestimate:

The determinant is bounded by

N
d e t ]G+lI i . 7 1 , A . . -

3=1 3D

N

m=2

ra

m

If the sum is less than 1, the determinant cannot be zero.
Since b measures the deviation of the bump from perfect
locality, we conclude that a ring like APS with up to 78 local
feedback loops in each plane must have bumps local to about
1% precision just to guarantee stability of the system. The
locality condition must be maintained over the working
frequency range of the feedback systems, demanding great
precision in the matching of frequency response of different
steering magnets.

Even if the system of loops is stable, the correction
factor may be larger than intended and even greater than one.
C. J. Bocchetta and A. Wrulich [1] have studied the
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1.0

15

1.5

.0011

160

exemplified in Figure 2, which shows the uncorrected and
corrected betatron functions of the NSLS VUV ring with the
U13 TOK undulator installed.

Third-generation synchrotron radiation facilities are
much less tolerant of asymmetries in phase advance than are
other rings. This is true whether the asymmetry is caused by
the vertical focussing of undulators or closed orbit errors in
the sextupoles. A reasonable dynamic aperture can be
achieved in such rings only by careful placement of the very
strong chromaticity-correction sextupoles, or else by partially
cancelling the effect of the chromaticity-correction
sextupoles with additional families of harmonic-correction
sextupoles. In principle, the linear focussing effects of the
ID could be compensated perfectly. One simply needs
enough flexibility in adjusting the neighboring quadrupoles
to keep the transfer matrices between sextupoles independent
of the ID strength. In practice, other lattice imperfections
may mask the potential improvement of a "perfect" linear
compensation.

The lowest-order nonlinear focussing force of an
undulator has a cubic dependence on y so one can expect
stopbands around 4vy = integer.

The effects of undulators on ALS has been studied by
Jackson, et al. [5]. They compared schemes for correcting
the linear focussing and concluded that one may use the
defocussing quads nearest the ID to correct the vertical tunes.
The horizontal tune correction may then be distributed
globally over almost all the horizontal focussing quads.
They find that the linear and nonlinear focussing properties
of the IDs reduce the dynamic aperture by similar amounts,
and that the effect of the IDs is also comparable to the effect
of magnet imperfections. Although the undulators reduce the
vertical dynamic aperture significantly, it remains larger than
the physical aperture.

Tosi and Nagaoka have investigated the effect of helical
undulators and variable-polarization IDs in Elettra [6]. IDs
that produce circularly polarized radiation generally act like
optical elements with both vertical and horizontal focussing.

Undulators planned for ESRF [7] have fields and periods
consistent with the 20 mm vertical aperture of the ID straight
section. The ESRF ring energy is threefold that of ALS and

its undulators have longer period lengths. Hence one expects
and finds smaller changes in dynamic aperture than those
seen in ALS and Elettra. Like ESRF, linear focussing effects
of undulators are very small in APS. Studies of nonlinear
effects of undulators are not yet complete.

Evidence of the effect of IDs on particle optics and
dynamic aperture have been measured and reported by
Brunelle for Super ACO [8] and by Kuske and Bahrdt at
BESSY [4]. In both rings, the effect of the cubic force on
dynamic aperture was investigated by measuring the beam
lifetime as a function of tune with the sextupole magnets
turned off. Lifetime reductions in reasonable agreement with
results of computer simulations of the dynamic aperture were
obtained in both cases.

Detailed studies of the effects of the Phase II insertion
devices of the NSLS X-Ray ring at 2.5 GeV are yet to be
completed. However, their linear and cubic force terms are
expected to have little effect because the vertical 0 function
is only 0.35 meters in the ID straight section. Studies
involving beam optical effects of the IDs will be done at 0.75
GeV, the injection energy of the X-Ray ring.

III. UNDULATOR IMPERFECTIONS

The imperfections of a state-of-the art ID should be too
small to significantly affect dynamic aperture of a typical
synchrotron radiation ring. However even minor field errors
can disturb the orbit and linear coupling if the strengths of
the undulators are changed during operations. Steering
errors caused by gap changes in IDs must be compensated by
feedback and by steering magnets that are programmed to
change as a function of ID strength.

If the need for orbit stability is driven by the need for
highly stable flux into the acceptance of the photon
beamlines, then it must also be necessary to have a high level
of stability in the skew quadrupole fields as the IDs change
gap. If we demand 0.5% stability in photon flux through a
2a slit that limits the beam vertically, this implies that the
vertical emittance must be stable to 2%. The linear coupling
must therefore be held constant to 2% of its value; for APS
the nominal 10% coupling must remain in the range 9.8%-



10.2% to fulfill this criterion. The undesirable consequences
of a beam size change caused by magnetic imperfections in
an ID, at SRC in Stoughton, Wisconsin, were reported by
Trzeciak, et al. [9]. Ironically the increased coupling caused
by changing the gap of the ID improved the beam lifetime by
increasing the volume of the bunch and thereby reducing the
Touschek loss rate.

The tolerance on the change in linear coupling can be
converted to a magnetic field tolerance for APS; the skew
quadrupole of an undulator must change less than 65 gauss
as the gap changes. Measurement techniques with the
necessary sensitivity have been developed and applied, for
example, to the NSLS Phase II IDs [10]. Such magnet
measurements demonstrate that this specification has been
exceeded by the APS undulator in the U5 beamline at NSLS,
which has a total (normal + skew) quadrupole integral of 10
gauss [11].

Conceptually simple ingredients are necessary if
synchrotron radiation users are to be permitted to change ID
strength at will. The problem is not trivial as evidenced by
the fact that, at NSLS, SPEAR, SRC, Super ACO and
Daresbury SRS, ID strengths are not changed routinely
during operations for many users, although gap changes are
permitted at SRS. SPEAR and SRC intend to implement
independent gap changes on certain devices in these rings in
the near future.

While the beam stability can be affected by quite small
imperfections in IDs, the most important effects are
fortunately linear so that the effects of individual IDs and
their corrections should satisfy superposition. This means
that, if the accelerator controls system is configured to
accommodate it, a matrix can be defined that specifies the
vector of necessary changes in all accelerator parameters in
terms of the vector of all ID strengths. The necessary
changes can then be implemented automatically by the
controls system as the users change gaps of the IDs.

SSRL beamlines 5,6 and 10 are configured so that
steering corrections are automatically updated to track
changes in magnet strength. After further studies, users will
be allowed to change strength of the undulator at beamline 5.
For the present, undulator strengths at SSRL are changed
during operations only after all users have been notified.

Alladin has implemented automatic gap-dependent
compensation of orbit errors so that no motions larger than
20 microns (vertical) or 50 microns (horizontal) are caused
by changing the undulator gap. The change in vertical beam
size that is coupled to gap changes must be corrected
automatically before unannounced gap changes will be
allowed.

NSLS allows changes of the XI soft X-Ray undulator
strength during operations. The XI users call the control
room to request a change and the ring operators make the
change after notifying all users.

Only at the KEK Photon Factory are unannounced gap
changes routinely performed in operations. Each of five IDs
has a prescribed range over which it may be changed without
disturbing orbit stability.

The. problems to be solved in operating synchrotron
radiation rings with many IDs have been and continue to be
studied at facilities presently in operation. With sufficient
care and attention to detail, any problems caused by steering
errors and linear focussing properties in the undulators can
be corrected by feedback or by commanding the necessary
steering and quadrupole adjustments in coordination with ID
strength changes. Nonlinear focussing effects may reduce
the beam lifetime, but this can be an acceptable price to pay
for the use of short-period undulators.
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ABSTRACT

The conceptual designs for the insertion device (ID) and bending magnet
(BM) front ends have been completed for the 7-GeV Advanced Photon Source
(APS) under construction at Argonne National Laboratory. These designs satisfy
the generic front end functions. However, the high power and high heat fluxes
imposed by the X-ray sources of the 7-GeV APS have presented various design
engineering challenges for the front end. Consideration of such challenges and
their solutions have led to novel and advanced features including modularized
systems, enhanced heat transfer concepts in the fixed mask and the photon shutter
designs, a radiation safety philosophy based on multiple photon shutters for a fail-
safe operation, a sub-micron resolution beam position monitor for beam
monitoring and ring feedback information, and minimal beam filtering concepts
to deliver maximized beam power and spectra to the experimenters. The criteria
and special features of the front end design are discussed in this paper.



Introduction

Traditional synchrotron sources were designed to produce bending
magnet radiation and have proven to be an essential scientific tool.
Currently, a new generation of synchrotron sources is being built that will
be able to accommodate a large number of insertion device (ID) and high
quality bending magnet (BM) sources. One example is the 7-GeV
Advanced Photon Source (APS) now under construction at Argonne
National Laboratory (ANL). The research and development effort at the
APS is designed to fully develop the potential of this new generation of
synchrotron sources [1J.

Of the 40 straight sections in the APS storage ring, 34 will be
available for IDs. The remaining six sections are reserved for the storage
ring hardware and diagnostics. Although the ring incorporates 80 BMs,
only 40 of them can be used to extract radiation. The accelerator
hardware shadows five of these 40 bending magnets, so the maximum
number of BM sources on the lattice is 35.

Generally speaking, a photon beamline consists of four functional ,
sections. The first section is the ID or the BM, which provides the radiation
source. The second section, which is immediately outside the storage ring
but inside a concrete shielding tunnel, is the front end (FE), which is
designed to control, define, and/or confine the x-ray beam from the source.
In the case of the APS, the front ends are designed to confine the photon
beam. The third section, just outside the concrete shielding tunnel and on
the experiment floor, is the first optics enclosure (FOE), which contains
optics to filter and monochromatize the photon beam. The fourth section
of a beamline is a long string of beam transports, additional optics, and
experiment stations to do the scientific investigations. This presentation
describes only the front ends of the APS beamlines. An early conceptual
study of the APS front-end design is given in [2].

By 1996, the APS will complete 32 front ends, 16 IDs composed
largely of undulators and, to a lesser extent, wigglers and 16 BM sources.



A detailed physics study of the APS sources is provided in [3]. Table 1,
based on reference [3], provides useful beam characteristics on the
currently planned APS sources.

The APS Front End Design Philosophy

The APS front ends are standardized and modularized to achieve
several purposes. As mentioned above, by 1996 we will have built 32
front ends. This is a large enough number to warrant standardization for
the resulting reduction in cost. In addition, standardization results in
reduced engineering and design effort, ease of manufacturing, quality
control and quality assurance, ease in installation, and reliability in
maintenance and operations. The large variation in the horizontal extent
of the beam size between the BM and the ID devices is a hindrance to full
standardization of certain of the front-end components. But, if the front
end components are designed for the most critical wiggler size and for the
highest heat flux levels of the APS undulators, full standardization will
result for all ID front-end components. This is the current APS front-end
design philosophy.

Needless to say, the standardized designs of the APS front ends also
must satisfy the baseline requirements for any front-end design. That is,
the front ends are configured via a complex design, control, and interlock
system to

(i) provide biologically safe working conditions on the experiment
floor,

(ii) trigger protective measures to isolate the front end from the ring
under any vacuum failure scenario,

(iii) provide proper collimation so that the beam cannot strike
unprotected and uncooled elements within the vacuum envelope
even under steering errors,



(iv) provide shuttering and, hence, absorbance of the full, power of the
beam and/or Bremsstrahlung during injection and/or in case of a
vacuum failure,

(v) monitor and control the position of the beam with precision,

(vi) operate within the phase-space parameters of the beam that the
experimenters expect and for which they prepare their
equipment.

The design of the APS front ends began with a ray tracing study [4]
of the source to determine first the front end aperturing needed and next
the component placement and sizing.

Front End Aperture Sizing

The standard design of the ID front ends is understandably much
more complex than the BM front-end design and the ID front-end design
will be detailed here. The ID front ends must satisfy the power
requirements of Undulator A coupled with the horizontal beam size of
Wiggler A (see Table 1). For a 100 mA ring current at 7-GeV positron
beam energy, Wiggler A (for a K factor of 14) covers a photon energy
range of 5 to 32.6 KeV. The source ID radiation fan width is taken to be
±1.5 mrad. (For the BM front ends, the source fan width is ± 3.0 mrad.)
An optical pass sketch resulting from the ray tracing studies for the ID
front end is shown in Fig. 1. The vertical and horizontal beam confinements
for the ID front ends are as follows:

The Vertical Beam Confinement:
Max. vertical beam missteering acceptance 1.4 mrad
Max. vertical pass-through 0.49 mrad
Design Vertical pass-through 0.28 mrad

The Horizontal Beam Confinement:
Max. horizontal beam missteering acceptance 3.7 mrad
Max. horizontal pass-through 3.0 mrad



Figure 2 is the elevation view of the conceptual design of the APS ID
front end. In this conceptual design, the components on the ID front end
are (ia the order of their appearance in Fig. 2):

1. All metal ring isolation valve
2. Photon beam position monitor 1
3. Fixed mask 1
4. Photon shutter 1
5. Collimator
6. All metal slow valve
7. All metal fast valve
8. Photon beam position monitor 2
9. Fixed mask 2

10. Photon shutter 2
11. Filter assembly
12. Safety shutter
13. Collimator
14. Window

The aperture sizes for ID front-end components resulting from the
ray tracing studies are presented in Table 2.

In Fig. 3, the conceptual design of the APS BM front-end elevation
view is shown. The BM front-end components are (in the order of their
appearance in Fig. 3):

1. All metal isolation valve
2. Photon beam position monitor 1
3. Fixed mask
4. Photon shutter
5. Slow valve
6. Fast Valve
7. Photon beam position monitor 2
8. Safety shutter
9. Collimator

10. Be window



The tunnel provides a controlled environment for the front-end
components. The air temperature in the tunnel is controlled at 23 ± 1° C.
The deionized cooling water for the components is maintained at 32 ± 1° C
at the inlet. The shielding tunnel envelop is made of heavy concrete and
fashioned as a "dog-leg" ratchet wall to provide the maximum aisle access
to the front-end inside the tunnel. The usable length of the front end area
of the tunnel is about 7.5 meters for both the IDs and the BMs and is
necessarily congested by the components, particularly in the ID case.
Figure 4 shows, schematically, a sliding door arrangement in the ratchet
wall that is utilized to access each front end area for maintenance. A brief
description is given below for the major components of the APS ID front
end as well as the current state of the research activity associated with a
particular component.

ID Front End Components

Manual Valve: This is an all metal valve and is UHV vacuum tight.
It isolates the front end from the ring. Opening this valve is strictly
controlled by the safety coordinator.

Fixed Mask Assembly (Fixed Aperture): This is the first front end
element to interact with the beam. It can be exposed to the full beam or
part of the beam and thus requires a careful design analysis. In the case
of the APS, the first assembly is designed to contain the beam but not
define it. A similar mask is located further downstream on the front end,
and this second mask can be of a beam defining variety. An extensive
generic cooling tube research and development program has been
undertaken at the APS to find efficient tube configurations for enhanced
cooling of the large heat loads that may be imposed on the mask walls.

Photon Beam Position Monitors (PBPM): This device is a cooled
multi-blade system, in horizontal and vertical disposition, placed in the
fringes of the beam to detect the position of the beam. A second PBPM is
placed 4 m downstream. Together they yield precise beam slope
information. When heated by the beam, the blades of the APS front end



PBPMs generate photoelectrons. This, in turn, causes a microamp level of
photocurrent in each blade that can be measured and reduced to calibrate
the deviation of the beam from its golden orbit. The beam position in the
vertical plane can be measured to within one \im. The beam missteering is
kept within ten percent both in position and divergence. When excessive
deviations are detected, the output from the PBPMs is fed back into the
ring correction (steering) magnets to adjust the beam's position and the
angle at the ID center or in an extreme case of beam loss, the PBPM can
trigger a beam dump. PBPM signals are fed back to the ring for proper
beam steering. The current design and the research activity associated
with the APS PBPMs are presented in a companion paper in this
conference [5].

With the current state of the art, it is possible with two PBPMs
spaced apart as described above to achieve a precision in position of
±3 .3 |xm and ± 0.14 p.rad in the angle of the particle beam.

Photon Shutter (Movable Mask): This component completely
intercepts the x-ray photon beam via a fast-acting mechanism in order to
isolate the downstream components from the source. Closing time may be
as long as a few seconds (NSLS) or as short as 55 ms (ESRF). The photon
shutter also acts as a safety device to protect the safety shutter from direct
beam impingement. Therefore, it is interlocked to close before the closing
of the safety shutters (two of which are required as per the APS
Preliminary Safety Analysis Report, PSAR). The positions of both the
photon shutter and the safety shutters are carefully indicated. That is, the
photon shutter must be first closed and opened last and has redundant
closed-position indication (fail-safe). The position of the safety shutter is
redundantly indicated in both up (open) and down (closed) positions.

At the APS, the fixed mask and the photon shutters use a common
and generic coolant tube with enhanced heat transfer capabilities [6]. The
tube material is Glid-cop or a comparable material for high strength and
fatigue resistance at elevated temperatures. The tube is filled with a
copper foam (copper wool) brazed to the inside walls of the tube for good
thermal contact. The heat transfer enhancement available from such tubes



is shown in Fig. 5 (from the test data at the APS [7]). The presence of the
copper wool (porous filler) in the flow tube, in addition to causing highly
enhanced heat transfer, provides other benefits. At the expense of a
somewhat increased pressure drop, the porous matrix in the tube makes
these tubes very quiet, nearly jitter free. This is an important
consideration for critical components such as PBPMs, masks, and,
potentially, slits and first optics crystals where flow-induced jitter can
become a serious concern. Additionally, these tubes require a relatively
small amount of flow to achieve high convective heat transfer coefficients,
an important consideration from an operational point of view, The APS ID
front ends have many components requiring very robust cooling due to the
high heat loads imposed on them from very powerful IDs. Conventional
techniques for cooling would have resulted in an order of magnitude
higher flow requirements in the front end. Research is continuing at the
APS to optimize the tube geometry and the porosity.

The conceptual design of the APS ID front ends includes two fixed
masks and two photon shutters. The fixed masks, in addition to confining
the beam, serve to limit the length of the photon shutters placed
immediately downstream.

The first photon shutter serves the traditional purposes of a shutter
in the front end. While the second photon shutter, with two shutter
blades, is used exclusively by the experimenters. This redundancy
provides an added safety margin in the front-end operations and, also,
psychological comfort to the users. Both shutters are fashioned similarly in
a coiled "hockey-stick"-type blade through which the coolant deionized
water flows. The hockey stick is hinged from both ends (Fig. 6), and the
complete assembly can be removed intact from the flanged side for
replacement or maintenance. The blade of the first photon shutter is set at
a shallow 1.5° grazing angle to the beam.

The first photon shutter is designed to operate both in fast and slow
closing modes, as desired. The slow closing takes about one second ("soft
landing"), and the fast closing takes about 100 ms ("hard landing"). This
duality is provided so that the APS has the possibiity of operating in a "no-
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beam-dump mode for non-threatening vacuum breach initiators" (which
statistically constitute over 80,% of the vacuum break signals in
synchrotrons). Currently, the APS PSAR calls for a beam dump on all
vacuum breach initiators. In this case, the "soft landing" will be adequate.
If, in the future, the fast valve protection can be designed so that beam
dump is not required for non-threatening vacuum breaches, the "hard-
landing"-type first photon shutter will be needed. Two companion papers
[8 and 9] in this conference discuss in further detail the thermo-structural
and vibrational aspects of the conceptual mask and the shutter designs
with particular emphasis on the first photon shutter. The analyses seem to
prove that the very critical component, the first photon shutter of the ID
front end, as conceptualized here, will satisfy the stringent thermal,
structural, and vibrational requirements under operations with the 2.5-m
Undulator A ID of the APS (which will be the initial source). The technical
requirements for the future 5-m Unculator A, including a design safety
factor, are very challenging, and the research and development effort is
continuing into an engineering solution to the thermal problems of the
photon shutter.

The second photon shutter is the one that experimenters usually shut
down in the course of their beamline activities. This shutter has a dual
pneumatic motion to close the upper and lower blades of the shutter,
which are shorter than those of the first photon shutter and are set at a
somewhat higher inclination to the beam (3°). The upper blade of this
shutter has a manual option to reset the vertical opening to suit different
IDs so that the beam can be better confined to protect the window frame.
Both shutters are interlocked to the safety shutters downstream. This
shutter normally closes in 1-2 seconds.

Collimators: These components are required to define the line of
sight to the source point and allow a cone of the beam to pass through.
Portions of the beam outside the predefined cone, any other scattered x-
rays, and the Bremsstrahlung are absorbed by the collimator body.

Slow Valve: This is an all-metal, remotely actuated UHV valve that
seals to isolate the ring from any vacuum breach in the downstream



transport piping. The closing time of this valve is usually 1-2 seconds.
However, it cannot accept the heat load from the photon beam and,
therefore, must be interlocked to close only when the beam is NOT present
or when the photon shutter is closed. Closing of this valve occurs after the
closing of the fast valve (described below) and helps retard the vacuum
conductance upstream on vacuum breach.

Fast Valve: The fast valve is positioned immediately downstream
from the isolation valve. The modern all-metal-seal fast valves close in as
little as 5 to 9 ms, thereby retarding the vacuum progression upstream.
This valve, however, does not seal and cannot support even instantaneous
exposure to a full photon beam without physical damage. Therefore, it is
interlocked to the photon shutter during operation. On vacuum failure, the
photon shutter is activated, which triggers immediate beam dump. Once
the photon shutter is down, the fast valve closes, followed by the closing of
the slow valve.

Safety Shutter: This shutter (two independently but simultaneously
operated shutters are required per front end per APS PSAR) absorbs
Bremsstrahlung radiation from scattering of the particle beam during
injection of the beam into the storage ring. Therefore during each injection
mode (maybe every 8-10 hrs of operations), these shutters are closed
(down). The material for the shutter is Heavi-Met, steel-clad tungsten, or
lead. This shutter is usually not cooled, but does absorb all the
Bremsstrahlung radiation coming through the line. Because it is not cooled,
it should not be exposed to the photon beam. Therefore, the upstream
photon shutter 2 is interlocked and sequenced to close (down) before this
shutter is down.

Be Window: The beryllium window is a vacuum separator and is
positioned as needed between different vacuum transports and/or
experimental stations. The front end beryllium window is located at the
end of the front-end transport and separates the ring vacuum (front-end
vacuum) from the experimental beamline vacuum. The APS window is a
dual diaphragm assembly with a tag gas in between. Dual window
diaphragms lend added assurance because, if one of the window

10



diaphragms should fail, the other one can assure vacuum integrity until
maintenance is affected. The traditional window material is beryllium,
although the high heat loads expected from APS undulators may force us
to seek alternate window materials such as diamond-coated beryllium or
CVD-diamond wafers, Of the two windows, the first absorbs most of the
heat from the low energy photons and reaches high temperatures. The
downstream window is usually less affected by heat, however, it is the one
subject to pressure shocks if a vacuum breach occurs in the experiment
line.

The tag gas is traditionally helium, although other gases may also be
considered. The purpose of the gas is to keep the wafer surfaces free from
oxidation/carbonization and to indicate when a vacuum breach occurs. The
gas space is interlocked for beam stoppage/dumping when a vacuum
breach is sensed by the gas system. Management of the filters and the
windows in APS front ends is a very important issue and the subject of
considerable current research.

As a matter of philosophy, the APS believes that the beam filtering
in the front end should be the minimum required to maintain the
structural integrity of the window and, thereby, assure the vacuum safety
in the front end. The filter assembly is designed so that only the
unwanted portions of the beam energy are absorbed so the window is
thermally (hence, structurally) protected. Otherwise, a user-selectable
filter box is located on the beamline to satisfy different optical
requirements by the experimenter. References [10-12], two of which are
companion papers at this conference, present further details of the APS
front-end filter/window management research.

The Front End Vacuum: The APS front end vacuum is a UHV system
that is the same as the ring vacuum (10"n Torr). Therefore, ultimate care
is taken to maintain vacuum integrity and quality in the front end so as
not to jeopardize the ring vacuum. In the space available, a 120 1/s ion
pump is placed immediately after the isolation valve to make sure that the
ring side of the front end does maintain ring quality vacuum. On the FOE
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side, the front-end vacuum is separated from the beamline vacuum via a
double wafer window. A strict rule applies to all synchrotron vacuum
systems: there should be no water/vacuum joints in the beam transport,
and all such joints and connections are isolated from the UHV by venting
directly to the atmosphere. The direct link between the front end and the
ring also dictates an additional engineering rule: the front-end vacuum
components should be durable, require little maintenance, and be highly
reliable. Therefore, complex and unproven engineering practices are
shunned. Materials are carefully chosen to function in a UHV environment.
(This last aspect directly impacts the seals. All-metal seals are the usual
choice in the front end.

The APS ID front-end vacuum pumping calculations show good
pump-down characteristics (Fig. 7). Adequate ion pumps supplemented by
titanium sublimation pumps have been provided in the front end.
Although the APS ID front end is relatively short and there is no vacuum
delay tank (VDT), calculations prove that the front end has good vacuum
retardation due to carefully engineered inherent aperturing.

A c k n o w l e d g e m e n t s
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Table 1.
Design Parameters of Various APS Insertion Devices for a

Ring Energy of 7 GeV and 100 mA Stored Current

Period length [cm]
Device length [m]
Number of periods
Max. magnetic field Bo [T]
Characteristic energy Ec [keV]

I/7 [mrad]
Max. deflection parameter, K
K/7 [mrad]

Total power [kW]
Peak power density [kW/mrad ]
Peak flux ®16 m [kW/mm2]
Peak flux @20 m [kW/mm2]
Peak flux ©24 m [kW/mm2]
Peak flux ®30 m [kW/mm2]
Peak flux ®40 m [kW/mm2]

A

3.1
5.00
160
0.80
26.0

0.073
2.51
0.183

10.0
333
1.3
0.83
0.58
0.37
0.21

Undulators

B

2.1
5.00
238
0.40
13.0

0.073
1.03
0.075

2.5
250
0.98
0.63
0.43
0.28
0.16

C

20.0
5.00
25
0.15
4.9

0.073
2.81
0.205

0.35
9.8
0.04
0.02
0.02
0.01
0.01

D

8.0
5.00
62
1.00
32.6

0.073
8.76
0.639

15.5
160
0.63
0.40
0.28
0.18
0.10

Wigglers

A

15.0
1.50
10
1.00
32.6

0.073
13.96
1.019

4.6
26.0
0.10
0.07
0.05
0.03
0.02

B

25.0
5.00
20
0.30
9.8

0.073
7.00
0.511

1.4
15.6
0.06
0.04
0.03
0.02
0.01

Bending
Magnet

NA
3.06
NA
0.6
19.5

0.073
NA
NA

0.52*
1.78
0.007
0.004
0.003
0.002
0.001

*Assuming 6 mrad horizontal acceptance.



Table 2. Analysis from Ray Tracing
in the ID Front End#

Component Location
m

BPM1

Fixed Mask 1
exit

Photon Shutter 1

Fast Valve

Fixed Mask 2
exit

Photon Shutter 2

Filter Assembly

Lead Collimator

16.3

17.1

18.1

19.4

20.3

21.1
(4

22.1

23.7

Physical
Aperture
mm x mm

24 x 70

24 x 64
(12 x 52)

1 6 x 7 0

18 x 70

22 x 66
(10 x 66)

Ray Traced
Beam Size
mm x mm

6.0 x 37

6.5 x 39

7.0 x 41

8.0 x 43

8.5 x 45

6 x 80 8.9 x 47
mm closed V overlap)

12 x 72

20 x 72

9.3 x 48

10.0 x 51

Window 24.8 8.8 x 72 (3.5 x 10)'

* Designed for Highest K Device (Wiggler A)
* Actual Beam Foot Print in the presence of Filters



Figure Captions

Fig. 1 APS ID Front End Optical Pass and Ray Tracing Results.

Fig. 2 Elevation View of the Conceptual Design of the APS ID

Front End: (1) All metal ring isolation valve (2) Photon

beam position monitor 1 (3) Fixed mask 1 (4) Photon

shutter 1 (5) Collimator (6) All metal slow valve (7) All

metal fast valve (8) Photon beam position monitor 2

(9) Fixed mask 2 (10) Photon shutter 2 (11) Filter

assembly (12) Safety shutter (13) Collimator (14) Window

Fig. 3 Elevation View of the Conceptual Design of the APS BM

Front End: (1) All metal isolation valve (2) Photon beam

position monitor 1 (3) Fixed mask (4) Photon shutter

(5) Slow valve (6) Fast Valve (7) Photon beam position

monitor 2 (8) Safety shutter (9) Collimator (10) Be

window

Fig. 4 Top View of the Conceptual Design of the APS ID Front
End.

Fig. 5 Test Data of the APS Wool-Filled Enhanced Heat Transfer
Tube.

Fig. 6 First Photon Shutter for the APS ID Front End: (1)
hinging joint, (2) welded bellows, (3) "hockey-stick"-
type water-cooled blade, (4) actuator, (5) vacuum
chamber.

Fig. 7 Calculations for the APS ID Front End Vacuum System (APS
Undulator A Source).
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ABSTRACT

The Advanced Photon Source (APS) to be
constructed at Argonne Natiu ial Laboratory (ANL)
utilizes magnetic devices which generate x-ray beams
with very intense heat flux levels. The flux levels
encountered can be one or two orders of magnitude
higher than those commonly found in nuclear reactors
or fusion devices. Keeping the beam line elements and
optics on such beams cooled to acceptable levels of
surface temperature and/or temperature gradients,
poses a significant challenge to researchers and
designers. Therefore, methods and techniques
achieving heat removal enhancement are constantly
sought. One such technique suggested and considered
is the use of conductive metal wool filled tubes where
the filler is brazed to the tube walls.

A comparative investigation of the
conventionally achievable heat transfer coefficient "h"
with water and the wall conductance of a heavy-wall
copper tube reveals that major resistance to heat
transfer is on the coolant side. Therefore, a significant
opportunity exists to improve heat transfer in the tubes
by enhancement of the coolant side. To this end, a
variety of copper-wool-filled tubes, as well as a
commercially available enhanced copper tube, were
subjected to laboratory tests with water and
conventional heating to assess their heat transfer
capabilities. Design improvements using enhanced
cooling are discussed in terms of structural weight,
controls, grazing angles, and operational reliability.

NOMENCLATURE

a
b

Co
Cm
Bi=ht/k
d

Dh
f
h
k
L
Nu=hDh/k
Re=uDh/v
P
t
T
T~

Tmax
u
X

y
z

Greek, Roman

a=a/t
P=b/t

^m
9=(T-T~)/qt/k

$=x/t
n=y/t
V

beam half width (see Fig. 5)
stretched flow channel half width
(see Fig. 5)
see Eq. 2
see Eq. 2
Biot Modulus
hydraulic diameter based on pore
size
channel hydraulic diameter
friction coefficient
heat transfer coefficient
channel thermal conductivity
channel length
Nusselt number
Reynolds number
volumetric porosity
channel wall thickness
temperature
bulk temperature
center temperature
bulk approach velocity
see Fig. 5
see Fig. 5
see Fig. 5

Characters:

normalized half beam width
normalized half flow channel width
characteristic value, Eq. 1
normalized temperature
normalized x coordinate
normalized y coordinate
kinematic viscosity



INTRODUCTION

The Advanced Photon Source (APS) project is a
large synchrotron facility being built at Argonne
National Laboratory (ANL), and is planned to become
operational by 1996. Synchrotrons emit radiation over
an extremely wide range of photon energies measured
in electron volts (eV) [1], Critical photon energy is an
important parameter in defining the spectral output of
the radiation source. Half of the synchrotron's power
is emitted at photon energies above the critical value
and half below it. For APS, the synchrotron storage
ring critical energy, Ec, is a phenomenal 7-GeV,
which makes this facility a very powerful x-ray source
utilizing special magnets (wiggler or undulator type
insertion devices) on the front ends. The front end
refers to the portion of the beam line which spans the
insertion device (ID) and the radiation shield wall. A
conceptual design [2] of a typical layout for an
undulator front end is depicted in Fig. 1.

The Fixed Mask Assembly (FMA) on the front
end is the first component to interact with the photon
beam. This mask and a second mask downstream
define the maximum vertical and horizontal angular
excursions of the beam from some predefined center
line. The masks are water-cooled copper channels and
are arranged such that the downstream non-cooled
components never intercept any part of the photon
beam. In the present design, which is similar to that
of the X-17 beam line FMA at the National Synchrotron
Light Source (NSLS) [3], the horizontal mask consists
of two water-cooled copper bars in an open "V"
arrangement. The vertical mask is made of two sets of
bars in closed "V" arrangements above and below the
beam. In both cases, the absorbers are set at
horizontal grazing incidence to the photon beam to
reduce the incident heat flux levels significantly from

the normal incidence values. The second set of cooled
fixed masks downstream in the front end is similar in
design to the first set. In the case of the APS, the
masks are designed to contain the beam rather than
define it, and must be able to absorb large power
densities from part or all of the photon beam. Typically
the grazing angles vary between one and six degrees,
depending on the ID used. In Table 1, the current x-
ray source parameters for the APS operating at 7-GeV
and 100 mA power are presented [2].

An examination of the power data in Table 1
indicates that Undulator A will pose the greatest
challenge to the FMA designer because at a distance of
16.5 m from the source and at normal incidence, the
first set of FMAs will receive a heat flux of 1080
W/mm2. For a water-cooled copper tube set at an
impractical one degree angle, the heat flux will be
reduced to about 18.8 W/mm2. This value should be
compared with 12.2 W/mm2 heat flux at 10 m distance
and set at two degrees for the FMAs on NSLS X-17
beam line. Actual design parameters of the X-17
FMAs [3] are listed in Table 2. Figure 2 is a schematic
of the cross section of the FMA copper channel used
and the gaussian x-ray beam impinging on it.

One-dimensional single phase heat transfer
under the beam is characterized by the Biot modulus Bi
= ht/k. Table 3 shows Bi values for FMA operation with
Cu and Al channels; a metal wall with a thickness of
(3.2 mm (the typical thickness under the beam area);
water coolant; and various values of the heat transfer
coefficient, 'h". It is obvious that the principal
resis Lance to heat transfer is on the coolant side
because the Biot modulus is less than unity for all the
practical engineering choices considered in Table 3,
Therefore, the single phase heat transfer in an FMA
can be improved by employing enhancement
techniques on the coolant side.

HORIZ.
POSITION
MONITOR

CARBON FILTERS
(OPTIONAL)

15m 2Om
I

25 r

DISTANCE FROM 10

I
3Om

Fig. 1 Typical layout of an undulator front eni
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Advanced designs for insertion devices are
needed due to the expected heat flux levels on the FMA
at the APS. Compared with the PMA designed for the
NLSL Wiggler [3], the APS undulator A poses
significant design challenges. Thus, research was
initiated to design and test enhanced heat transfer
tubes suitable for the PMA in the APS.

TABLE 1. PARAMETERS OF X-RAY SOURCES FOR THE APS AND
COMPARISON WITH THE REFERENCE POWER
SOURCE. THE NSLS SUPERCONDUCTING
MULTIPLE WIGGLER. "L" IS MAGNET LENGTH
IN m; -B.rrr IS FIELD STRENGTH IN Tesla; K
IS A MAGNET FACTOR; AND, "P{ IS THE TOTAL
POWER IN kW.

Wiggler A

TABLE 2. NSLS X-17 BEAMLINE ABSORBER DESIGN PARAMETERS

L(m)
BolT)
K
PCkW)

Peak Power Density. Norm:
PlW/mro2'
9 16.5 m

Undulator A

5
0.8

2.5
9.8

il Incidence

1080

1.5
1.0
1.5
4.6

NSLS Superconducting Multipole Wiggler

Worst Case: (2°)

P(W/mm2) 9 10 m

APS Worst Cased")
P(W/mm2)« 16.5 ra

12.2

18.8

SYNCHROTRON
BEAM

Absorber Angle

Heat Flux (max)

Linear Heat Load

Coolant Velocity

Coolant Rate

Calculated "h" for 3/8 in.
Cu Channel

Absorber Length

Maximum Wall Temperature
at Coolant Boundary

Maximum Cu Temperature

Horizontal FMAs

6deg

4.06 W/mm2

146.5 W t a

6.6 m/s

0.4421's

21000 W/m2°C

61 cm

66.4 °C

82.4 °C

Vertical FMAs

2deg

1.35 W.'mm2

343 W/mm

same

same

same

61 cm

96.7 °C

111.7 °C

TABLE 3. BIOT MODULUS FOR 1/8-in. THICK WALL AT
VARIOUS PRACTICAL "h" VALUES

BTU/hr

1000

3000

6000

ft*op

h

W/m2K

5692

17046

34091

Cu

0.04

0.12

0.24

Bi

Al

0.12

0.36

0.75

Fig. 2 FMA copper tubing for the NSLS X-17
wiggler.

LITERATURE SEARCH

The literature on enhanced heat transfer is
extensive [4], Confining the FMA design to simple tube
geometries and enhancement methods in single
phase, the use of inner-surface-roughness features
can yield 2-3-fold increases over plain tubes. The new
high performance tubes available from a few
companies [e.g. 5] yield enhancement levels of three-
fold over plain tubes.
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Incorporation of such high performance tubes
in the FMA design may result in attainment of any of
the following design goals:

• tolerance of higher heat flux levels for the
same wall temperatures

• reduction of coolant velocity/flow rate for
the same performance

• reduction of pressure drop for the same
performance

• increase in the angle of incidence of the
beam on the FMA tube

• decrease in the FMA tube length.

To illustrate, for an enhancement level of 2.5-
fold, the coolant velocity can be reduced, on average, by
a factor of (2.5)°-8= 2.1 for the same heat transfer
coefficient, "h". Conversely, "h" can be increased by a
factor of-2.1 at the same velocity or flow rate.
Attainment of a higher "h" is beneficial for the current
practice of FMA engineering as the earlier, simple
analysis indicated (Table 3).

Also, as noted previously (Table 1), the APS
undulators and certain wigglers impose much larger
heat flux levels compared to the reference NSLS
Wiggler on the X-17 beam line. Thus, tubes that
provide enhanced heat transfer will be particularly
useful at the APS. For the NSLS X-17, the design "h" is
17,000 W/m2K attained at a coolant velocity of 20 fps.
Table 3 indicates that by using a copper tube, one could
increase "h" up to eight-fold (Bi~1.0), resulting in better
heat transfer through convection. But, because the
coolant velocity is already 20 fps and with an
accompanying large pressure drop, increased
performance using the same type of tube is unlikely.
Therefore, the use of tubes with enhanced heat
transfer provides a significant design improvement
which will be particularly critical for the APS insertion
devices. With an aluminum tube, on the other hand,
up to a three-fold enhancement in "h" is possible
applying the same Bisl.O argument.

With respect to the copper tube designs, other
practical enhancement methods which will yield on
the order of five-fold or higher increases in "h" have
been reported. Short of using liquid metals as the
coolant, the meager amount of information in the open
literature [6,7] indicates that tubes filled with
conductive metallic matrices (metal foams, sponges, or
porous plugs) yield very high levels of enhancement in
heat transfer. These studies report phenomenal [O(10)
or so] increases in heat transfer with metallic porous

fillers in a single-phase flow system, and even larger
increases in a two-phase flow system. Therefore, we
embarked on a focused experimental investigation of
the level of heat transfer enhancement attainable
using conductive metal-mesh-filled copper tubes.

EXPERIMENTAL PROGRAM

Two sets of tube configurations were chosen for
the experimental program. The first configuration is a
copper tube supplied to ANL by Wieland-Werke AG of
Ulm, West Germany and has shallow helical grooves
cut on its inner surface. This tube was chosen on the
basis of its availability, and it represents a commercial
off-the-shelf enhanced tube geometry for the
experimental data base in FMA development.

The second category of tubes consists of
rectangular heavy-wall copper tubes as shown in Fig.
3. Four such tubes were prepared for testing. Each is
approximately 61 cm (24 in.) long; one is entirely plain
and the other three are filled with and brazed to a
copper mesh. Particular data regarding all tubes
tested in the program are shown in Table 4. Tube No. 1
is the commercially available Wieland tube
characterized as "Ripple-fin-Muster." The copper
mesh used in tubes No. 4 and 5 tubes is a round wire
mesh (wire diameter 0.15 mm). For No. 4 tube the
mesh was loosely rolled and pushed into the 61 cm
square tube after brushing the silver braze paste on the
inside walls. Subsequently it was brazed in a neutral
gas oven. For tube No. 5, the copper mesh was first
pressed to a square form to fit into the tube in four
pieces and was then brazed as above. In tube No. 3, a
commercially available sintered copper foam was cut
to shape in four pieces, and again brazed to the square
tube as above.

WATEH COOL*NT
CHANNEL -THERMOCOUPLE

( \ \ r
rrr-

v 1

L̂+̂
1

i

- FOIL HEATER

' C o WOOL

- C u TUBE

- BRAZED INNER
WALL

^INSULATION

Fig. 3. Copper wool filled rectangular heavy-wall
copper tubing.
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TABLE 4. CHARACTERIZATION OF THE TESTED COPPER TUBES

OD ID Fill Wall
Tube No. Porosity % mm x mm mm x mm Material Bond

1

2

3

4

5

100

100

95

90

85

15.9 round

15.9 x 15.9

15.9 x 15.9

15.9 x 15.9

15.9 x 15.9

12.7 round

9.5 x 9.5

9.5 x 9.5

9.5 x 9.5

9.5x9.5

-

Sintered
Copper
Foam

Rolled
Copper
Mesh

Pressed
Copper
Mesh

-

Brazed

Brazed

Brazed

HEAT ABSORBER TEST SCHEMATIC

Hut input to 4.
lut section , L_

DATA LOGGER

Fig. 4 Schematic of the FMA test set-up.

All tubes were subsequently wrapped with
thermofoil heaters with 1.6 mm spacing for the
thermocouple (TC) attachment (Fig. 3). The heated
length of all the tubes is approximately 55 cm. The
uniform ohmic heat was applied via a 2 k\V capacity
regulated DC power supply. The hydraulic length
(L/Dh) of the tubes is approximately 64 and the heated
length is about 58. Figure 4 shows the detail of the
laboratory set-up utilized in the tests. The test section
instrumentation includes mixed mean inlet and outlet
temperature measurements; inlet to outlet differential
pressure drop measurement; a precision turbine flow
meter and the test specimen TCs. These TCs were
usually placed as an averaging group of four at each
measurement point (except for tube, No. 1, which had
a string of six TCs placed in parallel along two
generatrix of the tube between the helical wraps of the
heater foil). On all the tubes, the TC groups were
placed at 1, 2.67,10.67, 21.33, 42.67, and 55.33 Dh from
the start of the heater.

All tubes had identical end fittings and were
connected to the test section flow lines one at a time
and tested. Each tube was placed in a deep bed of
vermiculite; hence the radial heat loss to ambient was
minimal. The plastic end couplings minimized the
axial heat losses. Steady-state low power at no flow
tests resulted in a total heat loss of about 5 W to the
surroundings, which constitutes less than 0.5% loss at
the minimum heater setting of 1 KW total power. Most
of the tests were conducted at 1.0, 1.5, and 2.0 kW
nominal heater settings. The inside wall
temperatures needed to calculate the local heat
transfer coefficient at the thermocouple locations were
obtained in the conventional manner by subtracting the
calculated copper wall temperature drop from the
measured outer wall temperatures under the applied
uniform heat flux.

PREDICTED BENEFITS FROM ENHANCED HEAT
TRANSFER TUBES

A simplified analysis [8] indicated the limits of
reduction in the maximum surface temperature of the
FMA tube. This is briefly explained in the following:

The actual synchrotron beam shape is gaussian
in the vertical and parabolic in the horizontal plane.
Such a beam leaves a ribbon like footprint on an FMA
placed to the beam at a grazing angle. A rectangular
fiow channel of an FMA subjected to a ribbon like heat
source along its symmetry axis on one side can be
represented by an equivalent plate problem in 2-D as
depicted in Fig. 5.
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This fundamental 2-D heat transfer problem of a
plate of width 2b subject to a centrally located x-ray
beam of width 2a has been solved. The plate is much
wider than the beam. The beam footprint is long
because of the grazing angle at which the absorber
channel is set with respect to the beam. Without loss of
generality, the beam is assumed to impose a uniform
surface heat flux on the convectively cooled plate.

s- f

• • - !

e =
T-TQ-

»-£

Fig 5 Half absorber plate geometry of the problem
formulation.

The general solution was found to be [8]:

where

ct

a)

(3)

Selected results from the general solution are
shown in Fig. 6, which depicts the normalized
maximum center temperature 9max(0,0) against the
Biot number as a function of b/a ratio. All results in
the figure are for the practical case of P = 6.0 (note that,
for the NSLS FMA [3], the nominal p is also 6), i.e., b/t

1.5" 1
= 2 x 0.125 •

In Fig. 6, the 9max(0.0) levels off approximately
after Bi = 1.0 for all cases. For the practical
engineering design range of 0.1 <Bi<1.0, there is a
significant drop in 9max(0.0) with increasing Bi
toward 1.0. The smaller the b/a ratio (increasing
absorber channel width relative to the x-ray beam
width), the larger the reduction in 6max^-0)' a s >s

expected on physical grounds. In the extreme case of
an absorber in which b/a = 1.0, the highest 6 m a x

results (which is independent of x or 4). This special
but trivial case is marked with open triangular
symbols in Fig. 6.

The possible reduction of the maximum
temperature on the absorber surface by increasing the
coolant side heat transfer coefficient toward Bi - 1.0
can be assessed from the parametric solution
presented in Fig. 6.

(2)
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Fig. 6 Maximum centerline temperature, 0max
(0,0), vs Biot modulus for different absorber
width to beam width ratios.

EXPERIMENTAL RESULTS

Results obtained from our on-going research
and development are highlighted in Figs. 7, 8, and 9.

The axial temperature profile data and
corresponding analytical predictions for one particular
test run and with each of the square tubes are
presented in Fig. 7. The temperature data are the
measured surface temperatures. The analytical
predictions were obtained with a finite element code
using the experimentally obtained local heat transfer

10 20 30 40 50
AXIAL LENGTH (cm.)

60

coefficient. The reason for the analytical effort was to
verify that the measured surface temperatures were
correct and no substantial TC errors were present in
obtaining the (usually difficult to measure) surface
temperature. In addition, since the surface TCs were
mounted in a narrow clear strip between the heater
wraps, it was felt prudent to verify that the high
conductivity copper substrate averaged out the surface
temperature. Figure 7 shows that good agreement
exists between the data and the predictions including
the thermal entrance regions. The magnitudes at fully
developed segments (nearly linear portions) of the axial
temperature profiles do not necessarily reflect the
merit of enhancement achievable with different copper
mesh porosity as much as flows and inlet temperature
are different for the cases represented in Fig. 7,
although all cases were calculated for 1.0 kW total
power.

In Fig. 8, the reduced conventional Nusselt
number is shown against the conventionally defined
Reynolds number (Re) for all tests. "Conventional"
here means that both quantities are formed using the
hydraulic diameter, Dh, of the tube rather than a
reduced dimension, d, to represent the porosity effects.
The present data is also compared with the data of Ref.
[6] shown as tube Nos. 13, 14 and 15 in Fig. 8. The
significant difference in Nu between the copper-mesh-
filled tubes tested here and those of Ref. [6] can be
principally attributed to the very short tube lengths
(6.25 cm) used in Ref. [6] (all at 80% porosity).
Secondarily, it is very likely that although the overall
porosities are close in both cases, the average pore size
in the meshed matrices is different. Therefore, no
direct comparison is possible between the present case
and the reference cited. However, it is clear from Fig.
8 that if the Emery correlation [9] represents a plain
square tube, substantial heat transfer enhancement is
possible by using brazed mesh copper filling in the
tube. For the present, the best enhancement was
obtained with the 85% porous tube which had a press-
formed and brazed filling. With this tube as much as
6-7-fold increase in the heat transfer coefficient relative
to a plain square tube is possible. The 95% porous
sintered copper tube was second best with an
enhancement level of five-fold. The 90% porous tube
with a loosely rolled and brazed fill did not prove to be
effective. Above Re = 12,000, in fact, the Wieland tube
(No. 1) yields superior heat transfer enhancement.
The measured plain tube heat transfer coefficient is
about 10% below the Emery correlation. The range of
experiments was limited by the loop pump

Fig. 7 Surface temperature vs. axial length.
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Fig. 8 Heat transfer coefficient vs. Reynolds
number. Data for tube Nos.13,14, and 15
are from Ref [8].

characteristics in Fig. 4. As would be expected, these
high heat transfer enhancement tubes carry a large
penalty in the pressure drops sustained. For the FMA
design, the pressure drop is a lesser factor where
substantial flow pressure is allowed in the facility
design. Nevertheless in the continuing phase of the
present research, an optimization will be attempted to
more systematically understand effects of the average
pore size of the filler on both the heat transfer
enhancement and the accompanying pressure drop.

For the three porous filled tubes tested, Fig. 9
shows the test data for a conventionally defined friction
coefficient. Understandably, the friction data also
include entrance and exit effects since the differential
pressure sensors were placed on the inlet and the
outlet connections to the test tube. However, the 61 cm
long porous filler causes such a large pressure drop
that the inlet and exit effects are by comparison
negligible in magnitude. Due to the small data base at
present, a correlation was not attempted between the
heat transfer and the pressure drop for these filled
tubes. A comparative examination of Figs. 8 and 9
suggests a qualitative correlation. The better heat
transfer tube (85% porous tube) does have the highest
pressure drop. However, after Re = 17,000, the friction
coefficient, f, for the 85% porosity tube and the 95%
porous sintered copper tube reach a nearly Re
independent constant value. Considering the superior
enhancement attainable with the 85% porous tube
compared to the sintered 95% porous tube, the former
is now the preferred configuration. The 90% rolled
mesh tube has inferior heat transfer enhancement
relative to the above two, but it also has a significantly
lesser f value (which is nearly Re independent above Re
= 104).

10 'H

Fig. 9 Friction factor vs. Reynolds number.

CONCLUSIONS

This study details the present design approaches
for the FMA for the APS. It is shown that FMA design
will benefit from heat transfer enhancement on the
coolant side. An experimental and analytical program
has been initiated to investigate two kinds of enhanced
heat transfer tubes to be used in the FMA. One kind of
tube is commercially available and uses internal
surface modifications to achieve enhancement. The
level of heat transfer augmentation in a single-phase
flow system using such an enhanced tube is expected
to be 2-3-fold. The second kind of tube is being
developed in-house at ANL, and consists of a copper
tube filled to various porosities with a copper matrix
(sponge, foam) brazed to its internal walls. Using this
type of tube, the level of heat transfer enhancement is
shown to be very high [0 (6-7)]. The use of enhanced
heat transfer tubes in the FMA design for the APS
insertion devices offers a good engineering solution to a
difficult design problem in the new generation x-ray
synchrotron facilities with very high heat flux levels.

The present study precludes other heat transfer
options for the design of FMAs such as:

• Semi x-ray transparent material covered
FMAs (low-Z metals such as Be for
example) to absorb the heat flux in volume

• Liquid metal cooling, or
• Two-phase systems.
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FIXED MASK ASSEMBLY RESEARCH
FOR APS INSERTION DEVICES

by Tuncer M. Kuzay

ABSTRACT

The Fixed Mask Assembly (FMA) is the first component to interact with the
photon beam. Two sets of a pair of FMA channels, vertically and horizontally
disposed, contain the beam rather than define it. They are subject to very large
heat fluxes during containment.

In current practice, the FMA channels are made of heavy, seamless
copper, have rectangular cross-sections, and are cooled internally with water.
Channels are set at grazing angles ranging from 1 to 6 degrees with respect to the
beam, depending on the type of insertion device.

APS insertion devices will impose higher heat fluxes on FMAs. Therefore,
a need exists to improve the FMA engineering, keeping in mind the current
design criteria and philosophy of FMAs.

Preliminary analysis of current heat transfer practice indicates that the
major resistance to heat transfer is on the coolant side. Therefore, FMA cooling
would benefit from enhanced heat transfer on the coolant side. With this
principle in mind, an experimental program has been undertaken to explore the
feasibility of using high-performance copper tube configurations which are
expected to yield heat transfer coefficients,"]!", in single phase flow systems 2 to
5(?) times higher than equivalent plain tubes. In this report, the experimental
scope and a preliminary analysis of high-performance copper tube configurations
are described.

1. INTRODUCTION

The conceptual design [1] of a typical layout for an undulator front end is
shown in Fig. 1.
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The Fixed Mask Assembly (FMA) is the first component to interact with the
photon beam. This mask and a second mask downstream define the maximum
vertical and horizontal angular excursions of the beam from some predefined
center line. The masks are water-cooled copper metal channels and are arranged
such that the downstream non-cooled components never intercept any part of the
photon beam. In the present design, which is similar to that of the X-17 FMA at
the National Synchrotron Light Source (NSLS) [2,3], the horizontal mask consists
of two water-cooled copper bars in an open "v" arrangement (see Fig. 2). The
vertical mask is made of two sets of bars in closed V arrangements above and
below the beam. In both cases, the absorbers are set at horizontal grazing
incidence to the photon beam. The second set of cooled fixed masks downstream
in the front end is similar in design to the first set. In the case of the APS, the
masks are designed to contain the beam rather than define it, and must be able to
absorb large power densities from part or all of the photon beam.

The masks are positioned at a low to grazing angle to the photon beam to
reduce the heat flux levels. Typically these angles vary between one and six
degrees, depending on the insertion device used. In Table 1, the current x-ray
source parameters for the APS operating at 7 GeV and 100 mA power are
presented [1].

A cursory review of the table indicates that Undulator A with a 1.0 cm gap will
pose the greatest challenge to the FMA designer. At a distance of 16.5 m from the
source, the first set of FMAs will receive a 1400 W/mm^ heat flux at normal
incidence, which is difficult to handle. For a water-cooled copper tube set at a
practical six degree angle, the heat flux will be reduced to about 6.7 W/mm , and
the linear heat flux will be approximately 146.5 W/cm. These numbers should be
compared with 4.06 W/mm^ and 128 W/cm, respectively, for the FMAs on the
NSLS X-17 beam line. The design parameters of the X-17 FMAs [3] are listed in
Table 2, and the FMA copper channel geometry is shown in Fig. 3.

One-dimensional heat transfer under the beam is characterized by the Biot
modulus Bi = ht/k. The 3-D heat transfer effects will be discussed later in this
report. Table 3 shows Bi values for FMA operation with Cu and Al metal
channels; a metal wall with a thickness of 1/8 in. or 3.2 mm (the typical thickness
under the beam area); water coolant; and various values of the heat transfer
coefficient, "h". Since for all the practical engineering choices considered in
Table 3 the Biot modulus is less than unity, it is obvious that the principal
resistance to heat transfer is on the coolant side. Therefore, the simple test of
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TABLE 1. Parameters of x-ray sources for the APS operating at 7 GeV and 100 mA. E is either the critical energy (wiggler or
bending magnet) or the undulator first harmonic energy at the magnet gaps indicated. Pj< is the peak angular power density;
PA, the linear peak angular power density integrated over the vertical opening angle; PN, the peak normal power density at 15
m from the source point; and PT, the total power emitted by the device.

X-ray Source

BM

Wiggler A

Wiggler B

Undulator A:
(Gap=2.8 cm)
(Gap=1.0 cm)

Undulator B:
(Gap=1.9 cm)
(Gap=1.0 cm)
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0.3
1.0

P K
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0.78

26

15.6

36
320

48
250

PA
(kW/mrad)

0.086

2.90

1.74

4.0
35.6

5.3
28.3

(W/mm2)

3.5

116

70

160
1400

212
1130

P T

(kW)

0.52

4.6

1.4

0.27
9.8

0.3
3.6



TABLE 2. NSLS X-17 BEAMLINE ABSORBER DESIGN PARAMETERS

Horizontal FMAs Vertical FMAs

Absorber Angle

Heat Flux (max)

Linear Heat Load

Coolant Velocity

Coolant Rate

Calculated "h" for 3/8 in.
Cu Channel

Absorber Length

Maximum Wall Temperature
at Coolant Boundary

Maximum Cu Temperature

6deg

4.06 W/mm2

146.5 W/mm

6.6 m/s

0.4421/s

21000 W/m2 °C

61cm

66.4 °C

82.4 °C

2deg

1.35 W/mm2

343 W/mm

same

same

same

61 cm

96.7 °C

111.7 °C



TABLE 3. BIOT MODULUS FOR 1/8-in. THICK WALL AT
VARIOUS PRACTICAL "h" VALUES

h

BTU/hrft2oF

1000

3000

6000

W/m2K

5682

17046

34091

Bi

Cu

0.04

0.12

0.24

Al

0.12

0.36

0.75
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Fig. 3. FMA copper tubing for the NSLS X-17 wiggler.
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assessment of heat transfer in an FMA reveals that heat transfer can be improved
by employing enhancement techniques on the coolant side.

An examination of Table 4, which shows the expected heat flux levels on an
FMA at selected incidence angles, reveals that advanced designs for the APS
insertion devices are needed. Compared with the FMA designed for the NLSL
Wiggler [2], the APS undulator A poses significant design challenges. A
preliminary study [4] of the previous APS FMA designs predicted the data shown
in Table 5. The predictions are for an APS undulator, an APS wiggler, and a
wiggler of previous design (the NSLS wiggler). Ideally, FMAs should operate
safely, reliably, and with ease of control and adjustment. If conventional
techniques are followed, it is evident from the data in Table 5 that FMAs for
certain APS insertion devices would not meet these requirements. Thus,
research was initiated to design and test enhanced heat transfer tubes suitable
for the FMA in the APS.

2. LITERATURE SEARCH

The literature on enhanced heat transfer in FMAs is extensive. Confining
the FMA design to simple geometries and enhancement methods, the use of
inner-surface-roughness features can yield 2-3-fold increases over plain tubes [5].
The new high performance tubes available from a few companies [e.g. 6] yield
enhancement levels of three-fold over plain tubes (Fig. 4).

Incorporation of such high performance tubes in the FMA design may
result in attainment of any of the following design goals:

• tolerance of higher heat flux levels for the same wall
temperatures

• reduction of coolant velocity/flow rate for the same
performance

• reduction of pressure drop for the same performance
• increase in the angle of incidence of the beam on the FMA tube
• decrease in the FMA tube length.

To illustrate, for an enhancement level of 2.5-fold, the coolant velocity can be
reduced, on average, by a factor of (2.5)°-^= 2.1 for the same heat transfer
coefficient, "h". Conversely, "h" can be increased by a factor of -2.1 at the same



TABLE 4 PARAMETERS OF SELECTED X-RAY SOURCES
FOR THE APS OPERATING AT 7 GeV AND 100 mA
AND SAMPLE PEAK HEAT FLUXES AT
ASSUMED INCIDENCE ON THE FMA SURFACE

Insertion Device

Undulator A

Wiggler B

Wiggler A

Normal
Beam Opening
at Source

<TJJ (mrad) ± a y (mrad)

0.182 0.044

0.511 0.044

1.022 0.044

Beam Footprint
at 16.5 m

O'JJ (mm) o'y (mm)

3.0 0.73

8.43 0.73

16.7 0.73

PNat
16.5 m

(W/mm2)

1157

58

96

Assumed
FMA Angle

(deg)

1

6

2

Peak Flux
l \ at Incidence
Angle

(W/mm2)

10.1

3.04

1.68



TABLE 5. PREDICTED FMA TEMPERATURES FOR APS INSERTION
DEVICES [4]

APS APS APS NSLS
Undulator A Wiggler B Wiggler B Wiggler [3]

Peak Power
(W/mm2)

Included Angle
(degree)

Beam Footprint
(cm x cm)

Coolant Velocity
(fps)

Tmax - surface
(°C)

Tmax - wall
(°C)

Tbulk - coolant
(°C) at
Entrance

19.2

1

0.141x41.2

20

212

127.5

26.7

11.5

6

0.141x34.6

20

138

88

26.7

3.8

2

0.141 x 103

20

64.7

48.1

26.7

4.06

6

20

78

62

25
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velocity or flow rate. Attainment of a higher "h" is beneficial for the current
practice of FMA engineering as the earlier, simple analysis indicated (Table 3).

Also, as noted previously (Table 4), the APS undulators and certain
wigglers impose much larger heat flux levels compared to the reference NSLS
Wiggler on the X-17 beam line. Thus, tubes that provide enhanced heat transfer
will be particularly useful at the APS, For the NSLS X-17, the design ah" is 17,000
W/m^K attained at a coolant velocity of 20 fps. Table 3 indicates that by using a
copper tube, one could increase "h" up to 8 fold (Bi~1.0), resulting in better heat
transfer in convection. But, because the coolant velocity is already 20 fps and with
an accompanying large pressure drop, increased performance using the same
type of tube is unlikely. Therefore, the use of tubes with enhanced heat transfer
provides a significant design improvement which will be particularly critical for
the APS insertion devices. With an aluminum tube, on the other hand, up to a 3-
fold enhancement in "h" is possible.

With respect to the copper tube designs, other practical enhancement
methods which will yield on the order of 5-fold or higher increases in "h" have
been reported. Short of using liquid metals as the coolant, the meager amount of
information in the open literature [7,8] indicates that tubes filled with conductive
metallic matrices (metal foams, sponges, or porous plugs) yield very high levels of
enhancement in heat transfer. These studies report phenomenal [O(10) or so]
increases in heat transfer with metallic porous fillers in a single-phase flow
system, and even larger increases in a two-phase flow system. Unfortunately, the
data in these two key studies (as well as about a dozen other related Russian
works) are not well presented, the translations are inaccurate, and the data plots
are not reliable. Therefore, we propose a simple experimental investigation to
examine the claims made in these works.

3. EXPERIMENTAL PROGRAM

Two sets of tube configurations were chosen for the experimental program.
The first set consists of two similar tubes developed in Japan and Germany,
respectively. These copper tubes have interrupted turbulator elements on their
internal walls set in a helical pattern. The tubes were supplied to ANL, courtesy
of their respective manufacturers:

i. Hitachi Cable America, Inc. of White Plains, NY, and
ii. Wieland-Werke AG of Ulm, West Germany.

13



The expected performance of these tubes is exemplified by the performance
curves supplied in the Hitachi Cable catalog, particularly that of the type "W",
tube (Fig. 4). An examination of this figure shows that a high performance tube
will exhibit better than a 2.0-fold increase in "h" compared to a plain tube of
similar size. The Wieland-Werke tube is expected to perform similarly.

The second category of tubes consists of rectangular heavy-wall copper
tubes as shown in Fig. 5. Four such tubes are being prepared for testing. Each
specimen is approximately 61 cm (26 in.) long; one is entirely plain and the other
three are filled with and brazed to a copper mesh. The filler porosity is either 70,
80, or 90 percent. The tubes will be heated on all four sides using self-adhesive
thin film heaters (total heat load is about 2 kW), as shown in Fig. 5. The amount
of heat transfer at various Reynolds numbers will be measured in these tubes
using water as the coolant. The difference in the experimentally measured "h"
between the plain and the filled tubes will determine the level of enhancement
achievable at various practical porosities, and correlations will be generated.
Although the heat transfer performance of the Hitachi Cable/Wieland type high
performance tubes is not expected to be as high as the "anticipated performance"
of the copper filled tubes, the former already afford a significant design
improvement over current practices. Thus, regardless of the outcome of the
research on copper-mesh filled tubes, use of enhanced-performance copper tubes
will improve the APS FMA designs. At the APS, where the heat loads and heat
fluxes will be higher than at the NSLS, the importance of enhanced-performance
tubes in the design of the APS FMAs cannot be overemphasized. To be sure, the
question is not whether we should use enhanced tubes, but rather how we can get
greater heat transfer enhancement in the FMA tubes while keeping the other
safety/operational criteria the same.

4. PREDICTED BENEFITS FROM ENHANCED HEAT TRANSFER

Without a specific in-depth analysis (which will be conducted subsequent to
the experimental program), one can make an educated guess about the benefits to
be derived from using an enhanced-heat-transfer tube in the FMA design.

The fundamental heat transfer problem of a plate subject to a centrally
located X-ray beam in 2-D is solved in Appendix A. The plate is wider than the
beam (normalized beam width is 2a, and normalized plate width is 2(3). The beam

14
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imposes a uniform surface heat flux on the convectively cooled plate. This
solution can be contrasted with the problem presented in reference [9], which was
in 3-D and involved a finite square beam footprint incident on a convectively cooled
finite target. The formulation and solution presented in Appendix A are more
representative of the generalized FMA heat transfer problems in which the beam
footprint is long because of the grazing angle at which the absorber channel is set
with respect to the beam.

Selected results from the analysis presented in Appendix A are shown in
Fig. 6. This figure depicts the normalized maximum center temperature
8max(0,0) against the Biot number as a function of p/ot ratio (shown as b/a in Fig.
6). The results in the figure are all for a practical case of (3 = 6.0 (note that, for the
NSLS FMA [3], the nominal p is also 6) i.e., b/t = ^ | ~ ^

In Fig. 6, the Gmax^'O levels off approximately after Bi = 1.0 for all cases.
For the practical engineering design range of 0.1 <Bi<1.0, there is a significant
drop in 6m ax^.0) with increasing Bi toward 1.0. The smaller the pAx ratio
(increasing absorber channel width relative to the X-ray beam width), the larger
the reduction in ^max^-^' a s *s expected on physical grounds. In the extreme
case of an absorber in which p/a = 1.0, the highest 9 m a x results (which is
independent of x or £). This special but trivial case is marked with circle symbols
in Fig. 6.

The reduction of the maximum temperature on the absorber surface
derived by increasing the coolant side heat transfer coefficient toward Bi ~ 1.0 is
evident from Fig. 6. This theoretical prediction will be tested using the enhanced
heat transfer tubes described in this report.

5. CONCLUSIONS

This report details the present design approaches for the FMA for the APS.
It is shown that FMAs will benefit from heat transfer enhancement on the coolant
side. An experimental and analytical program has been initiated to investigate
two kinds of enhanced-heat-transfer tubes to be used in the FMA. One kind of
tube is offered by industry and uses internal surface modifications (knurled
surface interruptions in a spiraling configuration) to achieve enhancement. The
ievel of heat transfer augmentation in a single-phase flow system using such an
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enhanced tube is expected to be 2-3-fold. The second kind of tube is being developed
in-house, and consists of a copper tube filled to various porosities with a copper
matrix (sponge, foam) brazed to its internal walls. Using this type of tube, the
expected level of heat transfer enhancement is currently unknown, but existing
sources, if reliable, cite very large enhancement levels, 0(5-10). The experiments
described in this report will determine the level of heat transfer enhancement that
can be expected using such tubes.

It is expected that the use of enhanced-heat-transfer tubes in the FMA
design for the APS insertion devices should not pose a formidable challenge to the
designer.

The present study precludes other heat transfer options such as:

• Low-Z covered FMAs (with Be, for example)
• Liquid metal cooling
• High boiling point special heat transfer fluids.
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8. APPENDIX

The steady-state, two dimensional problem of a long x-ray beam incident on
an absorber wider than the beam width is sketched in Fig. A.I.

This problem is amenable to a closed-form solution. The formulation and
solution are presented below:

subject to the following boundary conditions:

dT
- k — (x,0) = q Ck x <a (2)

dy

8T
- k — (x,0) = 0 a< x <b

-k—(x, t ) = h ( T - T ~ ) (3)

3T 3T
- ( O , y ) = - ( b , y ) = O (4)

Equations (1) and (4) can be non-dimensionalized by defining the following
normalization terms:

a
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Fig. A. 1. Half absorber plate geometry of the problem formulation.
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6 = ~7 T ~
Bi=-j^ (5)

Then,

a2e

subject to the boundary conditions

de

fft)

^ (tO = 0 0<^<p (7)

de
- ( U ) = Bie (8)

The following solution is obtained by using separation of variables [the problem is
non-homogenous only for boundary condition (7)]:

e 6,TO = x ($) Y (n) do)
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From eqn. (6),

"V" V"
— = - — = -A ,̂ with solutions

X ft) = Ci cos (Xm %) + C2 sin Q,m%) (11)

Y(TI) = C3 e-*mTl + C4 e V (12)

Using boundary condition (9) and from (10), for

i) W 0

X (^) = Ci cos ( « ) , Xm = - y m=l,2,3,.-0 (13)

Y(T]) = C4 e - ^ [ 1 + ^m^-^r1—^ ] (14)

ii) Xm =0

from the general solutions

Xo = a£ + b

Yo = en + d (15)

Xo = b

(16)
JLJ l

Then, with no loss of generality for linear equations

(17)
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the solution of (6) is found to be

(18)

CQ and Cm 's ire determined by using the orthogonality condition and
applying the unust^ boundary condition (7) as follows:

At Ti = o

where

Then,

= -1

= 0

C = - - ^o p

m + Bi. (19)

(20)

or,

Cm =
m̂

(21)
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o 2 sin (Am « )

m " ~ r ~ 7
(22)

which completes the full solution as follows:

(23)

where

r a

2 sin (Am " )
1 Ri

a 1 -9 3 Am— o lB iJ (24)

Special Cases

a

In this case, from eqns. (23) and (24),

which is the steady-state solution of a trivial case. The maximum temperature is
on the r| = 0 surface and the minimum is on the t| = 1 surface, which are given for
their well known magnitudes respectively.

©max G0) 1



emin (U) = 5[ (25)

©max for the general case is given at 9 (0,0) as follows:

2 sin I '"n^i

m

P (26)

where Lm = e-2Xm ^ f f j (27)

ii) In the general case, the maximum temperatures occur at the top
surface, and have a distribution as follows:

mml ^ m l " Lm (28)
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Filter and window assemblies for high power insertion device synchrotron radiation

sources

AH M. Khounsary, P. James Viccaro, and Tuncer M. Kuzay
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ABSTRACT

The powerful beams of x-ray radiation generated by insertion devices at high power synchrotron
facilities deposit substantial amounts of localized heat in the front end and optical components that they
intercept. X-ray beams from undulator sources, in particular, are confined to very narrow solid angles
and therefore impose very high absorbed heat fluxes.

This paper is devoted to a detailed study of the design of windows for the Advanced Photon
Source undulators and wigglers, emphasizing alternative design concepts, material considerations, and
cooling techniques necessary for handling the high heat load of the insertion devices. Various designs are
thermally and structurally analyzed by numerically simulating full-power operating conditions. This
analysis also has relevance to the design and development of other beam line components which are
subjected to the high heat loads of insertion devices.

Key indices: synchrotron radiation; high heat load; insertion devices; undulators; wigglers; beryllium
window.

2. INTRODUCTION

The insertion devices (undulators and wigglers) at high-energy synchrotron radiation facilities
such as the 7 GeV Advanced Photon Source (APS) are designed to provide powerful beams of dedicated
and concentrated x-ray radiation. * The high heat load associated with such beams necessitates properly
designed beam line components. Components that are exposed to any appreciable amount of radiation
directly by interception or indirectly by scattering of the beam must be cooled. The front end section
which interfaces the synchrotron storage ring and the experimental floor includes a number of
components that provide for the safe and proper delivery of the beam to the experimental floor. A
conceptual layout of the APS front-end beam line^ is shown in Figure 1. The last of the front-end
components is the window assembly whose main purpose is to isolate the ultra-high vacuum of the
storage ring from the downstream vacuum.

X-ray windows are made of low atomic number materials, such as beryllium, which allow the
passage of most high energy photons and absorb a substantial amount of low energy photons. At low
heat-load synchrotron beam lines, the smal! amounts of heat absorbed in the windows are often dissipated
by conduction through the attachments, and by radiation.

High power beams, however, deposit substantial heat in the windows and adequate convective
cooling must be provided. In some instances the absorbed heat flux is so large that such cooling is not
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Figure 1: Typical layout of an undulator front end. The beryllium window is
located to the right of the shield wall at approximately 24 m from the source.

adequate, and the exposed window will have an unacceptably high temperature leading to failure and even
melting. In these cases, one or more power filters are normally used to reduce the absorbed heat to
acceptable levels in order to maintain the integrity of the windows. Filter material can be the same as the
window itself with different configuration and cooling mechanism. Filters can also be made of other low
atomic number materials, carbon in particular. A carbon filter can be cooled radiatively owing to its high
melting temperature. It is important to-note that filters nee"d not satisfy the stringent thermal and
mechanical requirements of windows so long as they remain functional.

Filters substantially lower the number of photons (especially low energy photons) that will get
through the filter/window assembly to the experimental floor, and the importance of optimal
filter/window design can be understood in this context.

A typical window at synchrotron facilities is made of Be, about 250u,m (10 mils) thick, brazed or
otherwise mounted on a conductive flange (usually copper or stainless steel) in which cooling channels
are configured. It is desirable to use a standard window design on all the beam lines regardless of
radiation source. Since the opening size of such a window is dictated by the source with the largest
aperture (i.e., for the wiggler with largest deflection parameter) this standard window will be larger than
necessary for other radiation sources. However, this standardization, when possible, has clear
advantages, the most obvious being in design and production costs. The disadvantage, as will be
intimated later, is that such a window will not be optimally suited for use on beam lines with narrow and
often more intense radiation beams (e.g., undulators).

The high heat load window assemblies designed at various high energy synchrotron facilities
share the basic idea of filtering to reduce the heat absorbed by beryllium windows. The Cornell High
Energy Synchrotron Source (CHESS) window design-* for the 24-pole wiggler consists of a 500 u,m
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water-cooled Be filter followed by two 250 nm Be windows. The total power of this source operated at 6
GeV and 100 mA with a critical energy Ec , of 29.6 keV is 8.8 kW. Of this, 620 W is absorbed in the Be

filter and about 120 W in each of the two Be windows. Calculated maximum temperatures of 216 and
130 *C for the filter and the first Be window, respectively, are reported.^

For the APS/CHESS 123-pole undulator with a total power of 1150 W at 6 GeV and 100 mA, the
preliminary design calls for a 500^m Be filter and a 250 |im first Be window. The calculated maximum
temperatures3 of 396 and 190 *C in the filter and window, respectively, are higher than in the CHESS
wiggler case (even though the source power is eight times smaller), due to concentration of undulator
power in a much smaller opening angle.

The 53-pole wiggler beam line at the Photon Factory in Japan"* uses a "diaphragm," six 140|im
graphite filters, and a window assembly of two 200 ^im Be windows, all of which are water-cooled.
Operated at 2.5 GeV and 300 mA (Ec=6.23 keV), the total beam power is 8.35 kW. Of the 7.75 kW
power that leaves the diaphragm, 34% is absorbed by the first 140 jam graphite filter and 57% or 4.4 kW
by the entire graphite set. The total power absorbed by each of the two rectangular Be windows (of
1.0x11.4 crrr dimension) is 180 and 160 W, respectively. The measured maximum temperatures4 in the
graphite and window assemblies are reported to be 150 and 180*C, respectively (which are unexpectedly
low).

The superconducting 6-pole wiggler at the National Synchrotron Light Source (NSLS) operates at
2.5 GeV ring energy and 500 mA (Ec=25 keV) and generates a total of 5.97 kW power.5 The
preliminary filter/window assembly design called for 18 graphite filters of various thicknesses for a total
thickness of 319 Jim, and two 254 |im Be windows separated by a column of Xe gas. Xenon gas was to
act as a band-pass filter between 25 keV and 34.5 keV reducing the radiation power by a factor of five
while providing 50% transmission at 33 keV where the iodine contrast angiography would operate. The
graphite filters are radiatively cooled, while the Be windows are water-cooled. During operation in the
past year, Xe gas has not been used due to various complications, and the column is in vacuum. The
graphite filters absorb a total of 1025 W of radiation while each Be windows absorbs about 70 W. In the
presence of Xe gas only 9 W of radiation would be absorbed by the second Be window.

3. APS SYNCHROTRON SOURCES

The synchrotron radiation facility at APS will provide both bending magnet and insertion device
beam lines for various user needs. The insertion devices include dedicated wigglers and undulators. Table
I lists the pertinent parameters for four typical APS devices, two wigglers and two undulators.
Parameters of interest in the design and thermal analysis of the windows are the total sources power, peak
power at the window, the vertical and horizontal extents of the beam, and the characteristic energy of the
beam represented by the critical energy.

The x-ray beam generated by undulator A has both the highest total power and the highest peak
flux amongst the four devices, and may be considered as the worst case for the design of the window
assembly. This source is used in all the analysis reported here. Parallel analysis will be carried out for the
filter/window assemblies of other beam lines.
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TABLE I: POWER DISTRIBUTION FOR VARIOUS APS DEVICES

Parameter

Ring Energy, Er (GeV)
Current, I (mA)
Periods, N
Period length, l(cm)
Length, L(m)
Magnetic field, B0(T)
Deflection parameter, K
Critical energy, Ec(keV)
Total power (kW)
Peak power (kW/mrad'2)
Peak power (W/mm2)t
Vertical FWHM, l/y(mrad)
Horiz. spread, ±K/y (mrad)

'At the window located 24 m form

APS
Undulator A

7.0
100
151
3.1
5.0
0.81
2.5
26.4
10.18
315
546
73
±183

the source

4. APS

APS
Undulator B

7.0
100
226
2.3
5.2
0.47
1.1
15.3
3.57
264
485
73
±80

APS
Wiggler A

7.0
100
10
15
1.5
1.0
14
32.59
4.65
26
45
73
±1022

WINDOW ASSEMBLY

APS
Wiggler B

7.0
100
20
25
5.0
0.3
7
9.78
1.40
16
27
73
±511

The preliminary design of the APS window calls for a two-Be-window assembly with either
vacuum or low pressure helium gas filling the space between them to provide for leak checking by
monitoring the gas pressure. A sketch of the proposed beryllium window assembly is shown in Figure 2.
The heat deposited by the synchrotron beam in the window is transferred by forced convection. Water
flows through the cooling channels configured in the flanges on which the windows are mounted.

Flange cooling
channel.

Be windows

He gas

Figure 2: A sketch of the APS preliminary window design. The windows are cooled by water
flowing through the channels in the copper platforms on which the windows are mounted.
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In the design of the window assembly a number of requirements must generally be met. These
include safe and effective removal of absorbed heat, maintenance of thermal and structural integrity of the
windows under normal (and other unusual but possible modes of) operation, and maintenance of the ultra
high vacuum quality of the windows at all times. In addition, it is necessary to maximize the transmission
of photons of desired energy through the window/filter assembly.

The temperature distribution in the windows is the single most important factor in high heat load
window design since the maximum temperature must not exceed some acceptable level. The temperature
field also determines the thermal stress in the windows. For a given window with given absorbed power
and cooling scheme, the height of the window is a critical design variable affecting the temperature: the
narrower the window, the more effective the cooling due to the proximity of the center of the incident
beam and the cooling channels.

The vertical spread of the radiation from a synchrotron source depends primarily on the storage
ring energy. The horizontal size is a multiple of the vertical size, the multiplication factor being the
deflection parameter K. Values of K for typical APS beams are shown in Table I. Wiggler A with K=14
has the widest horizontal excursion (opening angle). Standardization of conventional windows for the
APS, therefore, must be based on the beam size from this source. Such a standard window is not optimal
for beams from other sources with smaller K values, particularly for undulator beams where very high
heat flux radiation is absorbed in a much smaller area of the window. Nevertheless, a careful study of this
problem shows that the height of the window (corresponding to the vertical spread of the beam) affects
the temperature of the window to a much larger extent than the width of the window (corresponding to
the horizontal spread of the beam). That this is so can be best understood by recalling that the synchrotron
power envelope is almost Gaussian vertically and parabolic horizontally, and may thus be viewed as a
horizontally extended line source.

5. X-RAY ABSORPTION IN FILTERS AND WINDOWS

The first step in determining the radiation absorbed in a filter or in a window is to obtain the
spectral and angular distributions of the source. For the purpose of this preliminary analysis, the spectral
distribution of the undulator source in the vertical direction is approximated by a bending magnet of
critical energy Ec given by°

Ec = 0.6651 Bo (T) Er2(GeV) (1)

and the PHOTON program' is used for the computations. In the equation above, Bo is the magnetic field
in units of Tesla, and E, is the storage ring energy in units of GeV. The "critical energies" for two APS
undulators are listed in Table 1. In the horizontal direction, the undulator spectrum is assumed to be
uniform.

Computation of the spectral distribution of an undulator source is rather involved, but evaluation
of the spatial distribution of the power is is fairly simple.° Figure 3 shows the exact power distribution
for the APS undulator A; the vertical and horizontal angles are written in multiples of y, where l/y = 73
Urad is the nominal vertical opening angle of the x-ray beam. As seen, the distribution is approximately
parabolic in the horizontal direction and Gaussian in the vertical direction. Figure 4 shows the on-axis
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vertical and horizontal profiles of undulator A power envelope. It also shows the vertical power
distribution obtained from PHOTON program' which is based on bending magnet calculation for a
critical energy of 26.4 keV.

Figure 3: The angular power distribution of the APS
undulator A. The abscissae are the vertical and
horizontal angles measured in units of 1/y
which is the nominal opening angle of the device
and is about 73 micro radians.

The total absorbed power of the undulator in a foil is approximated by computing the attenuation
of the henceforth defined bending magnet source. It is assumed that all non-transmitted photons through a
foil are absorbed, i.e., Compton scattered photons are absorbed in the foil. This can result in over
estimating the total absorption in a beryllium window by as much as a third. The vertical profile of the
absorbed radiation (which is different from that of the source itself) is also obtained from bending magnet
calculations. In the present study this profile is approximated by a Gaussian curve fit. In the horizontal
direction, the absorbed power follows the almost parabolic horizontal distribution of the undulator source
(since the source is assumed to be spectrally uniform). For analytical representation a parabolic curve fit
to the on-axis horizontal undulator power profile is used (Figure 4). The heat flux attenuated by a foil at a
distance D form the source can be written as

F(v,h) =
3P

(2)

where v and h are, respectively, the vertical and horizontal distances measured form the center of the foil,
P is the total absorbed power in the foil, 2H is the horizontal extent of the beam, and a is the standard
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division of the vertical Gaussian profile. The vertical full width at half maximum (FWHM) of a Gaussian
profile is related to its standard deviation, o, by

FWHM = 2.335 a (3)

H and a depend on the distance D of the foil from the source. Since the source and, thus, the
absorbed radiation in a foil are spectrally uniform in the horizontal direction, H has approximately the
same value in all the closely placed windows and filters. At approximately 24 m away for the undulator
source, H is about 5 mm (Figure 3). However, the vertical profile of the absorbed power, represented by
a, varies from foil to foil because the source in vertical direction is energy dependent. Since radiation
from a synchrotron source has a larger opening angle for its low energy photons component, the
absorbed radiation in a thin foil (which consists of a larger proportion of low energy photons) has a much
wider vertical profile than the power envelope as shown in Figure 5. Also shown are the vertical profiles
of the undulator A absorbed power in a 254 jam beryllium window as the thickness of a preceding carbon
filter is increased.

- 8 - 6 - 4 - 2 0 2 «

l.M vtriical

- 1 0 -2 2
Distance (mm) at 24 m

10

Figure 4: On-axis vertical and horizontal profiles of the APS

undulator A power distribution (solid lines) at the window 24 m

from the source. Also shown is the vertical profile obtained from

the bending magnet simulation used in this study (dashed line).

Figure 5: Vertical profile of the absorption in the first

10 mil (245 Jim) Be window (at 24 m from the source)as

the thickness of the carbon filter is increased. A scaled

vertical profile of the source power is also shown.

The bending magnet approximation is also used to estimate the transmitted photon density through
the filter/window assemblies. This approximation provides an acceptable level of accuracy for the present
preliminary computations; accurate spectral and spatial undulator profiles will be used in the final design
analyses.

Calculations show that a 250 jam beryllium foil placed on the undulator A beam line will absorb
about 800 W of radiation. However, thermal analyses (see Section 6) indicate that the standard window
with conventional forced convection cooling can accept only about 100 W of radiation from undulator A
to remain below 400'C temperature. In order to reduce the power deposited in the Be window, pyrolytic
graphite filters can be used. Figure 6 shows the absorbed power in the two beryllium windows as the
thickness of the carbon filter is increased. Note that about 30 mils (0.75 mm) of carbon filter is required
to reduce the absorbed power in a beryllium window to about 100 W. The carbon filter absorbs 2140 W
or about 21 % of the beam energy. Figure 7 shows the vertical distribution of the absorbed power in the
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carbon foil and the beryllium windows. Figures 6 and 7 are used to estimate the amount of graphite filter
necessary to keep the Be window temperatures within an acceptable limit.

0.01 100 o.oi O.I 1 10

Carbon filter thickness (mils) Carbon niter thickness (mils)
too

Figure 6: The undulator A power absorbed in the carbon Figure 7: The FWHM of the vertical profile of undulator A
filter and in the two beryllium window as the thickness of absorbed power in the carbon filter and the two beryllium
the filter is increased/The total source power is 10.2 kW. windows as the thickness of the filter is increased.

6. THERMAL ANALYSIS OF THE BERYLLIUM WINDOWS

Finite element technique is used to compute the temperature distribution in the Be windows. Due
to symmetry, only a quarter of the window is modeled (Figure 8).

The window is mounted on a water cooled copper platform. The window and part of the platform
between the window and the cooling water are included in the model (Figure 8). 10* C water flowing at
the rate of 7.7 liters (2 gallons) per minute in a 1x2 cm2 cross-section channel is assumed. The flow ve-
locity is 2.55 m/s, the Reynolds number is about 14000, and the heat transfer coefficient is 1.0 W/cntf-K.

Figure 9a shows the maximum temperature in a beryllium window as a function of the absorbed
power and its vertical FWHM. The height of the window is 0.7 cm which corresponds to an arc
subtended by an angle of 4/y from the radiation source (1/y is the vertical nominal opening angle of the
beam).

Determination of the allowable power deposition in the window and the amount of filter necessary
based on a prescribed maximum temperature in the window is an iterative procedure. This can be
accomplished, however, by using the plots in Figures 6, 7, and 9. Assuming a maximum acceptable
temperature of 400*C in the window, Figure 9a shows that, depending on the vertical FWHM of the
absorbed power profile, between 95 and 180 W of power can be accepted. Figure 6 shows that for such
power levels, between 6 to 30 mils of carbon filter is required. The vertical FWHM of the absorbed
power by the first Be window aftersuch amounts of carbon filter is about 0.4 cm. This in turn restricts
the allowable absorbed power to about 100 W deduced from in Figure 9a.
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Figure 8: One quarter of the Be window/copper
platform is used in the finite element analysis.
The window opening is outlined in the heavy
line. Also shown are typical temperature contours
which are clustered near the center of the window.
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Figure 9: Maximum temperature in a beryllium window as a function of the deposited power and the
vertical FWHM of the absorbed power. The width of the window opening is 5 cm and the height is (a)
0.7 cm and (b) 1.05 cm.

As indicated earlier, the window height is a major parameter affecting the thermal design of the
window/filter assembly. The thin window provides but a tenuous medium for the transfer of heat, a
situation which is further exasperated by significant reduction of the thermal conductivity of beryllium at
elevated temperatures. This can clearly be seen by comparing Figure 9a and 9b. With an absorbed power
of 100 W and a vertical FWHM of 0.4 cm, the maximum temperature in a 0.7 cm height window is
360*C. This is increased to 563'C if the window height is 1.05 cm (corresponding to an angle of 6>y
from the source). The maximum temperature at the copper-beryllium interface is reduced from 45 to
41"C, while the maximum temperature at copper-water interface is reduced from 29 to 28*C.
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On the basis of the foregoing analysis, a possible standard filter/window configuration for all
APS beam lines is detailed in Table II. A total of 0.76 mm (30 mils) of pyrolytic graphite filter is used.
This amount of filtering can be broken into any combination of filters. Assuming a 200 W limit on the
absorbed power in a carbon filter (which is an appropriate level for radiative cooling), the 0.76 mm filter
can be divided into 13 filters whose thicknesses range from 5 to 150 \im. These filters are simply
clamped in place and may be radiatively cooled.

TABLE II: PARAMETERS OF AN APS STANDARD WINDOW DESIGN

Radiation source APS undulator A
Maximum total power 10175 W
Location of the window from source 24 m
Size of the window opening (height x width) 7 x 50 mm2

Source vertical FWHM angle (1/y) 73^rad
Source vertical FWHM size @ window 1.75 mm

Source horizontal angle (~2K/y) 365 p-ad
Source horizontal size @ window 10 mm
Window assembly two 250 lim water-cooled Be foils
Filters pyrolytic graphite foils, 760 îm total thickness
Power absorbed by the filters 2140 W (21 % of the source power)
Power absorbed by each Be window 100 W
Vertical FWHM of absorbed power @ window 4 mm
T m a x in the windows -400 *C

7. STRUCTURAL ANALYSIS OF THE BERYLLIUM WINDOWS

Determination of the temperature distribution in the beryllium window is necessary not only from
a purely thermal stand point, but also from structural considerations. A structural analysis of the window
must be carried out to obtain the thermal stress and strain in the window for a given thermal load
(temperature distribution), geometric configuration, and material grade.

Beryllium is a ductile material without a marked yield point and can undergo both elastic and
plastic deformation. The mechanical properties of thin beryllium foils vary from bulk properties, and
depend significantly on the material grade (chemical composition and manufacturing technique) and heat
treatment. In addition, they are directional and temperature dependent.

For relatively small thermal loads, the deformation in the beryllium window is entirely elastic:
upon removal of the load, the window returns to its pre-stressed shape. A gradual increase in the thermal
load leads to a proportional increase in the stress in the window until the maximum stress in the window
(which is compressive here) approaches the yield strength often defined as the stress at which a material
exhibits a 0.2% plastic offset. The yield strength for various grades of beryllium vary from about 30
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(200) to 80 (550) ksi (MPa). Assuming a value of 50 ksi (345 MPa) for a window grade material,
computations show that the maximum stress in the standard APS window will reach this value with about
50 W of heat from undulator A (the maximum temperature in the window will be about 160°C). This
result is based on a thermoelastic analysis only, and the analysis will have to be extended to include
buckling phenomena.

If the thermal load in the window is further increased, the maximum stress in the window exceeds
the yield strength leading to plastic (permanent) deformation. A plastic analysis of the window (now
underway at the APS) must be performed. Beryllium is a ductile material (ductility increases with
temperature) and for static loads.a considerable amount of plastic deformation may be tolerated.However,
in the case of a window that undergoes thermal cycles, reliable fatigue data (and particularly low cycle
fatigue data) are necessary to estimate the life cycle (number of cycles to failure) of the window. In the
absence of such information (or alternatively,) the heat load may be limited to levels that produce purely
elastic deformation in the window. This means, for example, that the proposed standard APS beryllium
window can only accept about 50 W of power from undulator A instead of the assigned 100 W.

Partial fatigue data for a few grades of beryllium metal are available. For the structural beryllium
grade S-200F, for example, a fatigue strength (endurance limit of 107 cycles) of 35 ksi (240 MPA) is
reported.9 However, since x-ray windows will undergo a much smaller number of thermal cycles during
their lifetime, the maximum stress in the window need not be limited to the fatigue strength of the
material.

No extensive testing of high heat load beryllium windows essential in the design of windows for
high energy synchrotron facilities has been reported. In a series of tests at Cornell,3 the absorbed
synchrotron radiation in a beryllium window was simulated by the heat from an electron beam welding
machine. The beam power was ramped in steps of 20 W starting at 100 W. The water-cooled beryllium
window cracked at 660 W. Elastic analysis indicated3 a maximum equivalent stress about four times
larger than the 0.2% offset yield strength. The window must have been plastically deformed, and the
cracking can be due to low cycle fatigue or a number of other causes. In general, however, a complete
elastic/buckling/plastic analysis is necessary in the design of high heat load beryllium windows.
Experiments must be carried out to validate analytical results especially in view of the poor quality and
quantity of the mechanical properties of beryllium foils.

8. TRANSMITTED PHOTON DENSITY THROUGH FILTER/WINDOW ASSEMBLIES

The main objective in the design of dedicated high energy synchrotron facilities is to provide
synchrotron radiation beams of specific characteristic with a large photon flux. In order to maximize the
photon count on the experimental floor, it is necessary to reduce the absorbed radiation in the filter and
window assemblies. The complication is that there has to be enough filtering to reduce the radiation
absorbed in the beryllium window to an acceptable level. Figure 10 shows the simulated undulator A
photon density transmitted through various thicknesses of carbon filter. Also shown are undulator A
source photon flux and the flux through two beryllium windows, 250 |im each, which are preceded by
1250 |im (~50 mils) of carbon (p=2.1 g/cc). It is seen that a large fraction of low energy photons are
absorbed in the filter; for example, only about 12% of 5 keV photons are transmitted through 500 urn
(~20 mils) of carbon filter.
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Figure 10: Photons transmitted through various thicknesses of carbon for the APS undulator A. Also
shown is the photon transmission through a set of two beryllium windows following a 50 mil carbon
filter.

In order to increase the photon transmission rate through the filter and window assembly,
especially for low energy photons, it is necessary to explore alternative options. Utilization of thin
chemical vapor deposited diamond windows instead of beryllium is an attractive option. Some diamond
windows are now commercially available, and although a carbon window absorbs a substantially larger
fraction of photons than a beryllium window of the same thickness, a diamond window can be very thin
and yet vacuum tight. In addition, owing to its high thermal conductivity (about four times that of copper
at room temperature), the absorbed heat in a diamond window can be removed more efficiently. Another
possible option may be coating beryllium windows with a thin layer of diamond, which if successful may
allow a more efficient heat transfer from the window, and in addition provides for an effective barrier
against the chemical degradation of the beryllium window exposed to contaminants.

9. CONCLUSION

A preliminary design analysis for a standard beryllium window assembly for the APS facility is
carried out. The window opening size is dictated by the size of the largest insertion device x-ray beam,
namely the wiggler with the largest deflection parameter.

The APS undulator A is chosen as the radiation source, since it constitutes the worst heating
condition. The absorbed heat in 250 |im beryllium window is unacceptably large, and carbon filters are
used to reduce this heat load (to about 100 W) so that the maximum temperature of the window remains
below 400°C. Structural analysis indicated that at such a power level the window is plastically deformed
and will have a small number of cycles to failure. For the standard window to remain within the elastic
limit, the maximum absorbed power should remain below 50 W.
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The results reported here are rather conservative: all Compton scattered photons from the
beryllium window are assumed to be absorbed in the window. This can overestimate the absorbed heat
in the window by as much as one third. In addition, zero emittance beam opening is assumed in all the
analysis. In a more detailed study to follow, a number of simplifying assumptions made in this study
will be refined. This will include utilization of accurate spectral and angular distribution of undulator
radiation (instead of the present bending magnet approximation) which would provide accurate
information on the absorption power and its profile in the filters and windows. The standardization
concept of the APS beryllium window assembly will also be further examined since a case for optimally
sized windows for undulator beam lines can be made.

More detailed and accurate mechanical properties (particularly fatigue data) for beryllium foils are
necessary in the design of the windows. Structural computations must include elastic, buckling, plastic,
and possibly large deformation analyses.

Alternative window designs including cryogenically cooled assemblies, diamond or diamond
. coated windows, spherically shaped windows, etc. are being examined. Such options may be especially
attractive for beam lines used in low energy photon experiments where a large fraction of low energy
photons (<5 keV) are absorbed in the filters of the present filter/window assemblies.
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Design criteria are described, and test results are presented, for
prototype ALS undulator beam position monitors. The design is based on
monitors presently in use at NSLS, with modifications to account for the
widely varying and large K values of the undulators to be installed at the ALS.

In particular, we have modified the design to simplify the thermal
engineering and we have explored techniques to suppress the response of the
monitors to soft photons, so that the beam position can be determined by
measuring the higher energy photons which are better collimated.

Introduction

The electron storage ring of the Advanced Light Source will normally
operate at 1.5GeV with a maximum design current of 400mA. Undulators in the
straight sections will have variable gaps, with K changing from a small value
(gap open) to a maximum (gap closed) which in some cases may be as high as
K=10.

Photon beam position monitors are required at two locations in the
upstream portion of the beamline, to sense transverse motion of the beam at
the 1 or 2 p.m level. They must pass the beam downstream to the experiment.
One of the position monitors will be in the storage ring tunnel, about 8m from
the source. The second monitor will be immediately outside the shield wall on
the experimental floor, about 12m from the source. Error signals from this
pair of monitors will be incorporated in a digital servo-loop by which the four
steering magnets in the straight will locally stabilize the position and angle
of the electron orbit at the center of the undulator. The first of the two
monitors will also carry a mask which must generate an error signal if the
beam is vertically mis-steered by more than about ±0.9mrad; this will be part
of a system to protect the storage ring vacuum chamber.

We require simple, robust and passive devices which will operate reliably
inside the storage ring tunnel. They must operate over the appropriate range of
K and tolerate the commensurate thermal load.



A simple monitor [1] is successfully employed at NSLS on undulators
whose K values are about 4 or smaller. It consists of four photo-emissive
blades, two horizontal and two vertical, which protrude towards the undulator
beam axis from a peripheral support and intercept a small part of the edge of
the beam.

We have developed this design for the ALS. Two problems arise as the K
va'ue becomes larger:

The horizontal width of the undulator power distribution increases in .
proportion to K, and the undulator total power increases as K2. The horizontal
blades must protrude far enough towards the axis to intercept the beam at low
K. When K is very large (8 to 10) they are subject to overheating (the 8cm
period undulator at the ALS produces 4.5kW total power at K-10).

The fundamental of the ALS undulators is at very low energy when K is large.
For example, our 8cm period undulator with K-7.2 produces photons in the
fundamental with an energy of 10eV. The photo-emissive detector senses
these photons with highest efficiency, whilst diffraction ensures that they
fill the aperture of the monitor arc! carry little information on the position of
the beam.

Furthermore, when these monitors are used in pairs, at two locations in
the beamline, the second must avoid the shadow produced by the blades of the
first.

In this work we set out to solve these new problems.

1. Photo-electron yield distributions

Figures 1 and 2 show results of calculations of photon and photo-electron
yield angular distributions from an 8cm period undulator at the ALS.

Richard Walker of Sincrotrone Trieste has provided us with a copy of his
code 'URGENT which computes angular and spectral distributions of photons
within the undulator beam [2]. From the angularly and spectrally resolved
photon flux within 1 mrad of the axis we have estimated the photo-electron
yield distributions to be sampled by our position monitors. At each angle for
which a spectrum is computed we have multiplied it by a crudely parametrized
quantum efficiency function (of photon energy) and integrated to obtain the
photo-electron yield.

The parametrized quantum efficiency is represented by a power law with
an exponential tail:

.05 {e-4.5}0-567 exp{ 0.042 (4.5-e)}



E is the photon energy in electron volts, 4.5eV is a typical work-function
and the other three numbers are obtained by fitting to data of Cairns and
Samson [3] between 10eV and 30eV and by fitting to data of Day et. al. [4] at
100eV.

Figure 1 shows that at K=1.5 the photons from all harmonics are well
localized close to the axis. The photoelectron distribution shows interesting
structure as the Doppler shifted radiation away from the axis produces more
photo-electrons because its energy is lower, despite its lower intensity.

Figure 2 shows that at K=7 the photons are more numerous close to the
axis. However a photo-emissive monitor with the efficiency given above would
not sense the centroid of this beam because of its sensitivity to photons at
the lowest energy, which fill the aperture. The undulator beam contains many
(~K3) intense harmonics and those harmonics with photon energy above about
100eV are not diffracted to fill the entire aperture. A monitor sensitive only
to photons above about 100eV would regain the ability to sense beam motion.
Implementation of such energy discrimination will be discussed in section 5.

2. Blade Geometry

These monitors work well because the blade protruding into the beam will
always give a larger signal as the beam moves towards it, regardless of
structure in the distribution of photo-electron yield, such as that shown in
figure 1. Thus the detector can generate a well behaved error signal for use in
a stabilizing servo-loop.

The horizontal blades used in previous designs pose problems as K
increases. We have built and tested a monitor with blades at 45°. This
geometry allows K to increase without drastic changes to the thermal load, so
that such a monitor is feasible at the ALS.

The difference signals between opposite blades now reflect 45° motion of
the beam and all four signals must be combined to generate the horizontal and
vertical errors. Inequalities of the quantum-efficiency between the four
blades and lack of symmetry of the photon beam, including bend magnet
radiation, means that purely horizontal beam motion might appear to have a
vertical component and vice versa. Because of this, differences in the
sensitivity of each blade, due to beam geometry or electronics, ought to be
compensated so that the horizontal and vertical measurements are decoupled.
At the ALS, each monitor will be read through four ADCs into a single
'Intelligent Local Controller' so that software gain compensation should be
straight forward. The monitors must be movable horizontally and vertically so



that the compensation factors can be determined empirically.

Figure 3 is a sketch of our prototype, which was tested using a ten period
undulator with 8cm period length and K*1.65 at beamline X13 at the National
Synchrotron Light Source. The copper support structure is biased to +300V to
collect photo-electrons leaving the blades. The amplifier gain and
photo-currents are indicated. Thermal loads for the tests at X13 were minimal
(about 400W total power).

Figure 4 shows the signals from the four blades as the detector is moved
horizontally or vertically in the undulator beam. Negative signals correspond
to electron emission. Also shown are the computed horizontal and vertical
position signals after gain compensation (H and V).

V « {1 .OA + .92B -1 .OC - .94D}/{1 .OA + .92B + 1 .OC + .94D}
H - {.70A -1 .OB + 1 .OC - .70D}/{0.7A + 1 .OB + 1 .OC + 0.7D}

where the numbers close to unity are the empirically determined compensation
coefficients.

We find that horizontal motion then couples into the vertical signal at the
10"2 level and vertical motion couples into the horizontal signal at the 10~3

level, when ine beam is centered, which is acceptable for feedback with the
planned DC loop gain of ten.

We conclude that the added complications of blades at 45° in a monitor to
sense horizontal and vertical motion are tolerable, and worth the resulting
reduction of the thermal load.

Using 45° blades in the upstream monitor and 90° blades downstream, on
an undulator beamline at the ALS, is one arrangement by which the blades of
the second monitor could avoid the shadow of the blades of the first.

3. Detector Resolution

Electronic noise makes a negligible contribution to the detector
resolution. The effect of imperfect beam profile is the source of coupling
between the horizontal and vertical measurements and the principle limit to
the resolution. For determination of this effect we set up a monitor with
vertical blades, as shown in figure 5, and moved it vertically through the
beam. The copper support structure was biased to +300V as before. Figure 6
shows the signals during a period of time when the monitor made 5 îm steps
through the beam, dwelling at each location for a few seconds. The resolution
is of the order of "l̂ im and the motion of the undulator beam can be observed.



4. Discrimination against low energy photons

At the ALS it will be important to have monitors which are insensitive to
low energy photons (below about 100eV), which will be diffracted to fill the
aperture. By setting up a detector with reverse bias, we hope to provide an
electrostatic potential barrier to inhibit the emission of lower energy
photo-electrons and bias the sensitivity towards higher energy photons. To
this end, the copper support structure is biased negative.

In this configuration the blades are able to exchange photo-electrons,
which would otherwise have been collected by the positively biased structure.
If A is the current of photo-electrons leaving one blade, a fraction a of which
flows to the opposite blade, and B is the current leaving the opposite blade,
with the same fractional crosstalk, then the position signal is:

V - {(1+a)(A-B)}/{(1-a) (A + B)}

and crosstalk simply changes the sensitivity.

We set up a second detector configuration to test this idea at NSLS, X13.
This is shown in figure 5, with only two vertical blades, spaced longitudinally
by 2cm to allow the negative potential to penetrate between them to a
significant extent.

The aim is to discriminate against photo-electrons of energy below a
threshold. This would eliminate the emission of all secondary photo-electrons,
which have low energy due to scattering in the bulk of the metal prior to
emission, and the detector would then operate only with direct
photo-electrons produced by photons of energy greater than the threshold.

Figure 7 shows the computed photo-electron yield distributions from the
10 period undulator at NSLS.X13 as a threshold of 400eV is applied to the
photon energy. The effect of the threshold on the beam size is not dramatic at
this low value of K=1.65, with a fundamental photon energy of 314eV.

With no threshold, all photons give rise to photo-electrons which are seen
in the computation. With a threshold of 400eV the fundamental is suppressed
and the photons and photo-electrons are seen with reduced intensity closer to
the axis. We intend to use our reverse bias monitor to measure the vertical
profile of this beam, and expect to see the beam appear smaller as the bias
becomes more negative.

Provided that the crosstalk can be eliminated, each blade will measure the
integral of the vertical profile inward from the edge of the beam to the end of
the blade. As the end of the blade is moved vertically into the beam the
photo-current is recorded and the derivative of this signal with respect to the
direction of motion is the profile of a vertical slice through the beam.



6
We eliminate crosstalk by biasing either one of the two blades at +300V

to inhibit its photo-emission and to serve as a collector for photo-electrons
from the opposite sensing blade, after they cross the potential barrier
generated by the negatively biased structure. (Two blades are installed to
allow this detector also to be operated with forward bias).

Figure 8 shows the vertical profile of the undulator beam measured by
this means with reverse bias of 0V.-350V and -500V. As the bias becomes
more negative the vertical extent of the beam appears to be reduced. We can
estimate, by comparison with Figure 7, that an applied bias of about -500V
corresponds to a threshold of about 400eV. These tests indicate that a reverse
bias monitor wiii discriminate against low energy photons and operate
successfully at the ALS on undulators with large K.

Acknowledgement

Thanks are due to the members of the Beamline Research and Development
Group at the National Synchrotron Light Source for their hospitality during
these tests.

This work was supported by the Director, Office of Energy Research,
Office of Basic Energy Sciences, Materials Sciences Division of the U.S.
Department of Energy, under Contract No. DE-AC03-76SF00098

References

[1] E. D. Johnson and T. Oversluizen, Rev. Sci. Instr., 60(1989)1947

[2] R. P. Walker, Rev. Sci. Instr., 60(1989)1816

[3] R. B. Cairns and J. A. R. Samson, J.OptSoc.Am., 56(1966)1568

[4] R. H. Day, P. Lee, E. B. Saloman and D. J. Nagel, J. Appl. Phys., 52(1981)6965

Figure Captions

1. Calculated photon and photo-electron yield distributions from an 8cm period
undulator at the ALS, K=»1.5. The energy of photons from the fundamental,
on-axis, is 126eV. All harmonics with appreciable intensity are included.

2. Calculated photon and photo-electron yield distributions from an 8cm period
undulator at the ALS, K«7. The energy of photons from the fundamental,



on-axis, is 10.5eV. The left figure shows photons from all harmonics which
contribute with appreciable intensity. The middle figure shows the
corresponding photo-electron yield distribution. On the right is shown the
photo-electron yield distribution from photons of energy greater than 100eV,
which could be used to locate the centroid of the undulator beam.

3. Schematic diagram of the monitor with blades at 45°

4. Measured photo-currents from the four blades at 45° and the derived
horizontal and vertical position signals as the monitor is moved a)
horizontally and b) vertically through the beam.

5. Schematic diagram of the monitor with vertical blades.

6. Measured vertical position signal as the monitor makes 5jj.m steps through
the beam, dwelling at each position for a few seconds.

7. Calculated photo-electron yield distributions from the 10 period undulator
at NSLS.X13. In the lower figure, only photons with energy greater than 400eV
contribute.

8. Vertical beam profile measurements made with a single blade, with various
values of the reverse bias. As negative bias is applied the signal decreases, by
about a factor of ten, due to the suppression of indirect photo-emission of low
energy electrons. With a bias of -500V the vertical profile appears narrowed.
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Abstract

The powerful beams of x-ray radiation generated by insertion devices at the
Advanced Photon Source synchrotron facility, being constructed at Argonne
National Laboratory, will deposit substantial amounts of localized heat on the
components they intercept. Undulator radiation, in particular, is confined to a
very narrow beam with a very high peak flux. Front-end components which are
the interface between the x-ray source on the storage ring and the optical
components on the experimental floor must safely handle this power and provide
for the protection, safe operation, collimation, transmission, and monitoring of
the generated x-ray beams. Front-end components include windows, power
filters, slits, photon position monitors, and various beam stopping devices
(shutters), all of which must be cooled.

This paper is devoted to a detailed investigation of various aspects of
window and shutter designs emphasizing alternative design concepts, material
considerations, and cooling techniques necessary for handling the unprecedented
heat fluxes of the undulator x-ray beams. Alternative designs are thermally and
structurally analyzed by numerically simulating full-power operating conditions.
These analyses have relevance to the design and development of other beamline
components which are also subject to the extremely high heat flux of insertion
device radiation.

SPIE 1990 Intl. Symp. on Opt., 7/90, San Diego, CA (abstract).
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Abstract

The advent of third generation synchrotron radiation

sources, like the Advanced Photon Source (APS), will

provide significant increases in brilliance over existing

synchrotron sources. The APS x-ray undulators will increase

the brilliance in the 3-40 KeV range by several orders of

magnitude. Thus, the design of the photon beam position

monitor is a challenging engineering task. The beam

position monitors must withstand the high thermal load, be

able to achieve sub-micron spatial resolution while

maintaining their stability, and be compatible with both

undulators and wigglers.

A preliminary APS prototype photon beam position

monitor consisting of a CVD-diamond-based, tungsten-coated

blade was tested on the APS/CHESS undulator at the Cornell

High Energy Synchrotron Radiation Source (CHESS) and on the

NSLS X-13 undulator beamline. Results from these tests, as

well as the design of this prototype APS photon beam

position monitor, will be discussed in this paper.
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1. Introduction

Currently underway at Argonne National Laboratory

is the design and construction of the 7-GeV Advanced

Photon Source (APS) that will generate high brilliance

and intense synchrotron radiation from its insertion

devices (IDs), which include a variety of wigglers and

undulators.

One of the many challenging tasks in the

engineering of the APS insertion device beamlines is the

design of the photon beam position monitor (PBPM) for

the front end. The APS beamline front-end design [1]

specifies the installation of two PBPMs that will be

installed on each front end to measure position and

slope of the photon beam emanating from an insertion

device. Iv, addition, the PBPMs on the front end will

provide feedback information to the storage ring for the

particle beam correction [2] . Of the many different

types of PBPMs, the type that uses photo-electron

emission and is UHV compatible is the most suitable.

Since 1985, various photo-electron-emission-type

PBPMs with tungsten blades have been designed and tested

by Mortazavi and others [3] on the soft x-ray undulator

beamlines (such as X-17T and X-l) of the National

Synchrotron Light Source (NSLS) at Brookhaven National

Laboratory. In 1988, a new compact NSLS PBPM design,

which improved the monitor performances significantly,



was reported by Johnson and Oversluizen [4]. To address

the PBPM problems related to undulators designed with

large deflection parameter, K, changeability for the

Advanced Light Source at Berkeley, California, a new

PBPM was developed and tested on the NSLS X-13 undulator

beamline in 1990 by Warwick and Shu [5]. The APS PBPM

design benefited from these earlier developments.

However, none of these earlier designs is able to

satisfy the requirements of a PBPM for the APS because

of the extremely high power density of the x-ray beams

coming from the APS insertion devices and also because

of the specific spatial constraints imposed by the PBPM

placement in the front end.

An APS PBPM design in which CVD diamond is used as

the blade material [6] is presented here. (Note,

however, that a man-made diamond manufactured by any

other technique should be equally functional.) The

results from tests of the CVD-diamond blade in this APS

prototype PBPM on the undulator beamlines at CHESS and

NSLS are also discussed in this paper.

2 . Design Requirements

At APS, a typical third generation synchrotron

radiation facility with very powerful IDs, the desired

sensitivity from the PBPMs is on the order of 0.5-1 \lm.

These values are determined to provide the requisite

particle beam correction feedback to achieve sensing to



10% of both the undulator beam opening angle and the

beam spatial size if the two PBPMs are placed on the

front end within a 4-m ctistance.

The 5-m long APS Undulator A generates 10 kW total
2

power with a power density in excess of 1250 W/mm at

the position of the first PBPM (approximately 15.5 m

from the source) . The design criteria are such that,

during normal operations, the PBPM blades will only be

illuminated by the VUV and soft x-ray part of the x-ray

undulator radiation. Thus, the blades usually will not

touch the "hot center" of the undulator beam. However,

the blades should still function even if directly

impinged by a missteered beam center.

Another special design requirement for the APS PBPM

is compatibility with all the planned undulators and

wigglers. The design must provide freedom for users to

install an undulator or wiggler into the same straight

section and have either type of x-ray radiation

available on the their beamline and in the experiment

station.

High mechanical stability, ultra-high vacuum

compatibility, and maintenance convenience are the other

requirements.



3. Th* APS PBPM Dasign

To meet the above requirements, a series of

technical conditions have been identified in the design

of the APS PBPM:

(1) Choice of a photo-electron-emission-type

monitor because of its proven performance with UHV

compatibility, high sensitivity, and easy maintenance.

(2) Use of CVD diamond as the blade material

because of its superior thermo-physical properties, such

as high thermal conductivity, a low thermal expansion

coefficient, and good mechanical strength and stiffness

under heat.

(3) Use of metal coating materials, which are

capable of forming a good bond with the diamond blade

surface, for good photo-emission yield.

(4) Use of rolling-wedge or triangle-bar shapes to

provide horizontal blade gap adjustments to suit the

undulator and/or wiggler operation.

(5) Use of a geometry comprising three blade pairs

to solve the "shadowing" problem between the two PBPMs.

As shown in Fig. 1, the APS prototype PBPM assembly

consists of eight components. The monitor assembly (2)

is mounted on a water-cooled base (1), which is the

bottom part of the vacuum vessel (5) . On top of the

vacuum vessel, there are electrical feedthroughs (3) for

signal output, and a motion feedthrough (4) for

horizontal blade gap control. The vacuum vessel is



kinematically supported by a set of stepping-motor-

controlled stages (7), which provide precise horizontal,

vertical, and yaw motions for fine alignment and

calibration of the PBPM. The stages are mounted on a

support made of materials with low thermal expansion

coefficients for position stability.

The geometric arrangements of the blades for the

upstream and downstream PBPM monitor assemblies are

shown in Fig. 2. The upstream monitor has two pairs of

vertical and one pair of horizontal blades. The

downstream monitor,on the other hand, has one pair of

vertical and two pairs of horizontal blades. This

design avoids the shadowing effect of the upstream PBPM

blades on the downstream PBPM blades. Figure 3 shows

the blade clamping and cooling structure. To

electrically isolate the diamond blades from the monitor

base assembly and the water-cooled base, a special

ceramic shim or coating will be used that is chosen to

possess good electric insulation and thermal conduction

properties.

A preliminary finite element analysis with ANSYS on

the diamond blade design has been carried out. The

results indicate that a CVD-diamond blade will survive a

direct hit by the beam from the 2.5 m long APS Undulator

A that would catise physical damage to any other metallic

blade of choice. A more detailed analysis of this case,

an analysis of the case for a beam from the 5 m long



Undulator A, as well issues such as" the structural

detail for horizontal blade adjustment, etc., will be

the subject of another study.

4. Purpose of the Prototype Test

To optimize the APS PBPM design, a preliminary

prototype beam position monitor was designed and

constructed to:

(1) Experimentally prove that the soft x-ray part

of a hard x-ray undulator beam can determine the beam

center position.

(2) Test the monitor sensitivity.

(3) Assess the bending magnet synchrotron radiation

contamination.

(4) Check the blade gap adjustment operation in UHV

and its reproducibility.

(5) Assess if two vertical pairs of blades will

provide good horizontal beam position information.

The unit was designed to suit the specific

requirements of the APS/CHESS undulator [7] at CHESS

(Cornell University). The monitor assembly (Fig. 4)

consists of three pairs of vertical photoemission

blades, two for the undulator beam and one for the

engulfing bending magnet beam [8]. A CVD-diamond-based,

tungsten-coated blade (DBWC) was used and set against a

matching molybdenum blade as a pair so that comparative



performance data was obtained in photoemission. The

test unit included a UHV-compatible water-cooled base,

a digitally controlled UHV feedthrough, and a mechanism

for precise control of the vertical blade gap (Fig. 5).

5. CVD Diamond Blade Tests at NSLS

Prior to the CHESS tests, a CVD-diamond blade

coated with a 3-|Xm tungsten layer (DBWC) was tested on

the X-13B soft x-ray undulator beamline of the NSLS

using a ALS/LBL photon beam position monitor test

chamber equipped with micro-motion stages. A molybdenum

blade was also mounted on the same monitor base block

and paired with the diamond blade for vertical motion.

The NSLS test results roved that there was no notable

difference between the diamond blade and the

conventional molybdenum blade in their total photo-

electron yield (Fig. 6) . A series of 5-]lm test stage

jumps clearly demonstrated that the DBWC blade provided

sub-micron position resolution similar in performance to

the matched molybdenum blade (Fig. 7).

6. CVD Diamond Blade Tests at CHESS

The APS/CHESS x-ray undulator is a 2-m, 123-pole,

3.3-cm period Nd-Fe-B hybrid insertion device. The

undulator produced the expected brightness at 5.437 GeV

8



with the fundamental x-ray energy ranging from 4.3 to

7.9 KeV corresponding to a change in gap from 1.5 to 2.8

cm [7] . The 'test monitor was installed on the undulator

beamline front end at a distance of 8.3 m from the

source. The monitor was supported on a CHESS optical

table. A optical encoder, which attached to the CHESS

optical table, provided 0.1-micron motion sensitivity.

Figure 8 shows the block diagram for the monitor control

and data acquisition set up.

For most of the tests, the undulator magnet gap

setting was 1.5 cm. The monitor dynamic range and

sensitivity were tested for a variety of vertical blade

gaps. The test results show that the photo-emission

blades can be kept far enough away from the high power

density beam while still providing good spatial

resolution. On the CHESS undulator front end, when the

APS PBPM monitor blade gap was 6.75 mm (the RMS size of

the high power beam is only about 1 mm at the same

location), the monitor still had about 2 mm linear

dynamic response range and sub-micron sensitivity as

shown in Figs. 9 and 10.

The CHESS tests established that the CVD-diamond-

based, tungsten-coated (DBWC) blade had a photo-emission

response in an x-ray undulator beam similar to the

matching molybdenum blade (Fig. 9) . This conclusion

agrees with the other diamond blade test data that was



obtained on the NSLS X-13 soft x-ray undulator beamline

(described above).

After the APS prototype PBPM operated for five

weeks on the CHESS x-ray undulator beamline front end

with a maximum 5.437 GeV, 100 mA electron beam current

and at a range of 15 mm - 24 mm undulator magnetic gaps,

the monitor was challenged to a "worst case" test during

the last hour of the CHESS undulator run. The DBWC

blades were brought in direct contact with the central

part of the white undulator beam (5.437 GeV), 120 mA,

and 15 mm undulator magnetic gap). The monitor remained

fully functional during this worst case. A visual

inspection was carried out after this worst case test,

and no changes were observed on the DBWC blade [9]. The

close proximity of the beam left a searing footprint on

the matching molybdenum blade during the same test.

Because the CVD diamond has about 10 times higher

thermal conductivity than the molybdenum, it has a much

better chance of surviving intact following the worse

case scenario (i.e., when the beam missteering occurs

and the beam center hits the blades).

The CHESS tests also established that the bending

magnet synchrotron radiation will not be a serious

source of contamination for the hard x-ray undulator

position monitor. The photoemission signal from the

bending magnet beam blade is 10-20 times less than the

signal from the undulator beam.

10



The test also showed that the horizontal position

sensitivity of the four vertical-blade system is about

3-4 times lower than the vertical sensitivity.

A side benefit of the CHESS tests was the design

and the operating experience obtained with a precision-

blade gap-control stage that is reliable and totally UHV

compatible. The tests demonstrated that a 5-jlm blade

gap adjustment reproducibility was possible.

7 . Discussion and Conclusions

It is possible to use the soft x-ray portions of a

beam from a hard x-ray undulator source to determine the

center position. This means that, with high power

density, the monitor blade gap can be set much wider

than the undulator beam's central core width. Sub-

micron vertical beam position sensitivity is attainable,

as demonstrated in the CHESS tests.

The CVD diamond is a superior blade material for

high power load PBPMs. The conventional metallic PBPM

blades cannot match the performance of the diamond blade

in material strength, stiffness, thermal conductivity,

or thermal expansion under heat.

The CVD-diamond blade gives the user a.choice of

coating metal for the best photoemission properties,

provided that the coating metal can be bonded to the CVD

diamond. The test results at NSLS and CHESS also show

11



that the metal-coated blade had the same photoemission

response as the metal blades.

The bending magnet synchrotron radiation did not

prove to be a serious contamination source for the hard

x-ray undulator PBPM.

The horizontal position sensitivity of the four

vertical-blade system was about 3-4 times lower than the

vertical sensitivity. Thus, the APS engineering design

for a working PBPM may be modified to include a movable

horizontal blade stage. Now that we have successfully

designed and operated a precision UHV-compatible

vertical blade-gap adjustment mechanism, we do not

expect any major surprises in designing a horizontal

one.
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Fig, 1 Schematic view of the APS photon beam position monitor:
(1) water cooled base, (2) monitor assembly, (3) electric
feedthroughs, (4) motion feedthrough, (5) vacuum vessel,
(6) welded bellows, (7) Stages, and (8) Support.

Fig. 2 Geometric arrangements for the APS PBPM blades.

Fig. 3 APS PBPM blade clamping and cooling structure. (1)
clamping screw, (2) OFHC plate, (3) (4) (8) ceramic
mnsulator, (5) OFHC colector, (6) diamond blade, (7)
Monitor cooling base.

Fig. 4 Monitor assembly for APS diamond blade test at CHESS.

Fig. 5 Monitor assembly with water cooled base and vertical blade
gap control mechanism for APS diamond blade test at CHESS.

Fig. 6 Total photo-electron yield output test for APS diamond and
molybdenum blades at NSLS X-13B soft x-ray undulator
beamline.

Fig. 7 5 urn jump test for APS diamond blade at NSLS X-13B.

Fig. 8 Block diagram of the PBPM test for APS at CHESS.

Fig. 9 Total photo-electron yield output test for APS diamond and
molybdenum blades using APS/CHESS x-ray undulator at
CHESS.

Fig. 10 5 fin jump test for APS diamond blade at CHESS.
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On Diamond Windows for High Power Synchrotron
X-ray Beams

Ali M. Khounsarv and Tuncer M. Kuzay

Advanced Photon Source
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Abstract
X-ray windows are often used on the front end of synchrotron

beamlines to isolate the ultra high vacuum of the storage ring from the
downstream environment. The windows are usually made of low atomic
number materials, such as beryllium, for maximum x-ray transmission, and
they must survive and remain vacuum tight during repeated thermal
cycles.

The intense x-ray beams generated by the wigglers and undulators
at high energy storage rings can deposit substantial amounts of localized
heat in the (actively cooled) windows leading to high temperatures, and
vacuum or structural failure. Thermal filters upstream of the windows
can be used to reduce the radiation absorbed in the windows. This
solution has limitations, however, since a small amount of filtering may
still leave an unacceptable amount of heat to be absorbed in the windows,
while substantial filtering will absorb a large amount of the useful photons.

Recent advances in chemical vapor deposition (CVD) technology
has made available thin, free-standing polycrystalline diamond films that
can be used as the window material on high heat load synchrotron x-ray
beamlines. Diamond windows have many advantages that stem from the
exceptional thermal, structural, and physical properties of diamond.

Numerical simulation indicates that diamond windows offer an
attractive alternative to beryllium windows for use on the third generation
x-ray synchrotron radiation beamlines. Utilization, design, and fabrication
aspects of diamond windows for high heat load x-ray beamlines are
discussed, and analytical results are presented to provide a basis for
design and testing of such windows.
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Vibration Analysis of the Photon Shutter Designed for
the Advanced Photon Source

Zhibi Wang Deming Shu Tuncer M. Kuzay

Advanced Photon Source
Experimental, Facility Division
Argonne National Laboratory

9700 South Cass Avenue
Argonne, IL 60439

Abstract
The photon shutter is a critical component of the beamline front end

for the 7 GeV Advanced Photon Source (APS) project, now under

construction at Argonne National Laboratory (ANL). The shutter is

designed to close in tens of milliseconds to absorb up to 10 kW heat load

(with high heat flux). Our shutter design uses innovative enhanced heat

transfer tubes to withstand the high heat load. Although designed to be

light weight and compact, the very fast movement of the shutter gives rise

to concern regarding vibration and dynamic sensitivity. To guarantee long-

term functionality and reliability of the shutter, the dynamic behavior

should be fully studied. In this paper, the natural frequency and transient

dynamic analysis for the shutter during operation are presented. Through

analysis of the vibration characteristics, as well as stress and deformation,

several options in design were developed and compared, including

selection of materials for the shutter and structural details.

7th National Conf. on SRI, 10/28-31/91, Baton Rouge, LA.



Introduction
The photon shutter is a critical component of the insertion device

(ID) beamline front end. This component is designed to close in tens of

milliseconds. The design uses innovative enhanced heat transfer tubes to

withstand up to 10 kW heat lead coming off the 5 m long future Undulator

A ID of the Advanced Photon Source project at Argonne National

Laboratory. Currently, the shutter is designed to handle 5.2 kW total beam

power coming off a 2.5 m long Undulator A. Although designed to be light

weight and compact, the very fast movement of the shutter gives rise to

concern regarding vibration when the shutter is closed. To guarantee long-

term functionality and reliability of the shutter, the dynamic

characteristics should be fully analyzed. In this paper, the modal

frequency and transient dynamic analyses for the shutter are presented.

Through analysis of the vibration characteristics, as well as stress and

deformation, several options in design were developed and compared,

including selection of materials for the shutter and structural details.

Figure 1 shows the side view of the shutter, which is hinge fixed at

the upper left side and connected to the actuator at 100 mm inside the

right side. This point can move down to close the beamline and up to open

the beamline. The shutter cuts the beam with a 1 degree angle to increase

the area that intercepts the beam. The size of the shutter coil is decided

mainly by the size of the flange. The flange is designed in such a way that

the shutter assembly assembly can be removed in tact for maintenance.

After the comparison of several structural designs, the current design was

adopted which varies in thickness along the direction of the coil to get

maximum stiffness and minimum total weight. Figure 2 shows the cross

section of the shutter, which is composed of a continuous heat transfer coil



which is clamped on the edges by two stainless steel stiffeners. Between

the upper and lower heat transfer tubes of the shutter coil, there is an

aluminum alloy stiffener which further increases the stiffness of the coil as

well as the stiffness of the cross section. The coil tube is made of special

copper and filled with copper foam in the heated zone to enhance the

corrective heat transfer coefficient significantly.

The fast shutter actuation to close fast is the driving force for

vibrations. To fully understand the dynamic characteristic of the shutter,

natural frequency analysis was performed from which the frequency and

mode shapes of the different mode of vibration can be known before

dynamic iransient analysis. The dynamic transient analysis, in turn, will

decide the structural response during the closing of the shutter. The

deformation and stress history of the shutter will be decided thereafter.

The deformation and stress are very important for a successful design.

The shutter is designed for at least 10 thousand life cycles and the

deformation must be controlled to a minimum. The shutter tube is made

of Glid-cop or oxygen free (OFHC) copper. One should be careful not to

allow any portion of the shutter tube assembly to exceed the material

yield point under cycle fatigue.

A commercial finite element code "ANSYS" is used for the modal

frequency and dynamic transient analyses. In this paper we will first

present the finite element modal of the shutter and the results from modal

frequency analysis and dynamic transient analysis. Then we discuss the

results and different design options and possible improvements to the

current design.



Modal Frequency Analysis
With a design, the first concern is what the natural frequency will be

and what the deformed structure looks like. To get the natural frequency

and vibration mode, modal frequency analysis was first performed using

the ANSYS code. Figure 3 is the finite element modal of the shutter, in

which 5193 ANSYS STIFA15 isoparametric solid elements and STIF63 shell

elements were used to mode! the whole structure with a total of 8720

nodes. The mass of the shutter is 25.4 pounds The first six modes of the

structure were analyzed with the results shown in Figs. 4 to 9. For each

mode, the mode shape and corresponding frequency are plotted in the

figures. The lowest frequency is 13.7 Hz and the corresponding first mode

is dominant during the vibration (i.e. the structural response frequency is

mainly decided by this frequency).

Dynamic Transient Analysis
For dynamic transient analysis, the assumption was made that the

actuator follows the velocity profile shown in Fig. 10. The profile is

idealized by assuming that the actuator will stop and stay still once the

shutter is put in the position. The actual profile would exhibit damped

vibrations of the actuator after the shutter is closed. The idealized profile

will be more conservative because the acceleration and force will be

smaller than what we used.

The maximum deformation and stress during the vibration are the

main concerns. Two cases were analyzed: 10 ms and 100 ms actuation

times. For the 10 ms case, the results show that the deformation was

about 1 in. at the middle of the shutter. The acceleration at the connecting

point with the actuator was 160 g. Such deformations and accelerations



cannot be tolerated and will definitely cause yielding of the material. Due

to the structural limits on the coil height of the cross section, 10 ms shutter

with the present design cannot be achieved. For the 100 ms case, the g-

load is about 1 g. The results from the 100 ms are shown in Figs. 11 to 15.

Figure 11 is the displacement time history at different locations on the

shutter which point 540 and point 3676 are at the middle of the copper

tube and the stainless steel from the center of the shutter; point 527 and

point 3663 are at 1/3 of the shutter length, corresponding respectively to

the middle of the copper tube cross section and the bottom of the SS side

plate. Point 8117 corresponds to the actuator. Figure 14 shows the

velocities and accelerations respectively, at those points.

From Fig. 11, it is seen that the maximum displacement during the

vibration will occur at 147 ms. In Figs. 15 to 16, the Mises stress of the

top and bottom copper plate and the stainless steel are shown at the time

of maximum deformation. The maximum Mises stress is 30 ksi for copper

and 45 ksi for stainless steel. Stresses in both the copper and stainless

steel materials are well below the the yield point. The maximum

deformation occurs at 1/3 the length of the shutter and is about 2 mm as

seen in Fig. 12. This is considered to satisfy the design criteria. By

comparing the maximum stress and S-N curve of the copper, one can

estimate that the fatigue life of 10^ well satisfies the design life cycles.

With this transient dynamic analysis, it is shown that the current

shutter design for the 2.5 m long Undulator A front end satisfies long-term

functionality and reliability.



Conclusions
This study is a comparative vibration/stress analysis of a very fast

(100 ms) photon shutter design. For the 10 ms case, it is impossible for

the present shutter design to separate without excessive deformation and

stresses and is likely fail. While for the 100 ms case, analysis shows that

the structural design can withstand the vibrations with acceptable

^formation and stress. It is also possible to design the shutter to close in

50 ms. Since there is no big difference between a 100 ms design and a 50

ms design, we consider the 100 ms shutter analysis here.

Several different structural designs were investigated from both the

modal frequency and dynamic transient analyses basis. . It is shown that

the current shutter design with a variable width of the shutter coil will

meet the vibration concerns in operations. The maximum deformation is

within 2 mm at 1/3 the length of the shutter and the stresses in the tube

material and the stiffening material are all well below the material yield

values.
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Thermal Analysis of a Photon Shutter for APS Front Ends
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Abstract

Photon shutter is one of the critical elements on the front end of the beamlines

at the Advanced Photon Source (APS) now under construction at Argonne National

Laboratory (ANL). The conceptual design of the photon shutter uses an enhanced heat

transfer tube developed at ANL. Due to large thermal loads on the shutter, inclined

geometry is used in the design to spread the footprint of the x-ray beam. Even then,

thermal loads are very critical. To address the thermal and thermo-mechanical issues,

analytical studies have been applied to a simplified model of the shutter tube. Both

closed-form solutions and ANSYS finite element analysis are conducted using both a

uniform and a Gaussian heat flux. Results for maximum deflections and stresses are

obtained and compared with the available stress/fatigue data for the materials proposed

for the shutter design.

1 Introduction

The insertion device (ID) front end conceptual design for the Advanced Photon Source

(APS) which is now under construction at Argonne National Laboratory is shown in Fig.

1. The front end design includes a pair of Fixed Masks (FM) and another pair of Photon

Shutters (PS). The fixed masks contain the x-ray beam whereas the photon shutters fully

intercept them. However both are designed to withstand the x-ray beam coming off the

most powerful APS ID which is presently a 2.5 m long Undulator, designated as Undulator-

A. The 2.5 m long Undulator-A has a total power of 5.2 KW. Future plans for APS a 5 m

long Undulator-A with total power power of 10.4 KW.

This paper will deal basically with x-rays coming off the 2.5 m ID. However the analysis

will be however extented to the future 5 m device also.

The analysis ,and the research and development on FMs and PSs have a lot in common.
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Then share a similar flow tube which offers a highly enhanced heat transfer feature. The FM

is a tapered box-like aperture with vertical and horizontal sides. The sides are comprised

of the enhanced heat transfer tube set at small grazing angles to the beam. The PS, on the

other hand, is built like a U shaped coil set at the beam at a small grazing angle of 1 to

1.5 degree horizontally. Therefore, the horizontal tubes of both the FM and the PS share

the same analysis. The vertical side analysis is generally for the vertical side wall of the FM.

The photon shutter is the component that fully intercepts with the photon beam pro-

duced by insertion devices. These insertion devices will impose large heat fluxes on the

photon shutter. Because the high energy photon beam striking the photon shutter will re-

sult in large temperature gradients and stresses, it is necessary to analyze the photon shutter

to understand not only the temperature field but also the resulting thermal stresses.

The x-ray beam has a complex profile, Gaussian in the vertical and Parabolic in the

horizontal. Analysis has been carried out both with a Gaussian beam profile as well as with

a simpler "uniform" heat flux case. Because the Gaussian-type heat flux has higher central

peak, it is expected that compared to the uniform heat flux case it will result in a steeper

temperature gradients and stresses.

At a distance of 18.13 m from the source (For Undulator A, 2.5m long), the photon

shutter will receive a maximum 500W/mm2 heat flux at normal incidence. For a water-

cooled copper tube set at a practical 1.5° angle to the beam, the maximum heat flux will

be reduced to about 13.1W/mm2. (For Undulator A, 5 m long, the maximum heat flux is

26.2 vV/mm2.)



2 Nomenclature

T: Temperature (°C)

aij: Stress Component (MPa)

k: Thermal Conductivity (W/m- sec-°C)

XYZ: Fixed Coordinate

q: Heat Source (W/m2)

t: Thickness of Plate (m)

h: Convection Coefficient ( W/m 2 • °C)

Too: Ambient Temperature (32.2°C)

1: Length of the Plate ( m)

b: Width of the Plate ( m)

a: Width where q Applied to Absorber ( m)

r0 Standard Deviation ( m)

v: Poisson's Ratio

at: Thermal Expansion Coefficient m/m°C X 10~6

u,v,w: Displacement with respect to X,Y,Z Axis ( m)

3 Analytical Solution

The analytical solution was developed for a simplified model using both normally and

Gaussian distributed heat flux. We stretched the channel tube into a plate, keeping the

we.ter-cooled area constant, as shown in Fig. 2. The analytical model can be applied to any

plate. The energy equation, the boundary condition, and the solution are described. The

model does provide a good approximation for the channel tube. Consequently, the thermal

stress and the deformation are also expressed in the closed form. From these equations,

we can see the trend of the thermal gradient and the thermal stress due to the heat flux

created by the beam.



3.1 Normally Distributed Heat Flux

At the beginning of the design stage, we used the normally distributed heat flux applied on

the device to get an approximate temperature and stress field.

A two-dimensional, steady-state boundary value problem was assumed in our analysis.

Hence, the heat equation is

The boundary conditions are

k z(x,0) = q 0 < a ; < o
oy

where

(2)

The solutions give

6 = Co [r, - 1 - -1] + £ Cme-^« cos(AmO [l + ̂ L ^ e 2 ^ " - 1 ) ] , (3)

7

*•¥•
j (5)

2sin(Amq) _ mi:

) '

(Fvor more details about the thermal analysis, see [1].)

The magnitude of the cross section (xy plane) of the photon shutter is much smaller than

that of the length (z axis), therefore the photon shutter behaves as a thermoelastic beam

that is subjected only to thermal loading.



The practical analysis of elastic beams under thermal loading is usually performed under

Bernoulli-Euler rules [2]. That is, sections that are plane and perpendicular to the axis

before loading remain so after loading, and the effect of lateral contraction may be neglected.

The only nonzero stress component is ozz, which satisfies [2]:

= 0, (7)

where

_ "** _ at& (a)

For any cross section, the total force and moments have to be in equilibrium. That is,

/ azz dA = J azzidA = / azzt}dA = 0, (9)

where / ...dA denotes the area integral over the cross section.

From Eq. (7) the general solution is

o'zz = -7# + fco + *if + hv> (!0)

where

and,

= 2^ (I + J-) _ 52 <p sin(Ama)
f5 ^ (Am + Bi) - e~2

(12)



The stress azz can be rewritten

azz = - [70 + ao fa- 7 + ^ ) +ax (z - ^ ) + a2(3 - 6TJ)] , (13)

and from the stress-strain relationship,

j £ (14)

Integration of Eq. (14) yields

«* = (*o + Ai^ + A2J?>, (15)

in which the rigid body motion has been put aside. The deflection uy satisfies [2]

After integration,

= -—k2Z
2 + Cl* + C0, (17)

if both ends of the component are simply supported, that is,

uy — 0 , on z — — -

\ (18)
uy = 0 , on z = - .

Thus,

1 / J2\

(19)

or

_ 7a
U = ('-?)•

and the maximum deflection, which occurs at the center of the component where z = 0, is

found to be



This implies that the maximum deflection will increase with increasing either heat input

(9) or the size of the heat input (a) [in our application, the magnitude of heat input is

proportional to the photon shutter inclined angle with respect to the beam, and inversely

proportional to the width of heat input(a)], but will decrease with increasing either thermal

conductivity (fc) or width (/?).

It is worthwhile to mention that, for a special case in which the entire top surface is

subject to heat input (that is, when a = /?), the temperature field in Eq. (2) becomes

simply

which is linearly distributed along the Y direction only. Subsequently, the coefficients ao, ai,

and a2 in Eq. (12) yield

(23)

The substitution of Eqs. (25) and (26) into Eq. (15) yields

*« = 0, (24)

indicating that, in the case of linear temperature distribution, the total strain equals the

thermal strain, and no elastic strain or stress occurs. Fig. 3 shows the maximum (solid

line) and minimum (dashed line) nondimensionalized thermal stress versus the width of

the heat input (a), while the heat flux (q) remains constant (i.e., the total power increases

in proportion to a). The magnitude of the maximum thermal stress first increases as a

increases. Later it reaches a maximum point at about a = 0.6/3. Finally, it decreases

to zero when a = ft. Several slope discontinuities are also observed, due to the changing

location of maximum stress. It is also interesting to note that for a certain a value (say a0),

the maximum stress is equal to reversing the sign of the minimum thermal stress value when

Q = /? - ao. Fig. 4 illustrates the reason: problem (a) can be divided into two separate



problems, (b) and (c). Problem (b) was explained earlier and generated no thermal stress,

while problem (c) is similar to problem (a) except the width of the heat input becomes

/? - a0, and the direction of the' heat input is reversed. Removing a negative sign from

problem (c) changes the direction of the heat input resulting in problem (d). Problem

(d) looks identical to problem (a) except for the width of the heat input. If one obtains

the maximum and minimum by directly solving problem (d) (after composing the negative

sign), the maximum stress value will become negative (or vise versa). Thus when a = a0,

the maximum thermal stress is equal to the negative sign of the minimum thermal stress

when a = 0 - a0.

3.2 Gaussian Distributed Heat Flux

As to Gaussian distributed heat flux, the heat equation (1) and boundary conditions (2)

are again employed except that

dT ( x
(0) l~£ij 0<x<a. (25)

Recall Eq. (3)

6=c° [* -1 - T
Now we have

and

^ )| (^Jl



where Re(z) is the real part of the complex variable 2, » is the imaginary number defined by

Recall the stress solution Eq. (10)

from the Eq. (11)

a

and <zo, ai, a% are summarized as

R (\ , 1 >

t(2a + ir\m\]

Note that as the beam size r0 tends to infinity, the heat input on the surface r) = 0

becomes uniform. The Eq. (25) becomes

lim -expl • — 1 = - 1 , (29)
r-oo I r2 /

and, subsequently, Co and Cm become

lim Co = lim -^erf (-) = - 1
r—too r—»oo 2tt \ 7s /

lim Cm = lim i—7 * 1 v ^ mx ^ = 0.
r—»oo r—»oo .

Hence, from Eq. (2) the temperature yields to a linear function

& ' 1 +



which is the well known temperature solution for normally distributed heat flux when the

heat flux covers the whole width [3].

lim ao = 7
r-»oo

Furthermore, the coefficients oo,ai, and 02 in Eq. (28) yield

= 7 S + -57 (32)

lim C2 = 7
r—*oo

Substituting the coefficients Eq. (32) and temperature Eq. (31) into the stress expression

Eq. (10) makes the stress azz equal to zero.

1
>24

1
3 4

1

Bl<

1 <

lim azz = 0,
1—>oo

(33)

which is as expected from the last section. For more details about the analysis please refer

to [3].

4 Numerical Solution

A three-dimensional finite element analysis was carried out to verify the closed form solution

for the simplified model of the APS photon shutter.

The actual photon shutter was also modeled on ANSYS. We modeled both the real beam

profile as shown in Fig. 5 [4] and the uniform heat flux case.

We also modeled a case with a beryllium plate, which was brazed on top of the photon

shutter to spread the beam heat load.

5 Results and Discussion

A computer program was developed to calculate both the temperature and the stress of the

photon shutter subjected to normally and Gaussian distributed heat flux.

In order to use the closed form solution described above, we have to fit the Gaussian

distributed heat flux (shown in Fig. 5) to our closed form solution. By using the least square
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method, we found that the standard deviation for the horizontal direction is 1.7mmxy/2 (at

18.3m), and the standard deviation for the vertical direction is 0.77 mm Xy/2 (at 18.3m).

We used the standard deviation of photon beam as the heat input width ,a, in the

analytical solution for the uniformly distributed heat flux. Although the total power remains

the same, the Gaussian distributed heat flux, obviously, results in higher temperature with

the same boundary condition.

It is interesting to note that intercepting the beam in the vertical and therefi re spreading

it in the horizontal direction gives better results in the device, as shown in Tables 1, 2, 3,

and 4. The reason for this is that spreading the beam in the horizontal direction results in

a lower power density in the cross section.

Figs. 6, 7, 8 and 9 show the temperature distribution in the cross section using the

analytical solution with the Gaussian heat flux. The material used is Glidcop. The thermal

conductivity is 3.65 W/cm. The heat convective coefficient is assumed to be 3 W/cm2.

Figs. 6 and 7 are for a horizontal photon shutter set at 1.5 degrees to the beam. Figs. 8

and 9 are for a vertical photon shutter set at 1.5 degrees to the beam.

Due to design considerations, the photon shutter must intercept the beam in the hori-

zontal and spread the beam in the vertical direction. This results in worse conditions for

the shutter. This can be discerned from an examination of Tables 1, 2, 3, and 4. To de-

termine the best material to use for the photon shutter, one must consider the material's

properties when subjected to a temperature gradient. After considerable search, we prefer

to use Glidcop because of it's high yield strength under temperature gradients and cyclic

loading. We compared the maximum effective stress with the yield strength at various tem-

peratures. From the results of ANSYS, the worst case for a 2.5 m device (5.2kW) shows

that the maximum effective stress is 262 MPa and the maximum temperature of 202°C,

as shown in Figs. 10 and 11. The worst case for a 5.0 m device (10.4kW) shows that the

maximum effective stress is 525 MPa and the maximum temperature of 370 °C,

Bonding a thin beryllium plate (2 to 3 mm) to the surface of the channel tube to which

the heat flux is applied, yields somewhat better results. Temperature is about 10% lower.
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6 Conclusions

Our extensive analysis proves that the the photon shutter, as designed, for the 2.5 m long

Undulator A (5.2 kW) is satisfactory. The resulting stress field under the thermal gradients

carries a safety factor of 2.

As for the Photon Shutter for the 5 m long Undulator-A (10.4 kW), in future plans, the

present design is not adequate and requires further analysis. The resulting temperatures

are too high and the thermal stresses are over the yield strength of Glidcop material. The

following suggestions appear to be in order:

1. Either decrease the grazing angle to even a lower value than the presently considered

1-1.5 degrees, or,

?, Spread the beam in the horizontal on a vertical plate. Work is in progress on these

issues.
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Table

W
Convection —5-—=

Max. Temperature

on the surface ( °C)

Max. Temperature

on the cooling channel ( °C)

Max. stress MPa

1: Photon shutter(Vertical, 5Kw)

Closed Form

(Gaussian Heat Flux)

h = 3

129

86

-

h = 4

120

78

-

h = 5

115

72

-

ANSYS

(Photon Beam)

h = 3

-

h = 4

-

h = 5

-

Table 5

WConvection —r-—
rrn* °C!

Max. Temperature

on the surface ( °C)

Max. Temperature

on the cooling channel ( °C)

Max. stress MPa

!: Photon shutter(HoTJzontal, 5Kw)

Closed Form

(Gaussian Heat Flux)

h = 3

198

135

-

h = 4

186

121

-

h = 5

177

111

-

ANSYS

(Photon Beam)

h = 3

202

139

262

h = 4

186

122

246

h = 5

175

110

234
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Table 3: Photon shuttei(Vertical, lOKw)

w
cm2 °C

Max. Temperature

on the surface ( °C)

Max. Temperature

on the cooling channel ( °C)

Max. stress

Closed Form

(Gaussian Heat Flux)

h - 3

225

140

-

h - 4

209

128

-

h - 5

198

118

-

ANSYS

(Photon Beam)

h - 3

-

h = 4

-

h - 5

-

Table 4: Photon shutter(Horizontal, 10KW)

w
Convection —=——cm? °C
Max. Temperature

on the surface ( °C)

Max. Temperature

on the cooling channel ( °C)

Max. stiess MPa

Closed Form

(Gaussian Heat Flux)

h = 3

365

238

-

h = 4

334

209

-

h = 5

315

188

-

ANSYS

(Photon Beam)

h = 3

370

244

525

h = 4

338

210

492

h = 5

317

186

468
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EXPERIMENTAL AND ANALYTICAL- STUDIES ON FIXED MASK

ASSEMBLY FOR APS WITH ENHANCED COOLING*

T. M. Kuzay, A. M. Khounsary, and P. J. Viccaro
Advanced Photon Source

Argonne National Laboratory
Argonne, Illinois 60439, USA

Abstract

Fixed mask assembly is the first component which interacts with the photon beam
emanating from Advanced Photon Source (APS) insertion devices. Two sets of masks,
one horizontal and another vertical pair, contain the beam limiting its excursion from its
preset center line. Conventional construction of these masks, such as those used in
NSLS X-17 beam line, has been two water cooled heavy copper channels configured in a
V arrangement and set at grazing angles to the beam.

A comparative investigation of the conventionally achievable heat transfer coefficient "h"
with water and the wall conductance of the copper structure reveals that major
resistance is on the coolant side. Therefore, there exists a significant opportunity to
improve heat transfer in the masks by enhancement of the coolant side. To this end a
variety of enhanced copper tubes were subjected to laboratory tests with water and
conventional heating to assess the resulting heat transfer improvement. This was
followed by an analytical study of the candidate mask design for APS using the heat
transfer data from the laboratory tests but subject to APS beam heating. Design
improvements using enhanced cooling are discussed in terms of structural weight,
controls, grazing angles, the operational reliability, and safety.

SPIE 1990 Intl. Symp. on Opt., 7/90, San Diego, CA (abstract).

•This work supported by the U.S. Department of Energy, BES-Materials Science under
contract no. W-31-109-ENG-38.
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B. Roop

Cleaning of Aluminum After Machining with Coolants*

Bobbi Roop
Advanced Photon Source

Argonne National Laboratory
Argonne, IL 60439

ABSTRACT

An x-ray photoemission spectroscopic study was undertaken to compare the
cleaning of the Advanced Photon Source (APS) aluminum extrusion storage ring
vacuum chambers after machining with and without water soluble coolants. While
there was significant contamination left by the coolants, the cleaning process was
capable of removing the residue. The variation of the surface and near surface
composition of samples machined either dry or with coolants was negligible after
cleaning. The use of such coolants in the machining process is therefore
recommended.

INTRODUCTION

The Advanced Photon Source storage ring vacuum chambers are made from
extruded 6063-T5 aluminum alloy. During the extrusion process, a porous oxide
layer is formed on the surface consisting of both MgO and AI2O3I. Currently,
cleaning procedures are used which are known to effectively remove the original
oxide layer. Since the chambers are presently machined dry, it is not known
whether the cleaning procedures axe capable of removing coolant residue. Such
knowledge is desirable since there are advantages to be gained if coolants can be
utilized. For instance, machining time and cleanliness requirements will be
reduced. Therefore, a study was undertaken to compare the surface and near
surface composition of extrusions which had been machined with coolants to
samples which had been machined dry.

•Work supported by U.S. Department of Energy, Office of Basic Energy Sciences
under Contract No. W-31-109-ENG-38.
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Two coolants were selected. A 5% solution of Trimsol® was chosen based on
use by the Advanced Light Source (ALS). Electron stimulated desorption
experiments conducted by ALS detected little difference in the desorption rate
between samples which had no cutting oil used during machining and samples
which had oil used followed by degreasing2. The second coolant, a 20% solution of
Cimcool® , was chosen because the Argonne shops routinely use this product for
aluminum work. Both coolants are water soluble and contain no undesirable
chemicals.

EXPERIMENTAL

X-ray photoemission spectroscopy (XPS) was performed using a surface analysis
apparatus which was equipped with a load-lock system for rapid sample
introduction. The spectrometer was a hemispherical analyzer operated at 50 eV
pass energy. The x-ray gun used a single magnesium anode.

The load-lock system consisted of three stages. The first stage had a quick
entry door and could be pumped down to 10"2 Torr in less than five minutes after
the samples were introduced. The second stage was accessed by a gate valve and
routinely obtained pressures of 1 x 10"8 Torr. The final stage, the analysis
chamber, was separated from the preparation stage by a gate valve. The typical
operating pressure for the analysis chamber was 1 x 10"10 Torr.

The samples were cut from extrusions of 6063-T5 alloy and machined by
milling to a 1 cm square, 1 mm thick. The machining, either with or without
coolant, was performed on the outside of the extrusion. The inside surface, i.e., the
vacuum side of the extrusion was untouched but was easily splashed with coolant
solution as the outside surface was machined.

Twelve experimental conditions were evaluated. Samples were divided into
two main categories which consisted of samples which did or did not undergo
cleaning. Within this arrangement, samples were separated into three groups. The
first group incorporated samples which were dry machined. The second group
contained Trimsol machined samples, while the third group contained samples
machined with Cimcool. Photoemission data was taken on the inside and outside
surface for each machining procedure. Five samples were evaluated in each
grouping.

Following the manufacturers' recommendations, a 5% solution of Trimsol and a
20% solution of Cimcool were employed. The coolants were misted onto the samples
in order to reduce the rate of tool corrosion which can result from exposure to dilute
solutions. It should be noted that the manufacturer's literature on Cimcool states
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that it provides superior tool life compared to straight cutting and soluble oils. No
such claims are made by the Trimsol literature.

The samples were cleaned using the system developed at LEP1. First, the
sample was degreased and then sonicated in a 2% solution of Almeco® for 4
minutes. After rinsing with deionized water, the samples were immersed in a 2%
solution of Amklene® for 6 minutes. A second rinsing in deionized water followed
before the samples were air dried. After drying, all the samples were placed into a
clean glass vial and the vial was evacuated to approximately 1 x 10"^ Torr using a
"dry" pump.

The amount of time any one sample was exposed to the atmosphere was
approximately two hours. The two hours accumulated during air drying,
transportation to the surface spectroscopic chamber, and subsequent loading of the
samples into the chamber. It is to be expected, therefore, that the amount of carbon
and oxygen present on or near the surface will be greater than literature values for
samples loaded into a system immediately after cleaning. A calibration scheme was
devised (to be discussed later) by which the carbon and oxygen intensity could be
solely attributed to atmospheric exposure rather than coolant residue.

RESULTS AND DISCUSSION

Table I compares the machining conditions for dry and coolant machining. A
surface finish of 63 microinches was specified, and the feed rate was adjusted by
the shop for the three conditions in order to obtain the surface finish desired. The
use of coolants increased the feed rate by approximately 15%. The reader should be
cautioned that machining time is not a linear function of feed rate. While the 15%
reduction in feed rate indicates that the use of coolants speeds up the machining
process, the exact percentage of machining time whicli will be saved depends on
additional variables.

In order to compare the amount of carbon and oxygen on or near the aluminum
surface, the signal intensities of the peaks were multiplied by sensitivity factors
which take into account the difference in excitation cross-sections for the different
atomic species and transmission factors of the spectrometer. For the purposes of
this report, the sensitivity factors used are those listed in the Phi handbook^.
Strictly speaking, those factors are not entirely correct because the transmission
profile for the hemispherical analyzer differs from the cylindrical mirror analyzer
(CMA) used to calculate the sensitivity factors. However, this study was designed
to compare dry machined versus coolant machined samples thereby negating any of
the slight inaccuracies resulting from the use of CMA parameters.
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The amount of carbon, oxygen, and aluminum detected was calculated from the
signal intensity of the C(ls), O(ls) and Al(2p) peak areas, respectively. As a result,
the reported percentage of aluminum will be lower than literature values, whereas
the reported percentages for carbon and oxygen will be higher^. This discrepancy
results from the fact that the Al(2s) signal intensity was not included in the
calculation.

Since the samples were exposed to air during drying and were transported to
the surface spectroscopic apparatus, a determination of the amount of contaminant
due to air exposure was necessary. Calibration of the amount of carbon and oxygen
was accomplished by argon ion sputtering a blank sample, i.e., a sample cut from
the inside of the extrusion, until the surface was mostly clean, as shown in Figure 1.
The peak at approximately 245 eV binding energy results from argon which has
been implanted into the sample during the sputtering process. The less intense
signal associated with the Al(2p) and Al(2s) peaks are loss peaks.

The binding energy of all peaks has shifted to higher energies. This shift is due
to charging which resulted from the sample mounting method. Graphite, which
provides electrical continuity, is commonly used to mount samples. However,
because of concerns that graphite might contribute to the carbon signal, it was not
employed in this study. Instead, double-sided tape was used which did not provide
good contact between the sample and the mount. Charging occurred as a result.
The amount of charging was determined from the binding energy shift of the C(ls)
peak. Adventitious carbon exhibits a C(ls) peak at 284.6 eV binding energy if no
charging is present. In this study, the C(ls) peak was measured as having a
binding energy of 290.5 eV. All peaks were shifted to higher binding energy by
approximately 6 eV. This magnitude of binding energy shift due to charging effects
is not unreasonable. Additionally, charging typically does not effect peak shape.

Ghost peaks are present in the spectra. These peaks originate from x-rays
produced from the copper mount of the x-ray anode. Small peaks result which
correspond to the most intense spectral peaks but which are displaced by a
characteristic energy interval. For a copper source, the most intense peaks have
ghosts at 323 eV higher binding energy. For example, the peak at approximately
617 eV binding energy is a ghost result from the C(ls) peak at 290.4 eV binding
energy.

After the sample was sputtered to remove the carbon, oxygen, and other
contaminates below the detection limit, it was removed from the system through
the load-lock and exposed to air for 15 minutes. The resultant amount of oxidation
and carbon coverage is depicted in Figure 2. Figure 3 indicates the amount of
carbon and oxygen present after two hours, i.e., the average time of atmospheric
exposure the samples experienced. The percentage of carbon, oxygen and
aluminum on or near the surface, calculated as previously described, was 13%, 42%,

4



and 45%, respectively, after two hours. The signal intensity for carbon and oxygen
of the twelve study groups will be calibrated against these signal intensities
r'atermined from Figure 3.

Figures 4 through 9 show representative spectra for samples which were not
cleaned after dry machining and machining with either Trimsol or Cimcool.
Figures 4, 5 and 6 are spectra for the outside, i.e., the machined surface, while
Figures 7, 8, and 9 are spectra from the inside surface, i.e., the vacuum side of the
extrusion. As evident from all the spectra, the carbon and oxygen peak intensities
are greater than the calibrated spectrum of Figure 3. In addition, other species
were detected on or near the surface. Most notably, Zn, Si, P, and Mg appeared. In
the case of samples machined with Cimcool (Fig. 9), bismuth was also detected on
two of the five samples. For the sake of clarity, the small contaminant peaks are
identified in the figure captions rather than labelled on the figures. Not
surprisingly, the inside surfaces (Fig. 7 - 9) showed higher concentrations of Mg.
This fact was anticipated since the porous aluminum oxide layer, which results
during the extrusion process, had not been etched away. Magnesium has been
reported to be a large component of that porous layer . The outside surface had
very little detectable Mg present since the porous layer was removed during
machining.

Table II compares the relative peak intensities between carbon, oxygen, and
aluminum for the samples which were not cleaned. In the case of samples
contaminated with other atoms or molecules such as in Figure 6, the table simply
lists intensive contamination since the value of the carbon, oxygen and aluminum
can be non-linearly affected by the presence of other adsorbates. Note, however,
that five samples were studied for each group even though all the percentages are
not listed.

Figures 10 through 15 are spectra from the samples which have been cleaned.
Figures 10,11, and 12 are from the machined surface while Figures 13,14, and 15
are from the inside, vacuum surface. The contaminant peaks have been removed by
the cleaning procedure and the percentages of 0, C, and Al are close to the
calibration values of Fig. 3 (see Table III). While the carbon percentage is
marginally higher for the cleaned samples than the sputtered sample, the dry
machined and coolant machined samples show very little variation in their surface
composition. Therefore, the cleaning process is strong enough to remove the residue
left behind on the surface of the extrusion by the dilute coolant solution.

If Figures 10 -15 are analyzed in detail, it can be seen that small peaks at 941
and 962 eV binding energy appear after cleaning. These peaks are assigned to
Cu(2p3/2) and Cu(2pl/2). The copper most probably originates from the bulk and
diffuses to the surface during or after cleaning. Surface segregation of minority
species is commonly detected and has been reported elsewhere with regards to
magnesium .
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An interesting question can be raised with regard to the segregation process.
There are other methods which can initiate diffusion from the bulk. One method is
by heating and repeated heating cycles, and the other is through photoinduced
diffusion. Both driving forces will exist in the storage ring for the crotch absorbers
and extrusion chambers. There is no information to date on the extent of the
surface segregation and how much magnesium or copper, for instance, is on or near
the surface after baking and photon absorption for the APS extrusions. However, it
is quite possible that the secondary electron yields can be modified if enough
material segregates to the surface. Figure 16 is a spectrum of the C(ls) region from
Figure 13 which is a dry machined, inside surface, cleaned sample. While no curve
fitting has been done, the spectrum clearly indicates at least two C(ls) peaks with
binding energies of 290.5 eV and 295 eV. The peak at 290.5 eV has an asymmetric
lineshape suggesting two sources of signal intensity, but without curve fitting, the
assignment of two peaks within the lineshape is difficult.

Recall that due to charging effects, the adventitious C(ls) peak is detected at
290.5 eV binding energy. The origin of this peak is from dissociative chemisorption
of atmospheric molecules. The C(ls) peak at 295 eV results from carbon which has
been oxidized to some extent. There is only a small amount of the total carbon
content which is oxidized on the surface. It is important to realize that the peak at
295 eV cannot be assigned to molecular CO based solely on the XPS data. The
signal could be arising from a surface carbonate. It would be interesting, however,
to determine what portion of CO desorption results from the C(ls) peak at 295 eV
binding energy.

Since the activation energy for formation of CO (plus CO£ and CH4 for that
matter) from the reaction of atomic adsorbates is high at room temperature,
reactions can only occur at high temperatures or after energetic bombardment. The
CO and CO2 desorption is, therefore, most likely to be due to photoassociation
reactions, or decomposition reactions if a carbonate exists, on the surface since the
oxidized C(ls) peak is a small percentage of the total C(ls) signal. The same
process must occur for methane desorption because methane will not chemisorb at
room temperature. It is the intent of the APS surface spectroscopic effort to
understand the mechanisms of desorption. Since the desorption products most
probably result from surface reactions driven by energetic particle bombardment
and the associated temperature increase, the goal of the research program is to
reduce or eliminate desorption by modifying the surface reaction pathways.



CONCLUSION

There was little variation in the surface spectroscopic results after cleaning
between samples which were dry machined versus those which were machined with
coolants. Therefore, the use of coolants in the machining of the extrusions for APS
is recommended.

X-ray photoemission surface spectroscopy determined that the amount of
oxidized carbon on the surface is small compared to graphitic carbon. Additionally,
minority species are segregating to the surface during or after cleaning.
Experiments are planned which measure the secondary electron yield as a function
of segregation of minority species. Furthermore, the work functions of the
aluminum samples will be measured to determine if the desorption of CO, CO2, and
CH4 can account for the decrease in the photoelectron yield after beam cleaning®.
If not, the source of the effect will be determined and exploited.



TABLE I*

MACHINING PARAMETERS

Recommended
Speed (RPM)

Actual Speed
(RPM)

Recommended
Peed (inch/min)

Actual Feed
(inches/min)

Tool Type

Tool Diameter

Carbide

Air Mist

TRIMSOL

4200

4200

25

21.5

End Mill

0.625

yes

yes

CIMCOOL

4200

4200

25

21

End Mill

0.625

yes

yes

DRY

4200

4200

25

18.5

End Mill

0.625

yes

—

•Conditions for machining with Trimsol, Cimcool and no coolant. A surface finish of
60 microinches was specified, and the feed rate was adjusted to achieve that finish.
Use of coolant increased the feed rate by approximately 15%.
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TABLE II*

Carbon, Oxygen, and Aluminum Percentages

Samples Not Cleaned

c
25.3
26.3
26.7
23.3
25.6

25.4

C

33.5

OUTSIDE

0

31.8
27.0
32.5
28.1
30.6

30.0

0

40.1

Al

42.9
46.7
40.8
48.6
43.8

44.6

Al

26.4

contaminant peaks

C

35.2
43.7
67.5
58.5
62.1

53.4

0

30.3
27.0
20.6
22.8
25.6

25.3

Al

34.5
29.3
11.9
18.7
12.3

21.3

DRY MACHINED

average

TRIMSOL

CIMCOOL

averag:

C

31.3
25.8
20.5
20.7
22.3

24.1

C

35.6

O

38.5
38.4
38.8
38.9
39.0

38.7

O

40.2

contaminant peaks

C O

53.4 29.0

contaminant peaks

INSIDE

Al

30.2
35.8
40.7
40.4
38.7

37.2

Al

24.2

Al

17.6

*The percentages of carbon, oxygen and aluminum detected for samples which had
not been cleaned. In the case of extensive contamination, no values for carbon,
oxygen and aluminum are given. There were five samples studied for each group.
The percentages were calculated from signal intensity of the C(ls), O(ls) and Al(2p)
peak areas. The Al(2s) signal intensity was not included in the calculation. As a
result, the percentages for oxygen and carbon will be higher than literature values
whereas the percentages for aluminum will be lower.
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TABLE III*

Carbon, Oxygen, and Aluminum Percentages

SAMPLES CLEANED

OUTSIDE INSD3E

DRY MACHINED
0 Al C 0 Al

12.1
12.6
14.8
14.5
14.6

13.7

C

14.2
17.0
13.4
14.8
13.7

14.6

C

13.6
14.4
12.6
13.5
14.4

13.7

36.6
35.0
35.6
36.6
35.2

35.8

0

44.2
35.4
35.6
35.5
35.1

37.2

0

31.4
34.0
36.5
35.0
35.5

34.5

51.3
52.4
49.6
48.9
50.2

50.5

Al

41.6
47.6
51.0
49.7
51.2

48.2

Al

55.0
51.6
50.9
51.5
50.1

51.8

average

TRIMSOL

average

CIMCOOL

average

14.9
13.1
14.5
13.0
14.8

14.0

C

12.7
13.2
13.8
14.9
13.2

13.5

C

14.1
15.2
13.7
14.0
13.6

14.1

44.5
45.3
34.8
41.5
42.9

41.8

O

44.8
35.7
36.3
38.7
38.7

38.7

0

44.3
34.1
37.4
38.6
41.2

39.2

40.6
41.6
50.7
45.5
42.3

44.2

Al

42.5
52.1
49.9
46.4
48.1

47.8

Al

41.6
50.7
48.9
47.4
45.2

46.7

*The percentages of carbon, oxygen, and aluminum detected for samples which were
cleaned. Percentages were calculated as described in Table II. If Al(2s) had been
included in the calculation, the percentages would have been approximately 8.8%,
31.2%, and 60.0%, respectively.
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Fig. 1 XPS spectrum of a sputtered aluminum extrusion calibration sample. The sample was
sputtered until the carbon and oxygen adsorbates were removed. The peak at 245 eV binding
energy is due to implanted argon. The sample was mounted with double-sided tape which
allowed charging to occur. As a result, the binding energies have shifted approximately 6 eV.
There are ghost peaks present 323 eV above the aluminum and argon peaks due to photons
from the copper mount in the X-ray gun.
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Fig. 2 Sputtered calibration sample which was removed from the vacuum chamber and exposed to the
atmosphere for 15 minutes before being placed under vacuum again. Extensive oxidation has
occurred along with some carbon adsorption. The ghost peak at approximately 860 eV results
from the O(ls) peak. The Ar(2p) peak is still detectable.
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Fig. 3 Sputtered calibration sample which was removed from the vacuum system and exposed to the
atmosphere for two hours. The percentage of carbon, oxygen, and aluminum is 13%, 42%, and
45%, respectively. The Al(2s) peak was not included in the calculation If it had been, the
percentages would have been 8.8%, 31.2%, and 60.0%, respectively.
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Pig. 4 The outside surface of a samplfi which was dry machined. Sample has not been cleaned. Since
the porous aluminum oxide layer was machined away, the major contamination is carbon and
oxygen.
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Fig. 6 The outside surface of a sample machined with Cimcool. Sample has not been cleaned. The
peak at approximately 410 eV is assigned to N(ls).
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Fig. 7 The inside surface of a sample machined dry. Sample was not cleaned. Since the porous layer
resulting from the extrusion layer has not been etched away, Mg, P, and Si are detectable. Zn
is also present.
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Fig. 8 The inside surface of a sample machined with Trimsol. The sample was not cleaned. Si and P
peaks along with a rather intense Mg peak are present.
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Fig. 9 The inside surface of a sample machined with Cimcool. Sample was not cleaned. There is
significant contamination due to the coolant.
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Fig. 10 The outside surface of a sample machined dry. Sample was cleaned. Cleaning has effectively
removed the carbon residue. The two peaks at approximately 400 and 450 eV are Al ghosts.
Cu(2p) peaks appear at 941 and 962 eV.
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Fig. 11 The outside surface of a sample machined with Trimsol. Sample was cleaned. Cleaning has
removed the coolant residue. Peaks are assigned as in Fig. 10.
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Pig. 13 The inside surface of a sample dry machined. Sample was cleaned. This spectrum is identical
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assigned as in Fig. 10.
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MODELING THE PERFORMANCE OF WATER- AND LIQUID-GALLIUM-COOLED X-RAY
OPTICAL COMPONENTS - A COMPARISON WITH EXPERIMENT *

J. CHRZAS, A.M. KHOUNSARY, D.M. MILLS and P.J. VICCARO
Advanced Photon Source, Argonne National Laboratory, 9700 S. Cass Avenue, Argonne, JL 60439, USA

Thermal and structural analyses of a water- or liquid-gallium-cooled silicon crystal X-ray monochromator subjected to high heat
load* have been carried out using a finite-element method. Rocking curves were produced from the computed strain distributions in
the crystal and compared with experimentally measured rocking curves. Good agreement between the general width and shape of the
calcukted and measured rocking curve profiles was obtained. This agreement provides a foundation for extending our modeling to
the prediction of X-ray optical component performance with more-complex cooling schemes. Such elaborate cooling techniques may
be required for the increased power load that will be produced by insertion devices in the next generation of low-emittance storage
ring sources, such as the Advanced Photon Source (APS) to be constructed at Argonne National Laboratory.

1. Introduction

The next-generation synchrotron radiation sources,
such as the European Synchrotron Radiation Facility
(ESRF) in Grenoble, Franc*; and the Advanced Photon
Source (APS) at Argonne National Laboratory, Ar-
gonne, Illinois, are low-smittance, insertion-device (ID)
based radiation sources. These new, high-brilliance
sources will have wigglers and undulators capable of
producing X-rays beams with total power exceeding 10
kW and power densities in excess of 350 W/mm2 (at 30
m from the source at normal incidence) [1]. Effective
cooling of X-ray optical components will be imperative
for successful operation of these facilities. In order to
evaluate and optimize various cooling schemes, a relia-
ble modeling capability for determining optical compo-
nent performance is essential. This paper describes the
current efforts at the APS towards that goal.

Water cooling is now the most common method for
the removal of heat from X-ray optical components. An
alternative approach pioneered at the APS is the use of
liquid gallium as a coolant [2] for X-ray optical compo-
nents. Liquid metals offer a considerable improvement
in cooling efficiency over water because of their thermal
and physical properties. Liquid gallium is particularly
attractive because of its low vapor pressure, an im-
portant consideration in high vacuum environments
should coolant leaks occur.

A series of experiments were conducted in collabora-
tion with the Cornell High Energy Synchrotron Source

* Work supported by the U.S. Department of Energy, Office
of Basic Energy Sciences, Division of Materials Sciences,
under Contract No. W-3M09-ENG-38.

(CHESS) and the National Synchrotron Light Source
(NSLS) at CHESS on the 6-pole wiggler to compare the
performance of water- and liquid-gallium-cooled mono-
chromators with various cooling channel geometries. A
summary of those experiments [3] and a detailed ther-
mal and structural analysis of the monochromators have
been previously reported [4]. This manuscript reports
the recent efforts at modeling the performance of both
water- and liquid-gallium-cooled monochromators via
the calculation of rocking curves. The calculated rock-
ing curve profiles are very sensitive to the details of the
thermal distortions of the crystals as determined by our
finite-element analysis. The comparison between experi-
mental and calculated rocking curve profiles provides
an essential check on the accuracy of the modeling and
calculations.

2. Modeling

The goal of our modeling studies is to test a variety
of cooling design concepts and to optimize performance
of X-ray optical component under the influence of high
power loads from IDs. This task can be achieved by
minimizing the component's thermal distortions by op-
timization of component geometry for a particular
coolant choice. An important performance measure of a
perfect crystal monochromator subjected to heat loads
is its resulting rocking curve profile. Therefore the ini-
tial aim of our modeling program is to obtain a calcu-
lated rocking curve profile for a thermally distorted
crystal. This is accomplished in a four-step process.
First, the X-ray absorption profile as a function of
depth in the crystal is calculated using the PHOTON [3]

0168-9O02/90/S03.5O © 1990 - Elsevier Science Publishers B.V. (North-Holland)
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Fig. 1. Geometry of the crystal used in this study, A Si(lH) crystal with three internally drilled coolant channels was used in the
experiment. Power incident on the crystal was 7.18 W/mA, corresponding to 430 W at 60 mA.

program. (Although this profile is a calculated quantity,
total power incident on the crystal is measured experi-
mentally.) From the power deposition distribution, the
thermal profile in the crystal is evaluated, and the
corresponding thermal distortions are calculated using a
finite-element analysis. The last step in the four-step
process is the calculation of rocking curves of the dis-
torted crystal. The emphasis of the modeling effort to
date has been on the highest available experimental
incident power loadings (& 400 W) since the experimen-
tal rocking curves collected at these powers show the

greatest distortions from perfect crystal rocking curve
profiles and therefore should provide the most informa-
tive comparisons with the calculations.

The geometry of the crystal used in the experiments
is shown in fig. 1 and the meshing scheme used in the
finite-element thermal/ stress analysis is shown in fig. 2.
Note that half of the crystal is modeled. It is often
adequate to model only one quarter of the crystal
subjected to synchrotron radiation; however, the low
angle of incidence used in the present study, combined
with the deep penetration of the X-rays due to the high

Fig. 2. Meshing scheme used in the finite-element modeling. The mirror symmetry with respect to the y-z plane was used to reduce
the total number of elements used in the calculation to $751 and the number of nodes to 7224.

H(d). BEAMLINE HEAT LOADS



302 J. Chrzas ei al. / Water- and liquid-gallium-cooled X-ray optical components

o Waler Temp (C)

• Ga Tamp (C)

Table 1
Parameters used in the analysis of silicon crystal

- 4 5 - 3 6 - 2 7 - 1 8 - 9 0 9 18 27 36 45
MILLIMETERS

Fig. 3. Calculated thermal profile as a function of distance
along the crystal (in the y-z plane) for the liquid-gallium- and

water-cooled crystals. The beam footprint is also shown
(±FWHM).

critical energy of the wiggler, causes a skewed power
deposition along the beam direction. (The ramifications
of the skewed power distribution on the calculated
rocking curves will be discussed later.) The heat transfer
coefficients used >n the computations were 5.0 and 0.59
Wcm " 2 K ~ l for liquid gallium (at 45 ° C) and water (at
18° C) respectively, corresponding to flow rates of 0.67
gal/min for gallium and 1.1 gal/nun for water. Ad-
ditional parameters used in the analysis are given in
table 1. Calculated thermal profiles, distortions, and
corresponding slope errors are shown in figs. 3 and 4.

Reflectivity calculations for the distorted monochro-
mator are made using the dynamical diffraction theory
for perfect crystals. In these calculations it was assumed
that there were no gradients in the ^-spacing; rather, all

Thermal conductivity (at 20 °C)
Coefficient of thermal expansion
Modulus of elasticity
Poisson's ratio

1.256 Wcm-'K"1

2.4X10"'K"1

11.3xl0'°Pa
0.3

the contributions to the broadening of the reflectivity
profiles versus angle were due to slope errors arising
from thermal distortions. This assumption is warranted,
considering that the maximum temperature difference
throughout the crystal is less than that required to
change the Bragg angle by a Darwin width. This as-
sumption was also supported experimentally where a
narrow vertical slit was placed between the second
crystal and the detector and the second crystal was
rocked. The measured width of the resulting intensity vs
angle curve was very nearly that expected from two
perfect crystals, indicating that the small portion of the
crystal from which these rays were being diffracted was
behaving very much like a perfect crystal. The area
under the reflectivity profiles for the strained crystals is
constrained to be equal to the area under a perfect-
crystal reflectivity curve. (A linear relationship between
the area under the rocking curve and the stored beam
current was observed experimentally, lending support to
this approach.)

Rocking curves are then produced by convoluting
the reflectivity profile of the distorted crystal with that
of a perfect (second) crystal reflectivity curve. The rock-
ing curves shown are the average of several rocking
curves taken across the face of the crystal since the
slope errors vary in the jr-direction (see fig. 1). The
calculated rocking curves for the gallium- and water-
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Fig. 4. (a) Calculated thermal distortion and corresponding slope error for the liquid-gallium-cooled crystal, (b) Calculated thermal
distortion and corresponding slope error for the water-cooled crystal.
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Fig. S. Calculated rocking curves for the gallium-cooled and
water-cooled crystals with the distortions shown in figs. 4a and
4b. Note that there is good agreement in the general shape and
width of the calculated and experimentally determined curves.

cooled crystals with the distortions shown in fig. 4 are
plotted in fig. 5.

3. Experimental data

The experiments were performed using radiation
produced from the 6-pole electromagnetic wiggler on
the A-line at CHESS. With a stored beam energy of
5.44 GeV, the wiggler has a critical energy of 29 keV.
The first crystal of the double crystal monochiomator
was located 14.5 m from the source. The normal inci-
dence dimensions of the X-ray beam was 28 mm hori-
zontally (uniform distribution) and 1.7 mm full width at
half maximum (FWHM) vertically (non-uniform distri-

1
UJ

UJ

UJ 0.5

3.0 -r- I".' .•-r-^-r r-

o H20 59 ma ^
2 5 "• Ga 60 ma •' \ .

2.o - c°;=

1.5 - .' '""•'••

i.o -

CHESS

430 watts

0.0
-25-20-15-10-5 0 5 10 15 20 25

ARC SECONDS
Fig. 6. Experimentally measured rocking curves with ~ 60 mA
of beam for the S i ( l l l ) monochromator set to diffract at 10
keV. The (undistotted) rocking curve full width at half maxi-
mum (FWHM) is - 4 arc sec. The measured FWHMs were
11.7 and 21.0 arc sec for the liquid gallium and water coolants

respectively.

bution). The measured incident power within this area
from the 6-pole wiggler was 7.18 W/mA. A symmetri-
cally cut Si(lll) crystal set to diffract 20 keV X-rays
(tfB = 5.67°) was used in the experiment. The beam
footprint on the crystal was 28 mm (perpendicular to
the scattering plane) by 17 mm FWHM (in the scatter-
ing plane). The size and geometry of the first crystal are
shown in fig. 1.

Rocking curve measurements at low currents (< 5
mA) showed the intrinic perfect crystal widths of about
4 arc sec for both water and liquid-gallium cooling. As
the beam current is increased, rocking curves show a
clear broadening; the water-cooled crystal showing a
markedly larger increase in rocking curve width as
compared to the gallium-cooled crystal. The rocking
curve profiles taken at nearly identical incident power
for water- and gallium-cooled crystals are shown in fig.
6.

For an ideal optical system, the peak output flux
should vary linearly with stored beam current. Such a
linear relationship between current and count rate is not
experimentally observed. Rather, the peak count rate is
found to saturate at 15-20 mA for the water-cooled
crystal and at 20-25 mA for the gallium-cooled crystal,
indicating the presence of thermal distortions. Nonethe-
less the superiority of liquid gallium cooling over water
cooling is clearly observable, although even with the
liquid gallium only about 30% of the ideal intensity is
measured.

4. Discussion of the results

As seen in fig. 3, the gallium-cooled crystal has only
half the temperature rise of the water-cooled crystal.
The corresponding thermal distortions and slope errors
along the z axis (fig. 1) are plotted for both cases in fig.
4. The distortions and slope errors for the gallium-cooled
crystal are approximately half the value of the water-
cooled monochromator; the distortion profiles closely
rexmble the temperature profile of the crystals shown
in fig. 3.

The calculated rocking curves for Si(lll) at 20 keV
(fig. 5) for power loading of 430 W (60 mA beam
current) mimic the general trends of the measured pro-
files (fig. 6), but do not match them precisely. (Note
that we have not attempted to normalize the vertical
scales on the two plots.) Our calculations, however, do
reproduce the observed asymmetry in the intensity pro-
file and provide a good match to the observed broad-
ening. We attribute this asymmetry, at least in part, to
the fact that the center of the thermal distortion is not
aligned with the center of the beam footprint on the
crystal, resulting in a preferential sampling of one sign
of the slope error. Both the calculations and measure-
ments show a clear enhancement of the output flux

H(d). BEAMLINE HEAT LOADS
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from the liquid-gallium-cooled crystal over that of the
water-cooled crystal. Further substantiation of this hy-
pothesis is currently being explored by performing a
similar analysis of data collected at 8 keV (8B = 14.3°).

Even with the improved cooling provided by the
liquid gallium, the crystal showed considerable distor-
tion and passed less than -j of the expected flux at
currents of 60 mA and above. This is due in large part
to the fact that the crystal and coolant channel geome-
tries were not optimized for the power loadings and
coolants used here. For the same power loading, consid-
erable improvement in the peak diffracted intensities
should be realized through optimization of crystal and
coolant channel dimensions. A program is currently
under way at the APS aimed at the optimization of
crystal cooling configurations. This will give an indica-
tion C/i whether liquid gallium will be sufficient for the
cooling needs of next-generation synchrotron radiation
sources or whether more-elaborate cooling schemes will
be required.
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Section II. Beamlines: (d) Heat loads

SUMMARY OF A WORKSHOP ON HIGH HEAT LOAD X-RAY OPTICS HELD AT ARGONNE
NATIONAL LABORATORY •

Robert K. SMITHER
Argoime National Laboratory, Argonne, It 60439, USA

A workshop on High Heal Load X-Ray Optics was held at Argonne National Laboratory on August 3-5, 1989. The workshop
was co-sponsored by the Advanced Photon Source and the European Synchrotron Radiation Facility and served as a satellite
conference to SRI89. The object of this workshop war to discuss recent advances in the art of cooling X-ray optics subject to high
heat loads from synchrotron beams. The cooling of the first optical element in the intense photon beams that will be produced in the
next generation of synchrotron sources is recognized as one of the major challenges that must be faced before one will be able to use
these very intense beams. Considerable advances have been made in this art during the last few years, but much work remains to be
done before the heating problem can be said to be completely solved. Special emphasis was placed on recent cooling experiments and
detailed "finite-element" and "finite-difference" calculations comparing experiment with theory and extending theory to optimize
performance. Copies of the Proceedings can be obtained from B. Meyer, Advanced Photon Source, Argonne National Laboratory,
Argonne, IL 60439, USA.

1. Introduction

A workshop entitled High Heat Load X-Ray Optics
was held at the Argonne National Laboratory on August
3-5, 1989. Ninety-five people attended the conference,
which consisted of 20 invited presentations of 30 minutes
each, followed by 15 minutes of discussion. About one
half of the attendees were from Europe or Japan. All
the major synchrotron laboratories (except those in the
Soviet Union) were represented. This high degree of
interest in heat load problems is not surprising, since
the degree to which one will be able to utilize the
increase in beam intensity relative to what is available
at present-day facilities will depend critically on how
well these heat load problems are solved. Despite the
large number of attendees, the meeting retained its
workshop nature, and much discussion (sometimes
heated) followed each talk.

2. Thermal profiles and distortions from high heat loads

Fig. 1 illustrates the high heat load cooling problem
for a two-crystal monochromator. The intense heat of
the incident photon beam causes the surface of the first
diffraction crystal to deform. This changes the energy
and angle of the diffraction photons so that only a few
of them will have the correct incident angle at the

* Work supported by the U.S. Department of Energy, Office
of Basic Energy Sciences, Division of Materials Sciences,
under contract W-31-109-Eng-38.

second crystal to satisfy the Bragg condition. Thus the
photon beam power can be seriously reduced after the
second diffraction. Fig. 2 shows the deformed crystal
and the associated temperature differences in more de-
tail. The surface temperature is given by eq. (1), where
the three &Ts are defined by eqs. (2)-(6):

^(surface) - A7"l2 + AT23 + Ar3 + T,, (1)

(2)

(3)

(4)

and

AT, - 7}.

1M CRYSTAL

(5)

(6)

)•'CRYSTAL

Fig. 1. Schematic drawing of the two-crystal monochromator
showing the effects of the photon beam heating of the first

crystal.

O168-9O02/90/JO3.50 © 1990 - Elsevier Science Publishers B.V. (North-Holland)
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CRYSTAL

Fig. 2. Schematic drawing of the different thermal distortions
of a diffraction crystal subject to high heat loads from synchro-

tron beams.

Tx is the temperature of the diffraction surface, T2 is
the temperature of the crystal surface in contact with
the cooling fluid, T3 is the temperature of the cooling
fluid at some point as it passes under the crystal, and T(

is the temperature of the cooling fluid at the inlet. D is
the thickness, Q is the heat flux per unit area, k is the
thermal conductivity of the crystal, h is the heat trans-
fer coefficient at the crystal-fluid interface, and V is
the average velocity of the cooling fluid.

Three different kinds of distortions occur in the
crystal due to the high heat loads. First, there is a
general bowing of the crystal caused by the thermal
expansion of the top part of the crystal in the direction
parallel to the surface. The radius of curvature R of the
bowing for a uniform plate is given by

* - Z > / a A 7 } 2 . (7)

Substituting eq. (2) in eq. (7), we obtain

R = k/aQ, (8)

which gives the interesting result that R does not de-
pend on D, the thickness of the crystal, (a is the
coefficient of thermal expansion of the crystal.) Thus a
heat flux Q of 100 W/cm2 will generate a radius of
curvature 50 m in a silicon crystal, independent of the
thickness of the crystal. This will result in a slope error
of 40 arc sec per cm of distance along the surface.

Second, there is thermal bump (shaded area of fig. 2)
that is caused by the thermal expansion of the crystal in
the direction perpendicular to the surface. The height of
the thermal bump H is given by

H = a{Ar , 2 / 2 + Ar23 + Ar3}Z). (9)

Substituting eqs. (2) and (3) in eq. (9) gives

) (10)

Using a Gaussian shape for H, the maximum slcpe
error A0max is given by

A0max = 1.4(///FWHM). (11)

For Q = 100 W/cm2, FWHM - 2 cm, and D = 2 mm,
the maximum slope errors are +2.5 arc sec for a

liquid-gallium-cooled silicon crystal (A - 5 W/cm2) and
9.2 arc sec for a water-cooled silicon crystal (h — 1
W/cm2). The major contribution to the slope errors
comes from the second term, which includes the heat
transfer coefficient h. The third term contributes less
than 3% to the sum and the first term contributes about
25% in the gallium case and only 5% in the water case.
Thus the higher value of h for gallium reduces the value
of A723 and results in a smaller slope error.

The third type of distortion is the change in the
spacing between the crystal planes at the surface of the
diffraction crystal due to thermal expansion. This re-
sults in a change in the energy of the diffracted photons.
The second crystal in fig. 1 must now be rotated to
diffract these photons with a different energy. This can
be looked at as an error in the diffraction angle A0d

given by

A e d « 8 t t A r , . (12)

For example, with Si (111) crystals, A r 1 - 7 l - T f =
50°C and a ATa - 1.5 X 10~4, with a photon energy of
20 keV (& — 0.1 rad), the maximum angle shift is 3.1
arc sec, and at 8 keV the maximum shift is 7.7 arc sec.
These shifts are similar to the rocking curves of pei.??ct
crystals and would cause a noticeable loss in flux from
the two-crystal monochromator. The first two distor-
tions are usually more severe than the third, but all
three must be taken into account. One finds five param-
eters that can be changed to reduce the three major
distortions: k, the thermal conductivity of the crystal;
a, the thermal expansion coefficient of the crystal; />,
the thickness of the crystal (or top layer); h, the heat
transfer coefficient of the cooling fluid; and Q, the heat
load per unit area. To these, one adds the size and
shape of the cooling channels for the more complicated
cooling geometries. The examples given above are for
diffraction crystals, but the first two types of distortions
will also occur in multilayers, mirrors, and diffraction
gratings.

3. Heat loads

Jim Viccaro (ANL) began the workshop by remind-
ing us of the magnitude of the challenge presented by
the heat load problem. He described the heat loads and
footprints of the photon beams that would be produced
by insertion devices at next-generation synchrotron
facilities. The total power from an insertion device is
proportional to the square of the storage ring energy,
and the peak power, which is often the important num-
ber of cooling calculations, is proportional to the fourth
power of the ring energy. The resulting slope errors will
increase with the fifth power of the ring energy.

This fourth-power dependence of the peak power
upon ring energy means that the change from 2.5 GeV

II(d). BEAMLINE HEAT LOADS
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Table 1
Summary of the relative values of total power, peak power and
slope errors expected for APS compared to the values expected
for similar insertion devices at ALS, NSLS, CHESS, ESRF,
and Harima. Total power, peak power and slope errors are
proportional to £g, E*. and ££ . respectively. These ratios are
given in the " Unconnected" column. The "Corrected" column
is adjusted for the distance of nearest approach of the first
optical element (see numbers of parentheses in first column).

Uncorrected Corrected

Bending Miguel

ALS
(7 m)

NSLS
(10 m)

CHESS
(18 m)

ESRF

HARIMA

(7.0 GeV/1.5 GeV)2

(7.0 GeV/1.5 GeV)4

(7.0 GeV/1.5 GeV)5

(7.0 GeV/2.5 GeV)2

(7.0 GeV/2.5 GeV)4

(7.0GeV/2.5GeV)5

(7.0 GeV/J.4 GeV)2

(7.0 GeV/5.4 GeV)4

(7.0 GeV/5.4 GeV)5

(7.0 GeV/6.0 GeV)2

(7.0 GeV/6.0 GeV)4

(7.0GeV/6.0GeV)5

(8.0 GeV/7.0 GeV)2

(8.0GeV/7.0GeV)4

(8.0 GeV/7.0 GeV)5

22
474

2213

7.8
61.5

172.1

1.7
2.8
3.7

1.4
1.9
2.2

1.3
1.7
2.0

48
71

12.7
16.2

1.9
2.0

(National Synchrotron Light Source) to 7.0 GeV (APS)
produces an increase in power of a factor of 62. The
change from 1.5 GeV (Advanced Light Source) to 1
GeV is even greater (474:1). Even a change from 6 GeV
(ESRF) to 7 GeV (APS) results in an increase of a
factor of 1.85. The additional energy factor in the slope
errors (fifth-power dependence) comes from the reduc-
tion of the opening angle of the photon beam in the
vertical direction as ring energy is increased. The peak
power and the slope errors are inversely proportional to
the square and the cube of the distance from the source
to the X-ray optics, respectively.

Table 1 summarizes these relative values of total
power, peak power, and slope errors expected for APS
compared to the values expected for similar insertion
devices at ALS, NSLS, the Cornell High-Energy Syn-

HSNSNSNS
IUIN5N4U

0.5 mm

Fig. 3. Comparison of bending magnet, wiggler. and undulator
photon beams.

chrotron Source, ESRF, and Harima. The "uneorrected"
column gives the ratio of the energies, raised to the
appropriate power, and the "corrected" column gives
the energy ratios multiplied by the distance ratios. The
seriousness of the problem is amplified in table 2 where
the peak power densities are given for some of the
insertion devices in operation at existing synchrotron
sources and some planned for future facilities.

These two tables make it quite clear that obtaining
efficient cooling for the undulators will be much more
difficult than for the wigglers, despite the generally
larger total power in the wigglers. This comes about
because of the much smaller footprint of the undulator
beam. Figs. 3 and 4 illustrate this point. Most of the
reduction in the size of the footprint comes from the
reduction in the width of the photon beam (see fig. 4).

This general theme was continued in Andreas
Freund's talk about the efforts at ESRF to solve the
heat load problem. He stressed the point that the heat
load problem existed for mirrors and multilayers as well
as for diffraction crystals, and that both brightness and
brilliance would be limited by the success of the cooling
of the first optical element in the next-generation
sources. These two introductory talks were followed by
a series of talks on the different methods of cooling the
first optical elements and the choices of cooling fluids.

What was most interesting about this portion of the
program is that there are at least three viable choices for

Table 2
Comparison of total power and power densities (at normal incidence) of existing and future insertion device photon beams

K
^-ai [kWJ
P [kW/mrad2]
Distance [m]
P [W/mm2]

NSLS

suw
99
38
3.8

15
16.8

SSRL

X

15
1.6
1.5

10
15

PEP
Und.

3
0.3

10
50
4

CHESS

Wig.

30
1.8
2.7

15
12

Und

1.4
0.75

25
18
77

APS

Und. A

2.5
9.8

300
25

480

Wig. A

15
4.6

24
25
38

ALS
U5

4
2.5
2.3

10
23
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Table 3
Comparison of fluid properties of liquid metals

Bi
Sn
Li
In
Na
K
Rb

Ga(50°)

Cs(20°)
Hg(20°)

M.P.
[°C]

271
232
186
156
98
62
38.5

29.8

28.5
-39

B.P.
[°C]

1560
2270
1336
2000
880
760
700

2071

670
356

it
[W/cm K]

0.17
0.30
0.47
0.42
0.90
0.53
0.33

0.33

0.20
0.084

Cv

[Jem3]

1.4
1.4
2.3
1.9
1.34
0.70
0.52

2.4

0.50
1.91

p
[g/cmJ]

9.7
5.7
0.53
7.3
0.97
0.87
1.53

6.0

1.87
13.5

ij/P

tcp/p]
0.17

0.70

0.26

0.12

V.P.
[mmHg]

10"1U

<io-lc

10"10

<10"10

10"t0

6 x l 0 " 7

6X10"6

<10"14

io-6

0.12

cooling fluids, along with many possible cooling config-
urations. All three choices, water, liquid gallium, and
liquid propane, will be useful at the next generation of
synchrotron sources. Thus one will be able to choose
among them for the one best suited for a particular
application.

ANGULAR DISTRIBUTION FUNCTION fxpfftf)

VERTICAL DIRECTION'

HORIZONTAL DIRECTION"

Fig. 4. Angular distribution of insertion device photon beams
for X - 1 (undulator) and K - 1 0 (wiggler).

4. Cooling fluids

Water is the most commonly used cooling fluid at
presently operating synchrotron facilities, and is suita-
ble for many cooling applications. The introduction of
insertion devices at these facilities has raised the power
loads to a point where it is difficult to be sure that the
water will not boil, causing cavitation and loss of cool-
ing under high heat load conditions, so alternate cooling
fluids are now under investigation at different laborato-
ries. Liquid metals have been used in power reactors in
high-tempc-ature, high-heat conditions with consider-
able success and should perform well in synchrotron
applications. Robert Smither (APS) gave a talk on the
use of liquid metals as cooling fluids.

Table 3 compares the thermal properties of a num-
ber of liquid metals. Liquid metals tend to have high
thermal conductivity, low vapor pressure, high specific
heat, and a wide range of working temperatures. These
properties make them good cooling fluids. Liquid gal-
lium is special in that it has a very low vapor pressure at
relatively high temperatures, an extremely large operat-
ing temperature range, and a room-temperature melting
point. The first four metals in the table were ruled out
because of their relatively high melting points. Their use
would require operating the crystals well above room
temperature and would result in large thermal gradients
between different parts of the monochromator, which
would make temperature stabilization difficult.

Potassium, rubidium, cesium, and mercury were ruled
out because of their relatively high vapor pressure,
which would have resulted in their diffusion throughout
the vacuum system if a leak developed. Mercury is
particularly bad in this regard, and its use is forbidden
in most reactors and accelerators where aluminum
vacuum parts are used. Rubidium is also quite expen-
sive. Sodium is an attractive coolant that works well in

H(d). BEAMLINE HEAT LOADS
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Table 4
Comparison of properties of cooling fluids

Ga(50°)
H,O(20°)
N 2 ( -170° )
C3H8<-170°)

M.P.
[°C]

29.8
0.0

-210
-187

B.P.
[°CJ

2071
100

-196
-42

A
[W/cm K]

0.33
0.006
0.0014
0.0020

c.
[J cm']

2.4
4.12
1.60
1.40

P

6.0
1.0
0.81
0.71

i?/P
Icp/P]

0.26
1.0
0.21
0.75

V.P.
[mm Hg]

<10~14

0.17
7.5 X10*
3.1 XlO"3

high-temperature reactors and would have been seri-
ously considered if gallium had not been available.

Gallium was Argonne's choice of a liquid-metal
coolant because it has all of the desired properties and
very few of the negative properties. The only serious
negative property is its high reactivity with other metals.
This is a common property of all of the liquid metals
considered. Gallium does not attack silicon, and stain-
less steel does not show any reaction to it below 400 ° C

[1.2].
Table 4 compares the properties of liquid gallium

with some interesting nonmetal cooling fluids (H2O,
N2, and C3H8). Because of the high thermal conductiv-
ity of the liquid metals as compared to nonmetallic
cooling fluids, one does not need a high degree of
turbulence in the cooling fluid to be efficient in extract-
ing heat from a cooling channel surface. The second
most important property of the liquid metals is their
relatively low vapor pressure, corresponding to a rela-
tively large range of working temperatures over which
they can be used without boiling at modest pressures.

As mentioned above, liquid gallium was found to be
the best choice in that it has all of the desirable features
of liquid metals and only one of the bad features. It has
a high thermal conductivity, volume specific heat, and
electrical conductivity; a low melting temperature; and
a very low vapor pressure (less than 10 ~14 atm) even at
elevated temperatures of 400 ° C. The kinetic viscosity
of liquid gallium is appreciably lower than that of
water, so the improvement in heat transfer from the
crystal to the cooling fluid that comes with turbulence is
more pronounced in gallium than in water. The value of
h, the heat transfer coefficient at the solid-liquid
surface, is given by

where k is the thermal conductivity of the cooling fluid,
Cv is the volume specific heat, V is the velocity of the
cooling fluid, v is the kinetic viscosity, and d is a
distance like the hydraulic diameter of the cooling chan-
nel. /4, and A2 are constants with values near 1.0 that
allow one to empirically adjust the formula to take into
account the geometry of the cooling channels. Fig. 5 is a
plot of h for gallium and water as a function of
cooling-fluid velocity in 0.5-cm-diameter cooling chan-

10

HEAT TRANSFER AT THE
SOLID/LIQUID SURFACE G«

10 15 ft/MC

100 300 400 5O0 cm/sac

Velocity ol Cooling Fluid

Fig. S. Plot of h. the heat transfer coefficient, for liquid Ga
(upper curve) and for water (lower curve) as a function of

cooling-fluid flow rate in an O.S-cm-diameler channel.

nels in a silicon crystal. The first term is a constant that
depends on the thermal conductivity of the fluid and
the shape of the cooling channels. The second term is a
function of many variables and has an almost linear
dependence on the velocity of the fluid. The very low
thermal conductivity of water relative to gallium makes
h very small for water at low flow rates; thus, water is a
poor cooling fluid at low flow rates. At high flow rates
the second term dominates, but even here the h for
gallium continues to be appreciably higher than that for
water. This is because the coefficient of the second term
is larger for gallium than it is for water, and thus the
slope of the gallium curve in fig. 5 is steeper.

Table 5
Comparison of heat transfer properties of liquid gallium, water,
liquid nitrogen and liquid propane

Ga(50°)
H2O(20°)
N, (-170°)
C3"Hs(-170°)

A
[W/cm °C

0.38
0.0064
0.0014
0.0020

cv
:] [J/cm3]

2.22
4.19
1.60
1.40

V

[P/g]

0.0026
0.0100
0.0021
0.0075

^0.6^-0.4

,0.8

90.0
5.34
4.57
1.38
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Fig. 6. Plot of (he thermal conductivity a of silicon and
germanium versus temperature. The hatched bars on the x-axis

indicate the operating range of the liquid coolants at 1 atm.

Table S lists the important thermal properties needed
to calculate the second coefficient and lists relative
values for this coefficient for gallium, water, liquid
nitrogen, and liquid propane. Gallium is by far the most
efficient heat-transfer fluid in this group. The values for
liquid nitrogen and liquid propane are listed for quite a
different reason. They are both liquids at quite low
temperatures and can be used to cool silicon down to
125 K. At this temperature the coefficient of thermal
expansion of silicon passes through zero and the ther-
mal conductivity is increased by a factor of four. At
temperatures near 125 K, a silicon crystal is very stable
against thermal distortions and can conduct large
amounts of heat away from its surface with small ther-
mal gradients. Fig. 6 illustrates these features for both
silicon and germanium crystals. The main difference
between liquid nitrogen and liquid propane as coolants
is their useful operating temperature range. For liquid
nitrogen at 1 atm the range in only 14 K (63-77 K), as
compared to an operating range of 145 K (86-231 K)
for propane. This difference is very important if there
are large heat loads to be removed from the crystal.
These two operating ranges are indicated on the x-axis
of fig. 6. The shorter one is for liquid nitrogen and the
longer one for propane.

5. Liquid-metal pump

The heat transfer coefficient increases with fluid
velocity, and any efficient cooling system will need a
high-pressure supply to achieve maximum cooling.
Commercial sources are available for high-pressure
water, liquid nitrogen, and liquid propane, but commer-
cially available liquid-metal pumps tend to feature high
flow rates at low pressures and also tend to be rather
large. What is needed for the crystal cooling system is a

compact, high-pressure source with moderate flow rates.
The group at ANL has developed an electromagnetic
induction pump that develops a head pressure of 100
psi when producing a flow of 5 gpm. Fig. 7 gives the
head pressure in pounds per square inch (PSI) and flow
rate in gallons per minute (GPM) of the most recent
pumping system as a function of the current in the
pump. The pressure varies as the square of the current
and the resistance for turSulent flow varies as the
square of the flow rate, so the flow rate varies linearly
with the current.

6. Cooling geometries

The other main approach to better cooling is to use a
more efficient cooling geometry. The three most com-
mon cooling geometries are shown in fig. 8. Cooling the
bottom surface of a flat plate (uppermost picture) is the
simplest and most common approach, used where the
heat loads are only a few W/cm2. Cooling channels just
below the surface (middle and bottom pictures) are
much more efficient, and if the crystal below the cool-
ing channels is relatively thick, the bowing distortion is
greatly reduced. The circular cooling channels might
appear to offer less liquid-solid surface for the transfer
of heat, but the geometry shown actually increases the
effective transfer area by 5756 and reduces the AT
between the liquid and the crystal by a similar amount
relative to the flat plate geometry. Rectangular cooling
channels can increase the heat transfer area even more.
The shape shown in the lowest picture increases the

20

25

CURRENT (AMPS)

Fig. 7. Plot of the now rate and the head pressure produced by
an ANL electromagnetic induction pump for liquid gallium

with a typical silicon crystal load.
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Fig. 8. Schematic drawings of three common cooling geome-
tries.

will still be to reduce the thermal bump, but not as
much as the increase in h would suggest. This effect is
illustrated in fig. 9, which shows the variation of tem-
perature in the fin as a function of the distance into the
fin for gallium cooling and for water cooling. The
temperature in the fin is given by

r(fin) - r(liquid) = A7*0 t~
ll'/kW)X, (14)

where AT0 is the temperature difference between the
crystal and the cooling fluid at the head of the cooling
channel, h is the heat transfer coefficient, k is the
thermal conductivity of the crystal, W is the thickness
of the fin, and X is the distance down the fin. The
increased height of the fin //(fin) is given by

H((in)~ccbT23{ktr/h}1/2'*aQ{kiV/h3y/2. (15)

If the top layer is very thin, then the expansion of the
fins could be the major contributor to the thermal
bump.

transfer area by a factor of 5. This "fin cooling effect"
allows one to remove much more heat for a fixed AT
than one could with the flat-plate geometry. This ap-
proach will help reduce the size of the thermal bump by
reducing the average temperature in the top part of the
crystal.

The effect is not as large as one might expect. If the
fin structure is effective, then neat must be flowing
down the fin, and the increase in the average fin tem-
perature will cause the fin to expand and add to the
thermal bump. If the thermal conductivity of the crystal
is higher than that of the cooling fluid, the net effect

H-,O(0.57gmp)

HjOCUgpm)

\ l . - . . . - • X, DISTANCE INTO FIN
15 mm

xwwwwwwwww\gsW

Fig. 9. Comparison of the temperature profile in a set of
cooling fins for liquid gallium and water cooling.

7. Active control of the diffraction surface

It is difficult to remove all the crystal distortion
through cooling. An alternate approach is to remove
most of the distortion through efficient cooling and
then use a system that actively controls the surface of
the crystal. One could use mechanical means to dynami-
cally bend the crystal, or other forces like thermal
gradients to remove the residual distortions. If one
applies a uniform thermal gradient to a flat plate, the
plate will become curved in two dimensions like a
spherical shell. The radius of curvature of the surface R
is given by the reciprocal of the coefficient of thermal
expansion a multiplied by the thermal gradient per-
pendicular to the surface:

(16)

A thermal gradient of 25 ° C/cm will generate a radius
of curvature of 112 m. This corresponds to a change in
the surface angle of 15 arc sec/cm. This range of
curvature should be sufficient to correct the surface in
most cases where efficient cooling techniques are used.

8. Experiments and computer models

A large number of speakers at the workshop re-
ported on the latest cooling experiments performed at
their laboratories and, in many cases, their attempts to
use computer models to duplicate their results and to
suggest possible improvements. These calculations
covered mirrors, multilayers, and gratings as well as
diffraction crystals. Most cases dealt with water cooling
at presently operating synchrotron facilities.
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Fig. 10. Cutaway drawing of the cooling structure for a diffraction grating (ALS).

Dick DiGennaro of the ALS began the discussion
with a paper on their plans to cool mirrors and gratings
on beam lines with high-pressure water. He reported
good agreement between theory (fininte-element calcu-
lations) and experiment, with predicted slope errors of a
few u.rad for suitable mirrors and gratings. This result is
important because mirrors and gratings play a major
role in the optics of a low-energy source like the ALS.
Fig. 10 shows a cutaway view of an ALS design for a
water-cooled diffraction grating.

Robert Smither continued this dialogue with a dis-
cussion of the use of liquid metals as cooling fluids. The
emphasis of this talk was on the cooling of diffraction
crystals (see above), but the results can be equally well

applied to mirrors, multilayers, and diffraction gratings.
He summarized the results obtained at CHESS in
February and June of 1988 [2,3]. These studies were a
collaboration between ANL, CHESS and Brookhaven
National Laboratory. Tests were conducted with both
gallium-cooled and water-cooled silicon crystals with a
portion of the CHESS wiggler beam (see fig. 11) in
February and the new ANL/CHESS undulator beam
(see fig. 12) in June. Three cooling configurations for
silicon crystals used in the wiggler experiments are
shown in fig. 13. The surface temperatures of these

Fig. 11. Angular distribution of the power density in the
photon beam from the CHESS electromagnetic wiggler.

Fig. 12. Angular distribution oi' the power density in the
photon beam of the ANL/CHESS undulator.
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Fig. 13. Drawings of the cross sections of the three cooled
silicon crystals used in the wiggler experiments.

crystals were measured with an infrared camera (fig.
14), and a set of thermal profiles in the direction of the
beam is shown in fig. IS. The corresponding rocking

curves are shown in fig. 16. The shape of the rocking
curves when gallium is used as a cooling fluid shows a
considerable improvement over that obtained with water
cooling.

The most efficient cooling geometry tested with the
undulator beam had rectangular cooling channels 0.76
mm below the surface (see fig. 17). A thermal profile of
the surface temperature of this crystal with gallium
cooling is she vn in fig. 18. The cooling fluid is flowing
from top to bottom and the effect of the heating of the
cooling fluid on the isotherms is quite obvious. Fig. 19
is a plot of the peak temperature of the thermal bump
as a function of rate of flow of the liquid gallium for a
range of beam currents in the storage ring. The thermal
load is proportional to the beam current. The maximum
power density (at a storage ring current of 70 mA) at
normal incidence is 77 W/mm2 . The angle of incidence
was about 9° and the power density on the crystal
surface was about 12 W/mm2 . Figs. 20 and 21 show the
FWHM of the rocking curves and the observed count-
ing rates, respectively, for these experiments as a func-
tion of ring current for different flow rates. These data
suggest that increased flow rates will improve the cool-
ing and increase the throughput of the two-crystal
monochromator.

A number of papers discussed finite-element calcula-
tions used to model the experimental results. Dennis
Mills presented the ANL calculations for the CHESS
wiggler case mentioned above. The ANSYS code was
used to calculate the thermal profile in three dimensions
and then the resulting distortion of the crystal. This
result was then used in a second code to calculate the

Infmrtd
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Fig. 14. Schematic drawing of the infrared camera system used
to record the thermal profile of the photon beam.
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Fig. IS. Plot of the surface temperature profile in the direction
of the beam for the three different cooled silicon crystals used

in the wiggler experiments.
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Fig. 16. Plot of the rocking curves obtained with the three different silicon crystals in the wiggler experiments (photon energy 20 keV,
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Fig. 17. Schematic drawing of the slotted crystal used in the
undulator experiment.

Fig. 18. The thermal profile of the undulator beam superim-
posed on the cross section of the slotted silicon crystal with the
thin top layer. The side view and front view are crossed by
lines at heights that correspond to the thermal contours shown

in the bottom view.
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Fig. 19. Plot of the peak temperature of the thermal profile as a
function of the rate of flow of the cooling fluid for the slotted
crystal for different heat loads (labeled with the corresponding

ring currents).

ELECTRON BEAM (mA)

Fig. 20. Plot of the FWHM of the rocking curves of the
ten-channel crystal (circles) and the slotted crystal (triangles)
for different diffraction energies and flow rates for (he gallium

cooling fluid, as a function of the storage ring current.
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slotted crystal (triangles), the ten-channel crystal (circles), and
the standard CHESS side-cooled crystal (squares), with differ-

ent flow rates for the cooling fluid.

rocking curve that would be obtained with the two-
crystal monochromator used in the experiment. Special
care was taken to deposit the energy of the photon
beam in the crystal in the correct manner, taking into
account the penetration of the photon beam into the
crystal. This gave an interesting result. The thermal
bump is located slightly downstream from the footprint
of the diffracted photon beam. This makes the rocking
curve asymmetric. The calculated rocking curve (fig. 22)
compares quite well with the measured rocking curve
(fig. 23). The predicted asymmetry is quite obvious in
both curves. The effect is less pronounced in the mea-
sured curve, perhaps because the effect of the change in
the lattice with surface temperature is not included in
the calculation. This effect tends to compensate for the
shift in the position of the thermal bump and will
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Fig. 22. Calculated rocking curves for gallium cooling and
water cooling of (he three-channel silicon crystal in the wiggler

beam at CHESS (ANL).
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Fig. 23. Measured rocking curves for the three-channel silicon
crystal in the wiggler beam at CHESS.

reduce the asymmetry in the rocking curve. This effect
is illustrated in fig. 24.

Don Bilderback presented some of the CHESS calcu-
lations for the ANL/CHESS undulator experiment.
The CHESS group used a similar ANSYS code to
calculate the thermal profile (fig. 25), which compares
quite well with the measured profile (fig. 18). Fig. 26
shows the calculated vertical displacement of the surface
in the direction of the beam (triangles). Seventy-five

Fig. 24. Schematic drawing of the effect of the expansion of the
crystalline planes with high heat loads on the measured rocking

percent of this height comes from the expansion of the
rib structure. Using the calculated height of the thermal
bump in eq. (11), one obtains ± 1 7 arc sec or a maxi-
mum variation of 34 arc sec. This is approximately
twice the value of the FWHM of the measured rocking
curve (18 arc sec). This reduced width is expected for

AT =64°C

Ga: 50°C, Experiment

Temperature Rise Predicted
by ANSYS Model

ANSYS
Thermal Contours

- 2

- I

u Z (cm)

Fig. 25. Calculated thermal profile for the slotted crystal in the ANL/CHESS undulator beam.
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conditions in the undulator test with liquid-gallium cooling
(triangles), liquid propane (squares) and the limit for either

liquid-gallium or water cooling (circles).

the undulator case because the first-order peak is con-
centrated in a much smaller spot than the thermal
bump.

With increased flow and narrower channels (leaving
the thickness of the top layer the same), the height of
the thermal bump can be reduced to less than 0.1 |im.
This would broaden the rocking curve by about 10%.
The limit on the minimum height of the bump, as set by
the thickness of the top layer, is 0.025 |xm (fig. 26,
filled-circle curve). Similar calculations were made for
the case where liquid propane was used as a cooling
fluid and the temperature of the silicon crystal was held
near 125 K (open-square curve).

Many different cooling geometries were discussed
during the workshop. T. Matsushita presented some

Water ( low— —

Soft material

Fig. 27. Cutaway view of cooling geometry for a silicon crystal
tested at the Photon Factory, where the distance from the

surface to the cooling channel varies.

650
500

Fig. 28. Cutaway view of the microchannel crystal developed at
SSRL.

P

(Jj
Fig. 29. Cross sectional view of a jet-cooled silicon crystal

developed at Daresbury.

results (from a collaboration between BNL and the
Photon Factory) for a cooling design in which the
distance from the cooling channels to the surface varied
so that the region of maximum cooling corresponded to
the region of maximum heating (fig. 27). This tends to
spread out the thermal bump and reduce slope errors.

John Arthur discussed the use of microchannels. The
optimum channel width for water cooling is about 50

CRYSTAL

Fig. 30. Schematic drawing of the (en-channel crystal with two
different temperatures of cooling fluids flowing in the two
different sets of cooling channels. With T2 > 7",. This generates

a concave surface on the top of the crystal.



R.K. Smither / Summary of a workshop on high heat load X-ray optics 299

Ill

O
u

WITHOUT AT

10 20 mA

BEAM CURRENT
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am (fig. 28). Michael Hart discussed jet cooling as a
method of concentrating the cooling at the hottest part
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Fig. 32. Plot of brilliance versus peak power density of present
and future synchrotron sources.

of the crystal (fig. 29). He also discussed ways of
deforming the surface mechanically, as did Peter van
Zuylen. Robert Smither presented some results in which
a silicon crystal was bent, using a thermal gradient in
the diffraction crystal perpendicular to the surface, to
compensate for the distortion of the surface caused by
the heat load of the photon beam (see figs. 30 and 31)
[4].

9. Conclusions

The workshop ended on a positive note: there ap-
pear to be multiple approaches to solving 80-90% of the
heat load problems that will be present at the next
generation of synchrotron facilities. It was also noted
that much work remains to be done to develop this
capability. Fig. 32 summarizes the progress to date and
the improvements needed for the next-generation facili-
ties. The range of values reflects the expected range of
beam currents and tunability of the undulators.
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Abstract

Advanced Photon Source (APS) machine which is being built at Argonne National
Laboratory (ANL) utilizes a variety of X-Ray sources to generate the required powerful
photon beam. At 15 m from the Wiggler insertion device the source generates 70 to 116

W/mm^peak normal power densities. Undulator magnets, at the same distance,

generate 160 to 1130 W/mm* peak normal power densities. On the beam line a number of

elements are utilized for different purposes. The front end elements include fixed
masks, position monitors, photon shutter, filters, and windows, etc. Downstream from
the window, the first optical element, which is a precision single crystal silicon
monochromator, has very challenging optical requirements to satisfy for successful
operation and performance.

Design and cooling of these diverse components, within the requisite optical and
mechanical constraints, pose very serious engineering problems which in certain cases
are at the very edge of the state-of-the-art in heat transfer and/or materials. In this
review paper components are critically examined, with emphasis on the first optical
element, from a thermal-hydraulic point of view. Viable engineering solutions are
suggested some of which will undoubtedly require a careful research and development
program so that they can be eventually applied to APS with the necessary confidence.
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Abstract. Future synchrotron radiation facilities such as the Advanced Pho-
ton Source to be constructed at Argonne National Laboratory will produce
dedicated and powerful beams of x-ray radiation instrumental in advanced
research in key areas of science, engineering, and medicine. The devel-
opment of critical beamline optical components such as mono-
chromators is pivotal in the successful utilization of the generated x-ray
beam. The high heat load of the beam can severely distort, and thus
adversely affect the performance of, such components. In this paper, a
five-step numerical procedure to predict the performance of an x-ray mono-
chromator subjected to high-power synchrotron radiation is described.
The predicted performance of a model double-crystal monochromator
system expressed in terms of its rocking curves satisfactorily presents the
experimental results. This procedure can reliably be used in the design,
evaluation, and optimization of monochromators and other optical com-
ponents.

Subject terms: x-ray optics design; synchrotron radiation; monochromators; vv/g-
gler radiation; gallium cooling; thermal stress analysis; thermal distortion; rocking
curves.

Optical engineering 29(10), 1273-1?.8O (October 1990).
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1. INTRODUCTION

The Advanced Photon Source (APS) synchrotron project at Ar-
gonne National Laboratory (ANL) is a third-generation syn-
chrotron radiation facility that consists of a positron storage ring
operating with a beam energy of over 7 GeV and beam currents
of 100-200 mA.1 The insertion devices and bending magnets
on the ring will generate very intense x-ray photon beams with
average powers in the range of 2-10 kW. The natural opening
angles of these beams will be quite small. For example, a typical
wiggler beam will have a horizontal opening angle of 2 mrad
and a vertical opening angle of 0.146 mrad at full width at half
maximum (FWHM). Thus, a wiggler beam is essentially con-
fined to a solid angle of about 0.3 mrad2. A typical undulator
beam, on the other hand, is confined to a much smaller solid
angle, and although it has a lower total power, the power per
unit solid angle is generally much higher than in a wiggler. The
small opening angles and sizes of the sources concentrate the
beam on a very small area on the first optical element located
some 20-30 m away from the source. As a result, the element

Invited Paper XR-132 received Dec. 8,1989; accepted for publication May 20,
1990. This paper is part of the special issue on X-Ray/EUV Optics presented
in the June and July issues; it is presented here owing to time constraints for
those issues.
© 1990 Society of Photo-Optical Instrumentation Engineers.

can receive peak normal incident powers of a few hundred watts
per square millimeter.

First optical elements (monochromators, mirrors, etc.) typi-
cally intercept the photon beam at shallow angles ( 0 0 ° ) and
often at near grazing angles. This arrangement reduces the power
per unit area by spreading the beam over an area as much as
100 times larger than the normal incidence footprint. Even with
such a moderating effect, however, the first optical element can
still receive a very large localized heat load. The removal of this
heat while minimizing thermal distortions (Fig. 1) in the optical
element is a determining factor (and probably a limiting factor,
at least for now) in utilizing the high-intensity x-ray beams mat
the third-generation synchrotron radiation facilities will provide.

Efforts are under way by a number of researchers to design
optical components appropriate for high heat load x-ray syn-
chrotron beams.2 The activity is concentrated in two key areas—
cooling mechanism and structural design—and is aimed at the
development of high-performance optical components. A num-
ber of cooling schemes have been studied. These include water,
liquid metal, and cryogenic cooling of the optical components
using a variety of cooling channel configurations and flow mech-
anisms. The structural design studies have concentrated on the
development of optical systems with inherent or passive thermal
distortion control mechanisms.

A reliable design analysis procedure can be tremendously
useful in the evaluation of various optical component designs
and in the optimization of the promising designs.

This paper is devoted to a detailed study of perfect single-
crystal x-ray monochromator design and performance analysis.
A five-step procedure to determine the performance of a mono-
chromator subjected to a high heat load incident x-ray beam is
outlined. Step one of this procedure involves computing the
spectral and angular distributions of the incident radiation beam.
In the second step the absorption profile of the beam in the
monochromator is determined. In step three, this absorbed ra-
diation is treated as internal heat generation in the thermal anal-

0FT1CALENGINEERING / October 1990 / Vol. 29 No. 10 /
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Fig. 1. Diffraction from an (a) undistorted and
(b) distorted first crystal in a two-crystal
monochromator systam.
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Fig. 2. Tha three-channel silicon monochromator usad in tha analysis. Tha dimansions
of tha baam footprint ara for an incidant angla of 5.67*.

TABLE I. Physical propartias of silicon (at 2<TC>.

Matarial Property Value

ysis of the problem where the temperature distribution in the mono-
chromator is obtained. This temperature distribution is then used
in step four to compute the thermal distortions in the mono-
chromator. The fifth and last step is the determination of the
performance of the deformed crystal as measured by its rocking
curve.

For a verification of the procedure, the computed rocking
curves for a test monochromator are compared with the ones
obtained experimentally. It is shown that the numerical proce-
dure can accurately predict the monochromator performance,
providing a reliable tool for optical component analysis and
design optimization. An example of the utility of this scheme,
detailed below (and verified experimentally), is the comparison
of the optical performance of the test monochromator cooled
with water and liquid gallium.

2. THE MONOCHROMATOR

The first crystal in the two-crystal monochromator used in this
study is a single perfect crystal of silicon with three cooling
channels, as shown in Fig. -2. The incident x-ray beam impinges
on the top surface [cut parallel to the (111) crystal planes] of
the monochromator at some angle. The cooling fluid flows through
the cooling channel at a prescribed flow rate and inlet temper-
ature. The monochromator was tested at the Cornell High Energy
Synchrotron Source (CHESS) facility where experimental data
on its performance were obtained. The first crystal of the double-
crystal monochromator is located 14.3 m from the source. The
measured incident power of the beam on the mono-
chromator is 7.18 watts per milliampere of storage ring current.
Some relevant thermal and mechanical properties of silicon crys-
tal are listed in Table I.

3. RADIATION SOURCE

The synchrotron beam power from APS wigglers can vary from
a few hundred watts to as much as 10 kW. The power distri-
bution from such beams are typically Gaussian (or nearly Gaus-

DensNy (ko/m3) 2330
Malting point (*C) 1420
Thermal conductivity (W/m.K) 125.6
Specific heat (kJ/Vg.K) 0.75
Coefficient ol thermal expansion (K"1) 2.4E-06
Modulus of elasticity (Pa) 11.3E10
Poisson ratio 0.3

sian) in the vertical direction and parabolic in the horizontal
direction, as sketched in Fig. 2.

The three-channel monochromator used in this study was
subjected to the photon beam produced by the CHESS 6-pole
wiggler (29 keV critical energy) with a stored beam ring energy
of 5.3 GeV. The normal incidence dimensions of the x-ray beam
are 28 mm horizontally (uniform distribution) and 1.7 mm FWHM
vertically (near-Gaussian distribution). At 5.67° incident angle
the beam footprint on the crystal is 28 mm (perpendicular to the
scattering plane) and 17 mm FWHM (in the scattering plane).
The measured vertical and horizontal profiles of this beam are
shown in Fig. 3. An approximation to this beam (also shown in
Fig. 3) has been used in the finite element analysis reported here
(note, however, that the vertical distribution of the experimen-
tally measured beam profile is used in the rocking curve cal-
culation described later). The angles of incidence are 5.67° and
14.3°, corresponding to 20 and 8 keV diffracted photons from
Si (111) planes, respectively. The total power of the incident
beam varies depending on the storage beam current.

The attenuation of the x-ray beam in the silicon crystal was
computed using the PHOTON program.3 The absorption profile
is shown in Fig. 4.

4. THERMAL ANALYSIS

The x-ray heat load deposited in the first crystal of the double-
crystal monochromator is conducted through the silicon block
and is convected by the coolant flowing through the three chan-
nels. Depending on the angle of incidence, energy distribution
of the beam, the crystal material, and the location of the cooling
channels, part of the incident x-ray beam may be directly de-
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Fig. 3. Normal incident profiles of the CHESS wigglar beam at tha
monochromator in (a) vtrtical and (b) horizontal directions. Also
shown are the approximate profiles used in the thermal analysis.

posited in the flowing coolant. In such cases, only the fraction
of power absorbed within the crystal is included in thermal
computations.

The coolants used in this study are water and liquid gallium.4

Liquid gallium is an attractive coolant because of its high thermal
conductivity and its negligible low vapor pressure—an important
feature in high-vacuum environments. An inductive pump for
circulating the liquid gallium in the monochromator has been
developed at ANL for this purpose.5 A major reason for the
infrequent use of liquid gallium as a heat transfer agent is its
corrosiveness. At elevated temperatures gallium is a corroding
agent for many metals, the rate of corrosion being a function of
its temperature and purity. The gallium temperature in the pres-
ent application does not exceed 50°C. At such temperatures
gallium is compatible with several common metals, including
stainless steel, and no noticeable corrosion of silicon has been
detected even after several weeks of continuous operation.

In Table II, thermal properties of liquid gallium and water
are compared. For a 1 gal/min (66 cm3/s) flow rate, each 100 W
of deposited heat increases the fluid temperature flowing through

Q>

20 40 60 80
thickness (mm)

100

Fig. 4. Absorption profile of the wiggler radiation (f, = 5.7 GeV; £,
= 29 keV) in silicon.

TABLE II. Properties of liquid gallium (at melting point) and water
(at 27*C).

Material Property Gallium Water

Dsnsity (Kg/in3) 6090
Malting point CO 29.8
Boiling point fC) 1983
Therma! conductivity (W/m.K) 28.1
Specific heat (kJ/kg.K) 0.373
Viscosity (N.s/mz) 2000E-6
Prandtl number 0.0265

99B
0
100
0.613
4.179
855E-6
5.83

TABLE III. Heat transfer coefficients for gallium and water.

Coolant

Ga
Ga
Ga

H20
H20
H20

T«mp.
CC)

30
45
45

18
30
30

Row rate
(gpm)

0.67
0.67
1.33

1.1
1.1
2.2

Velocity
(m/s)

0.78
0.78
1.55

1.28
1.28
2.56

Re

11.380
11.740
23,300

5.840
7.630
15.260

Pr

0.0266
0.0233
0.0233

7.33
5.42
5.42

h
(Btu/hr.fl2."F)[W/m2.K]

8,700
8.920
10.350

1,040
1.330
2,590

[49.3901
[50.650]
[58.800]

[5.910]
[7.570]
[14,680]

the crystal channels by about 0.4°C for water and 0.7°C for
gallium. Therefore, for moderate heat loads and flow rates it is
reasonable to assume a constant coolant bulk temperature in the
thermal analysis.

The heat transfer coefficients h for water and liquid gallium
are obtained from the Gnielinski6 and the Notter and Sleicher7

correlations. These correlations are for fully developed turbulent
flow in smooth circular channels. For liquid gallium both con-
stant wall temperature and constant heat flux correlations are
used, and the average of the two heat transfer coefficient values
is conservatively increased by 18% to account for the enhanced
heat transfer resulting from the entrance effects. It is estimated
that the results are accurate to better than ± 25%.

Table III lists heat transfer coefficients and related parameters
for water and liquid gallium at several flow rates and tempera-
tures. The superior heat transfer capability of gallium is evident
from Table III. The heat transfer coefficient for gallium is over
six times larger than water at the same flow rate and temperature.
Table III also shows that h for gallium is not very sensitive to
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Fig. 5. The meshing scheme used in thermal and structural analysis.

changes in flow rate. A doubling of the gallium flow rate in-
creases the heat transfer coefficient by about 16%, while a similar
increase in water flow rate enhances h by over 90%. Exploitation
of the temperature-dependent viscosity of water can result in a
marginal improvement in its heat transfer capability. For ex-
ample, increasing water temperature from 18°C to 30°C, as shown
in Table III, results in enhancement of h by 30%.

The finite element method is used to compute the temperature
distribution in the monochromator. The angle of incidence is
5.67° or 14.3°. Because of symmetry, only one half of ihe
monochromator is modeled. The meshing scheme used in the
analysis is shown in Fig. 5.

To illustrate the comparative cooling performance of liquid
gallium and water, the calculated isotherms on the top surface
of the monochromator cooled with water and gallium are shown

in Fig. 6. In both cases a total incident power of 345 W is
assumed. The angle of incidence is 5.67° and the flow rates and
bulk temperatures of both coolants are 1.1 gal/min (1.28 m/s
velocity) and 30°C, respectively. The asymmetry of temperature
distributions with respect to the x-y plane passing through the
middle of the monochromator results because, as shown in Fig. 1,
at incident angles other than normal more energy is deposited
within the back half of the monochromator. For near-normal
incidence angles this asymmetry is not pronounced, and it is
sufficient to model only a quarter of the monochromator, pro-
vided that the convected heat does not cause any appreciable
rise in the downstream flow temperature.

The maximum and minimum temperatures (see Fig. 6) on
the top surface of the gallium-cooled monochromator are 49°C
and 30°C, respectively; with water cooling, they are 73°C and
33°C, respectively. Therefore, the temperature differential across
the top surface of the gallium-cooled monochromator is 19°C,
or less than half the 40°C calculated for the water-cooled mono-
chromator. In-depth temperature gradients follow similar pat-
terns.

In the case of gallium, the isotherms are closely packed around
the beam footprint where most of the incident heat load is con-
vected away. In contrast, the water-cooled isotherms are more
widespread; heat diffuses more into the silicon block by con-
duction before being removed by water.

Next, in order to simulate experimental conditions and also
illustrate the effects of coolant flow rate and temperature, the
temperature distributions in the monochromator for a number of
situations are computed. The total power, measured experimen-
tally, is about 445 W for all cases, and the angle of incidence
is 5.67°. In Fig. 7, the temperature differentials along the z axis
(see Fig. 1) on the top surface of the monochromator are shown
for five different cooling conditions. The results are summarized
in Table IV. Note that these are the temperature differentials

T - 30.0 °C
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T —
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Fig. 6. Isotherms on the top surface of (a) a gallium-cooled and (b) a water-cooled monochromator.
Beam footprint is outlined in heavy solid lines. Direction of the incident beam is from left to right.
The same beam power, coolant flow rate, and bulk temperature are used in both cases. Total incident
power is 345 W.
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Fig. 7. Computed temperature differentials along the z axis on the
top surface of the monochromator for a number of situations. The
incident power in all cases is 345 W.

TABLE IV.

Coolant

Ga
Ga

H20
H20
H20

Pertinent data for the five thermal runs shown in

Temp.

CO

45
45

18
30
30

Flow Rate
(gpm)

0.67
1.33

1.1
1.1
2.2

Velocity

(mis)

0.78
1.55

1.28
1.28
2.56

h

(Btu/hr.n8."F)[W/m2.K;

8,920
10,350

1.040
1,330
2.590

[50,650]
[58.800]

[5,910]
[7.570]
[14,680]

rmix

I fC)

69
66

66
74
62

Fig. 7.

ATm«

CO

24
21
43
41
32

relative to the coldest spot on the top surface. The two bottom
curves are for a gallium-cooled monochromator with 0.67 and
1.33 gal/min flow rates. Two other curves in Fig. 7 show the
temperature differentials for the monochromator cooled with
water at two different bulk temperatures, 18°C and 30°C. Also
shown are the temperature differentials corresponding to a 2.2
gal/min water flow rate (see Table IV).

The results of the finite element thermal analysis are in general
agreement with the radiometric surface temperature profiles.

A number of conclusions can be drawn from the data in
Table IV and the temperature distributions in Fig. 7. First, from
the heat transfer coefficient values, it is evident that a doubling
of the gallium flow rate from 0.67 to 1.33 gal/min increases h
by about 16%. This reduces the maximum temperature in the
monochromator by about 3°C. Thus, increases in the gallium
flow rate that may require more powerful gallium pumps are not
warranted. The heat transfer coefficient for water, unlike that
for gallium, is a strong function of flow rate throughout. As we
have seen (Table IV), a doubling of water flow rate almost
doubles the heat transfer coefficient. It is thus possible to use
high enough flow rates (a tenfold increase to over 10 gal/min
here) to achieve gallium-like cooling capability with water.
However, vibration in the system will be a major concern. Table
IV also shows that because of its lower heat transfer coefficient
(due to higher viscosity), 18°C cooling water gives rise to a
maximum temperature differential on the surface that is about
2°C higher than 30°C water would generate.

Fig. 8. Typical (exaggerated) distortion profile in a water-cooled
monochromator.

5. STRUCTURAL ANALYSIS

The thermal solutions of the previous section are used in a finite
element structural analysis of the monochromator. As before,
only one half of the monochromator is analyzed.

The model monochromator is held at the inlet and outlet rims
of the cooling channels, restraining them vertically (i.e., there
is no y-direction displacement—see Fig. 1). The monochro-
mator is further restrained in the x direction by the assumed
symmetry and in the z direction by fixing the top center of the
crystal in that direction. These boundary conditions are realistic
and are chosen such that the thermal expansion of the monochro-
mator is not constrained.

Figure 8 shows an (exaggerated) thermally deformed water-
cooled monochromator. Since the near-Gaussian profile of the
incident beam is along the length of the crystal (z axis), the
vertical distortion along the z axis can be used as a comparative
measure of thermal distortion (the beam is uniform horizontally).
Five such displacement curves are shown in Fig. 9; they are the
distortion profiles for the water- and gallium-cooled cases, the
temperature profiles of which are shown in Fig. 7. As expected,
Fig. 9 shows that the smaller overall thermal gradients in the
gallium-cooled monochromator reduce thermal distortions ac-
cordingly.

The thermal gradients in the system and the resulting thermal
distortions increase with increases in (a) incident beam total
power, (b) incident beam peak flux (with the same total power),
and (c) incident angle with horizontal direction (smaller foot-
print). Furthermore, for a given total power, a beam with lower
critical energy deposits its power closer to the surface of the
monochromator, which can increase the overall thermal gra-
dients and distortions. The total power of the incident photon
beam, however, is the single most significant parameter affecting
the temperature profile and thermal distortion in a given mono-
chromator. The spatial profiles and energy composition of a
beam are secondary factors.

For a specified incident beam and coolant, the geometry of
the monochromator and, more specifically, the cooling channel
configuration are the most significant factors affecting the re-
sulting thermal distortion. The three-channel crystal studied here
is clearly not an optimal configuration. Moving the cooling chan-
nels closer to the top surface of the monochromator, for example,
reduces the thermal distortion appreciably.
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200

Fig. 9. Computed vertical thermal distortion along z axis on the top
surface of the monochromator.

6. ROCKING CURVE CALCULATION

The last step in determining the optical performance of a mono-
chromator system is the evaluation of its rocking curve. In a
two-crystal monochromator system, the incident beam is dif-
fracted from the first and then from the second monochromator
(see Fig. 1). The rocking curve is obtained by measuring the
diffracted radiation from the second crystal as a function of the
rocking angle. Mathematically, a rocking curve is obtained by
convoluting the reflectivity profiles of the two crystals weighted
by the incident beam profile.

Any thermal distortion in the first crystal broadens its reflec-
tivity profile and consequently broadens the rocking curve of
the monochromator system. As shown in Fig. 10, the maximum
reflectivity from a distorted water-cooJed first crystal is about
40% of the undistorted value. This means lowered peak intensity
of the available beam from the monochromator system.

Reflectivity calculations for the distorted monochromator are
made using the dynamical diffraction theory for perfect crystals.
In these calculations it is assumed that there were no gradients
in the rf-spacing; rather, all the contributions to the broadening
of the reflectivity-versus-angle profiles are due to slope errors
arising from thermal distortions. This assumption is warranted,
considering that the maximum temperature difference through-
out the crystal is less than that required to change the Bragg
angle by a Darwin width (the natural reflectivity width of the
crystal). This assumption is also supported experimentally. When
a narrow vertical slit is placed between the second crystal and
the detector and the crystal is rocked, the measured width of the
resulting intensity versus angle is very nearly that expected from
two perfect crystals, indicating that the small portion of the
crystal from which these rays were being diffracted behaved
very much like a perfect crystal. The area under the reflectivity
profile for a strained crystal is therefore constrained to be equal
to the area under a perfect crystal reflectivity curve. (A linear
relationship between the area under the rocking curve and the
stored beam current is observed experimentally, lending support
to this approach.)

Rocking curves for the two-crystal monochromator system
are obtained by convoluting the reflectivity profile of the dis-
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Fiy. 10. Illustration of the broadening of the reflectance curve from
a distorted crystal. Shown are the calculated reflectance curves for
a perfect and a thermally distorted water-cooled silicon (111) crystal
set to diffract 8 keV beam. The incident power is 430 W.

toned (first) crystal with that of a perfect (second) crystal. The
calculated rocking curves are the average of several rocking
curves taken across the face of the crystal to account for the
variation of the thermal distortion profiles in the x direction (see
Fig. 1).

The amplitudes of both experimental and computed rocking
curves are in arbitrary units, and a method to compare these
with one another and also with the amplitude of an undistorted
rocking curve is necessary to establish the performance of a
monochromator system. The dynamical diffraction theory as-
sumes the distorted crystal to be equivalent to and to behave as
a set of perfect (flat) crystals with different slopes. Each crystal
of this set in combination with the second crystal forms an
undistorted double-crystal monochromator with the intrinsic
rocking curve of a perfect double-crystal system, but shifted by
an angle equal to the slope angle of the distortion in that crystal.
Since the rocking curve of the distorted crystal is obtained by
superimposing the rocking curves of the individual perfect (flat)
crystals of the set, it follows that the area under the rocking
curves of distorted and undistorted monochromator systems must
be equal. Therefore, in the following the areas under the ex-
perimental and computed rocking curves are normalized to the
area of an undistorted (perfect) crystal. For convenience, the
rocking curve peak of the undistorted crystal is arbitrarily set to
unity, against which the peaks of the computed and experimental
rocking curves (which have been shifted along the abscissa to
align their maxima) can be measured. Note that the value of the
rocking angle at the maxima is irrelevant, and the width (broad-
ening) of the curve is the important quantity.

Figure 11 shows the experimental and computed rocking curves
for a monochromator system with a water-cooled thermally dis-
torted first crystal. The incident beam is at a 5.67° incident angle
to diffract 20 keV photons from silicon (111) planes. The total
incident power is 430 W, corresponding to 59 mA storage ring
current. The overall agreement between computed and experi-
mentally measured rocking curves is generally good, considering
the expected accuracy in each of the five steps leading to the
evaluation of the computed rocking curve. More striking, how-
ever, is the fact that the distorted crystal system delivers at most
about 25% the intensity of an undistorted monochromator sys-
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Fig. 11. Comparison between the experimental and computed rock-
ing curves for a water-cooled monochromator system set against
the rocking curve of an undistorted crystal system. The incident
beam is at a 5.67° angle [for 20 key photon diffraction from Si {1111
planes]. The total incident power is 430 W, corresponding to 59 inA
ring energy.
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Fig. 13. Comparison between experimental and computed rocking
curves for a water-cooled monochromator system set against the
rocking curve of an undistorted crystal system. The monochromator
system is set to diffract 8 keV photons (14.3* incident angle) from
Si (111) planes. The total incident power is 380 W, corresponding to
53 mA ring energy.
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Fig. 12. Comparison between experimental and computed rocking
curves for a distorted gallium-cooled monochromator system set
against the rocking curve of an undistorted crystal system. The in-
cident beam is at a 5.67° angle [to diffract 20 keV photons from Si
(111) planes]. The total incident power is 445 W, corresponding to
60 mA ring energy.

tem. This is made evident by comparing the maxima of the flat
and distorted crystal systems.

Figure 12 is similar to Fig. 11 except that, in the latter case,
liquid gallium is used as the coolant (the incident beam power
is 445 W, corresponding to 60 mA ring energy, slightly higher
than the previous case). The agreement between experimental
and computed rocking curves is reasonable; the discrepancy could
be due to a large number of factors that are being investigated.
The rocking curves here are not as broad as in the water-cooled
case. This is of course due to the higher thermal conductivity
of liquid gallium that leads to smaller thermal distortion in the
first crystal. The intensity of the beam from the monochromator
at its peak is 40%-50% of the value for an undistorted system.
In the past, water has usually been used in cooling monochro-
mators. A comparison between Figs. 11 and 12 shows that (for

similar flow rates) replacing water with liquid gallium will lead
to an almost doubling of the available intensity from the mono-
chromator system subjected to a high heat load x-ray beam.

Finally, Fig. 13 shows a set of rocking curves for 8 keV
reflected photons (corresponding to an incident angle of 14.3°)
for which experimental data were available. The monochromator
is water cooled, and the incident power is 380 W, corresponding
to a ring energy of 53 mA. Since the angle of incidence is large,
a portion of the beam is deposited directly in the coolant. Only
the pan deposited in the crystal is included in the thermal mod-
eling. From Fig. 13 one notes that the natural width of the
rocking curve for 8 keV is much broader than for 20 keV, and
that the experimental and computed rocking curves both display
this feature. The computed and experimental rocking curves are
almost identical and display a better agreement than the 20 keV
cases. The maximum reflected intensity from the water-cooled
monochromator system here is about 40% that of an undistorted
system. The larger reflectivity of this case compared to the 20 keV
water-cooled monochromator (Fig. 11) can be attributed to lower
incident power of the beam, and possibly to the fact that the
naturally broader rocking curve of 8 keV photons is affected to
a lesser degree by the thermal distortion of the crystal.

Rocking curve measurements at low currents (<5 mA) show
the intrinsic perfect crystal widths of about 4 arcsec at 20 keV
for both water and liquid gallium cooling. As the beam current
is increased, rocking curves show a clear broadening, the water-
cooled crystal showing a markedly larger increase in rocking
curve width as compared to the gallium-cooled crystal.

For an ideal optical system, the peak output flux should vary
linearly with stored beam current. Such a linear relationship
between current and count rate is not experimentally observed.
Rather, the peak count rate is found to saturate at the 15-20 mA
value for the water-cooled crystal and 20-25 mA value for the
gallium-cooled crystal, indicating the presence of thermal dis-
tortions.

Our calculations, however, do reproduce the observed asym-
metry in the intensity profile and provide a good match to the
observed broadening. We attribute this asymmetry, at least in
part, to the fact that, because the penetrating incident beam
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deposits its energy asymmetrically with respect to the x-y plane
in the crystal (as seen in Fig. 1), the center of the thermal
distortion is not coincident with the center of the footprint.

Even with the improved cooling provided by the liquid gal-
lium, the crystals show considerable distortion and provide less
than 50% of the expected flux at currents of 60 mA and above.
This is due in part to the fact that the crystal used in this study
is not optimally configured. For the same power loadings, con-
siderable improvement in the peak diffracted intensities can be
realized through optimization of crystal and cooling channel
geometry. It is, however, clear that with the large and concen-
trated power of x-ray beams generated by the wiggler and un-
dulators of the third-generation synchrotron facilities, other tech-
niques to increase optics performance should be investigated. A
study is currently under way that, in addition to optimizing the
crystal and cooling geometry, is aimed at exploring various other
options, including cryogenic cooling and adaptive optics.

7. CONCLUSION

Computational prediction of the performance of optical com-
ponents such as monochromators can successfully be carried
out. The five-step procedure developed here can reliably predict
such information necessary in the design and evaluation of the
high heat load optical components. The optical performance of
a monochromator system subjected to high heat load synchrotron
x-rays was computed and verified experimentally. It was shown
that using liquid gallium instead of water vastly improves the
optical performance of the system as measured by its rocking
curve. However, the high and concentrated heat loads of the
third-generation synchrotron facilities such as APS require op-
tical components that can function satisfactorily with incident
powers an order of magnitude larger than available presently.
This requires a novel approach to the design of such critical
components.
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Recent Experiments with Liquid Gallium Cooling
of Crystal Diffraction Optics.

R. K. Smither, A. Khounsary, W. Lee, A. Macrander, D. Mills, and
S. Rogers
Argonne National Laboratory, Argonne, IL 60439 USA

The x-ray beams for the next generation of synchrotrons will contain much
more power than is available at present day facilities. The total power in these next
generation sources will range from 1 to 10 kilowatts. Cooling the first optical
components in these beam lines will require the best cooling technology that one
can bring to bear, including specialized filter and apertures. In most cases, when
the first optical element is a diffraction crystal more than half of the total power will
be absorbed in this crystal. One of the more attractive approaches to cooling these
diffraction crystals is to use a liquid metal as the cooling fluid. Argonne continues to
pioneer this approach and has adopted liquid gallium as the liquid metal of choice.

Its low melting point, 29.7°C and its very low vapor pressure make it an easy fluid
to handle and its high thermal conductivity and heat capacity make it an excellent
cooling fluid. Two series of experiments were performed during 1991 at the
CHESS facility at Cornell. The first one, in April of 1991 used the new 24 pole
wiggler to investigate cooling of large areas of high power and the second run in
June 1991 used the ARGONNE-CHESS undulator. The new liquid gallium
pumping system was used to cool the diffraction crystals that delivered three times
the flow rate (5 gpm) of the system used in the 1988 tests, at pressures up to 100
psi. The total power of the wiggler beam available in the new F-2 station is 400
watts with 80 milliamps of synchrotron beam. This corresponds to a peak power of

3.4 watts / mm2. Three different cooling geometries were used in the cooling
crystals, which used both mosaic and near perfect crystals and inclined crystals.
Rocking curves were measured as a function of energy, bandwidth, power density,
and total power. Similar experiments were performed during the experimental run
in June with the undulator beam. The total power in the undulator beam was
similar to the wiggler beam (400 watts) but the peak power (perpendicular to the
beam) was about ten times as great. The results are compared with calculations
using finite element analysis.

*This work is supported by the U.S. Department of Energy, BES-Materials Sciences,
under Contract W-31-109-Eng-38.
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Abstract

«n^r V ^ K * 1 0 ! ! i°f t h e h i g h l y i n t e n s e a n d cdlimated x-ray beams
f S i S ™*?at0? «* w ^ l e r s on hiS« energy storage rings poses
a number of challenging problems in the design and fabrication of the
components that will be exposed to such beams. In particular the
stringent performance requirements of the x-ray optical systems, such as
the first monochromator, which may be exposed to beams with normal
incident flux in the 100-500 W/mm* range, is a major design concern

The so-called inclined monochromator described here is devised for
use on high heat load x-ray beams. The monochromatizing crystal is cut
such that the diffracting planes make an (inclination) angle 6 (0* < B < 9(n
with the crystal surface. This arrangement allows spreading of me
incident beam over a large and elongated area leading to reduced thermal
gradients and distortion in the cooled monochromator. AdditionaUy^he
slope errors in the diffracting planes are much less than me s S e s i o p e
errors. *

Extensive numerical simulations were carried out to estimate the
tnT?*'?^0™*?™ .°f ** new m°*ochromator. These analy^s
show that with an inclination angle of about 85', a simple, water-cooled
7 f e £ V T ? ? T ^ \ SyStem can P r o v i d e acceptable performance for
the high heat load undulator beamlines at the Advanced Photon Source
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A NOVEL MONOCHROMATOR FOR HIGH HEAT-LOAD
SYNCHROTRON X-RAY RADIATION

Ali M. Khounsary

Advanced Photon Source
Argonne National Laboratory

Argonne, IL 60439, USA

Abstract
The high heat load associated with the powerful and concentrated

x-ray beams generated by the insertion devices at a number of present
and many of the future (planned or under construction) synchrotron
radiation facilities pose a formidable engineering challenge in the
designer of the monochromators and other optical devices.

For example, the Undulator A source on the Advanced Photon
Source (APS) ring (being constructed at the Argonne National
Laboratory) will generate as much as 10 kW of heat deposited on a small
area (about 1 cm2) of the first optics located some 24 m from the source.
The peak normal incident heat flux can be as high as 500 W/mm2.

Successful utilization of the intense x-ray beams from insertion
devices critically depends on the development, design, and availability of
optical elements that provide acceptable performance under high heat-
load. Present monochromators can handle, at best, heat load levels that
are an order of magnitude lower than those generated by such sources.
The monochromator described here and referred to as the "inclined"
monochromator can provide a solution to high heat-load problem.

The inclined monochromator is different in a number of aspects
from other conventional monochromator designs. The main
differentiating characteristic of the inclined crystal is in the orientation of
the diffracting planes. The normals to the surface of the
monochromatizing crystal and to the diffracting crystal planes make an
angle close to 90*. This leads to a number of interesting effects including
spreading of the beam over a very large area (effectively reducing the
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incident heat flux by orders of magnitudes), and also rendering a much
smaller effective slope error. Thus, a substantial enhancement in the
performance of the monochromator is realized. The preliminary results
of a comparative numerical simulation of the performance of the inclined
monochromator under the 2.5 m long APS Undulator A beam are
encouraging and provide a quantitative estimate of the expected
enhancement.

I. INTRODUCTION

The advent of insertion device for the generation of dedicated and intense
x-ray beam has created a number of interesting engineering problems
particularly in the design of optical systems used on such beamlines.
these problems stem from the high head loads associated with these
powerful beams.

A double crystal monochromator system is often used as the first optical
element. The first crystal absorb all but a narrow energy band of the
photons from the white beam generated by the synchrotron sources. In
many of the present synchrotron facilities, the beam power is in the few
Watts range, requiring little or no cooling of the monochromator.

The power of the beams generated by insertion devices at a number of
present facilities and may of future facilities such as the European
Synchrotron Radiation facility (ESRF) and Advanced Photon Source
(APS) can be higher by orders of magnitudes. In these cases, active
cooling is imperative. Wiggler beams have the highest total power but
moderate power densities while undulator beams have moderatly high
total power with very high power densities. Table I lists a number of x-
ray sources, the storage ring energy, the characteristic energy, and their
total power. Also included are the normal incident linear powers at the
location of the monochromator. From an engineering point of view, the
combination of high total power and very high power density found in
undulator beams poses the most challenge. Since first monochromator
receiving the beam is distorted severely and far less photons that expected
reach the experimentalists' sample. This is best illustrated by noting that



for a given source and a monochromator system, one would expect an
output photon count rate proportional to the storage beam current.
Thermal distortion in the first crystal is marked by deviation from this
linear relationship when further increase in beam current (and thus the
thermal load) leads to smaller increase or even decline in the photon
count rate.l

This and related optical problems, collectively referred to as high heat
load optics problems have attracted considerable attention in the past
several years^ since utilization of the intense x-ray beams generated
depends on successful design of optical components capable of delivering
the beam to the experimental floor.

The design of a monochromator system that provides acceptable
performance under the high heat load of the x-ray beams involves
consideration of a number of factors. These include the material,
thermal, structural, fluid mechanics, and diffraction aspects of the
problem. Earlier efforts were aimed at efficient cooling of the first
crystal so that the thermal gradient and thus thermal strain in the crystal
is minimized. Liquid metal cooling has been a step in this direction
which in combination with appropriately configured cooling channels in
the crystal can enhance the monochromator performance as measured by
photon count rate by a factor of two or more compared with traditional
water cooling.3 Extensive numerical modeling for predicting the
performance of monochromator have been carried out^ which allows
evaluation of various possible designs and optimization prior to
fabrication and testing.

There have been other attempts at efficient cooling of the crystals
including jet and cryogenic coolings. From these and other studies and
test, a better understanding of the problem has emerged, bringing various
aspects of the problem into sharper focus.

The overall design objective, however, should not be mere efficient
cooling of the crystal, but to devise and design a monochromator system
which (consistent with operational requirements such as its size,



versatility, and ease of operation) has an acceptable and optimal
performance as measured by the fraction of photons in the desired energy
band width that reach the sample. To achieve this objective, a number of
meausres should be taken. These are outlined here in general terms.

1. Reduce the power of the incident beam. This entails use of
appropriate thermal filters, low/high pass filters, or apertures to
eliminate as much of the unwanted photons as possible.

2. Reduce the heat flux. This is done by spreading the beam over a
larger area by using curved crystals, asymmetric crystals, or the
inclined crystals which is the subject of this paper and will be
discussed extensively.

3. Absorb as less as possible of the incident power in the first
crystal. This can be accomplished by using single crystals of
lower atomic number materials (e. g. , beryllium or diamond)
instead of silicon or germanium commonly used. Or since only a
10-100 mm thick single crystal in needed for diffraction, it may
be possible to use a thin layer of crystal (cooled on one side or on
the perimeter, or through a substrate on which it may be
mounted). A substrate made of a low atomic number material or
a cooling fluid flowing under the thin layer will absorb much of
the incident power.

4. Reduce thermal gradient in the system. This step has received
most of the attention in the form of crystal cooling research.
Essentially, one would like to remove the heat from the crystal
with minimal thermal resistance. Thermal resistances are mainly
conductive and convective. The former is reduced by increasing
thermal conductivity of the crystal and by reducing the thickness
of the material through which heat is transferred to the cooling
fluid. Convective resistance can be reduced by using highly
conductive fluids (liquid metals), very high velocity flows,
microchannel cooling, jet cooling, two-phase flow cooling, etc.



5. Reducing thermal distortion. To begin with, it is important to
bear in mind that except for the simplest cases the relationship
between thermal distortion and thermal gradients in a system is
complex. Specifically, while it is true that a lower thermal
gradient leads to a lower thermal strain, it does not necessarily
follow that the distortion in system A with lower thermal gradient
is less than system B with higher thermal gradient. It is quite
easy to devise a system which is efficiently cooled, has lower
thermal gradient than another, but has a larger thermal distortion.
Thus, while it is necessary to strive for lower thermal gradients,
the structural aspect of the system must remain an integral part of
the investigation. Simple analytical models or more detailed
computations are inevitable in this regard. Other schemes to
control thermal distortions include a variety of active and passive
methods. Additionally, cooling and operating the
monochromator in a temperature range where thermal expansion
coefficient of the crystal is small or near zero is an attractive
approach.

6. Reducing the slope error. While reducing thermal distortions is a
step in the right direction, it is the slope error in the phane of
scattering that is important in diffraction. Indeed, this is a key
point in the operation of the inclined monochromator described in
the next section.

7. Maximizing the photon count rate. Again, while minimizing the
distortion and also the slope error are appropriate steps, one
should realize that it is the match between the incident beam
(which is often spatially non-uniform) and the slope error in the
plane of scattering that determines the performance of a
monochromator system. This means that the magnitude of the
slope errors near the spatial peak of the incident beam is very
mportant and concentration should be shifted from minimizing
the slope error alone to seeking to match the profiles of the slope
error and the indecent beam.



This brief account of monochromator design does not cover many other
aspects (e. g., fabrication) but is merely a measured approach to tackle
the high heat load aspect of the problem. It also ignores the effect of
change in crystal spacing which is often small.

The inclined monochromator relies specifically on exploration of two of
the above measures. By cutting the crystal such that the normals to the
diffracting plane and the crystal surface make an angle close to 90
incident beam is extended over a very large area.

In the design of an optimal monochromator for high heat load beamlines,
attempts should be made to incorporate as many of measures outlined
above as possible. By design, the inclined monochromator is such that it
fully exploits two of the above measures: spreading the beam and
minimizing the slope error.

H. THE INCLINED MONOCHROMATOR

The inclined monochromator system consists of two single crystal blocks.
The blocks are cut such that the normals to the diffraction planes of
interest make a prescribed "inclined" angle P (close to 90e) with the
crystal surface normal (Fig. 1). In conversional monochromators, {3=0.

The incident beam in conventional monochromators is spread vertically
on the first cryatal due to the often shallow incident (Bragg) angles. In
the inclined monochromator the horizontal dimension of the beam
footprint is also increased by a large factor. This magnification factor can
be calculated using Fig. 2. The x-ray beam is incident at an angle 8fi on
the surface of the inclined crystal represented by the P2 plane. The
diffraction planes of interest are at an angle P with respect to this plane
and are parallel to the PI plane, as shown. In conventional"
monochromators, these planes coincide.

Assume that at normal incidence, the beam has a rectangular footprint,
and the height (in the vertical) and width (in the horizontal) of the
footprint are v and h unit lengths respectively. The beam footprint on a



conventional crystal is increased by a factor of 1/sin GB due to spread in
the vertical dimension.

The beam footprint on the surface of the inclined plane making an angle
P with PI is a long parallelogram. As seen, the height of the beam
footprint is identical to that of the conventional crystal and equal to
v/sinGfi. The width of the footprint is evaluated as follows (see Fig.2):

AG = EF = CD = v/sinGB (1)

From triangles ABC and BCE one obtains

AB = h/cosp\ (2)

BC = htanp (3)

and

BE = BC/tanGB= h tanp/tanGfi (4)

From triangle ABE, we have

AE = (b/cosP )V[1 + (sinb /tanGB)2], (5)

and

siny = 1/V[1 + (sinP /tanGB)2]. (6)

The area of the inclined footprint is then

Area = (AG)(AE) siny = vh/(sinGB cosp) (7)

Therefore, in comparison with a conventional crystal, the area of the
beam footprint is here increased by a factor of 1/cosP or by a factor of 1
/ (sinGB cos P) as compared with the normal incidence beam size.



Fig. 3 plots the area magnification factor for the inclined crystals a
function of the angle of inclination P for Bragg angles of 2, 5, 10, and
30*. It is seen, for example, that for an inclination of 85° the area of the
footprint is increased by over 11 times, and thus the incident flux is
reduced by a factor of 11.

This is one of the fundamental advantages of the present design. Because
of the much reduced heat flux, with a substantially similar cooling
method, a considerable reduction in the temperature of the crystal
exposed to high heat-load radiation is realized. Lower temperatures lead
to reduced thermal distortion when compared to a corresponding
conventional x-ray monochromator. One must also note that the inclined
crystal not only leads to a quantitative increased in beam footprint size,
but also because of the elongated footprint it provides a more qualitative
spread of the beam that may be helpful in heat transfer. In addition, for
any type of cooling scheme, and specially for cryogenic cooling where a
large surface area is necessary, the larger beam footprint is very
advantageous. Specifically, due to the spread of the beam over a large
surface area, the present design makes a several kW cryogenic system
more realizable by (a) reducing the number of vertical layers needed to
provide the necessary surface area for heat removal thereby reducing the
complexity in the design of the system, (b) providing a more uniform
temperature field on the surface and thus more efficient cooling, and (c)
leaving a lower overall temperature in the system which leads to better
cooling efficiency and reduced thermal strains. These factors help
substantially simplify the design of such systems.

The second fundamental advantage of the present design is that effective
slope errors are much smaller than in the case of conventional single-
crystal monochromators. Because of the orientation of the diffracting
crystal planes with respect to the surface of the crystal, the thermal
distortion of the crystal surface is only partially reflected in the slope
error profile in the plane of scattering. The undesirable misorientation
of the diffraction planes is considerably reduced. To clarify this point,
consider the crystal shown in Fig. 1. We first note that pure bending of



the crystal along its width will not affect the Bragg angle 9 B . For the
bending along the length of the crystal, consider the case of P --> 90°.
There is only a minor change in the Bragg angle Gfi as a result of this
bent (which can be thought of as a major component of the thermal
distortion in the crystal) because the crystal diffraction planes remain
parallel. Now as the inclination angle is decreased from 90° to 0°
(conventional monochromators), the effect of such a bending will become
progressively more pronounced.

ffl. NUMERICAL SIMULATIONS
In order to examine the comparative performance of an inclined

and a conventional mono, a simple numerical simulation of a model
monochromator is carried out. To make a realistic case for the inclined
crystal, the beam form the APS undulator A is used as the radiation
source. Specifications of this source are included in Table II.

The test monochromator system consists of two identical slabs of
single crystal silicon. The first which absorbs almost all the incident beam
power is thermally and structurally analyzed for various Bragg and
inclinations angles. The slope errors, used as a comparative measure of
the monochromator performance, are computed.

The incident beam of about 5 kW power after passing through the
filter and beryllium (Be) window assemblies will have a total power of
4.4 kW. Its non-uniform spatial profile is fully accounted for and surface
absorption is assumed in the computations.

Since the incident Bragg and the inclination angles, and thus the
beam footprint size, vary, the size of the monochromator is adjusted such
that there is an unexposed margin of 0.5 cm on each side of the crystal.
Diffraction is from the Si (111) planes, and the analysis is carried out for
for Bragg angles of 5.67° (12 keV) and 14.3° (8 keV) and inclination
angles of 0, 60, 75, and 85°.

Table II: Data for x-ray source and the monochromator used in the
analyses

X-ray source APS Undulator A
Ring Energy (GeV) 7



Beam current (mA)
Device length (m)

100
2.5

Deflation Parameter
Vertical FWHM of the beam (mrad)
Horizontal FWHM of the beam (mrad)
Total beam power
peak power density
Thermal filters
Windows
Beam power at monochromator
Peak normal incident flux at monochromator

monochromator distance form the source
monochromator
monochromator size
cooling scheme
monochromator cooled
coolant
heat transfer coefficient
Thermal conductivity of Si
(temperature dependent)
Young Modulus (N/cm2)
Poisson ratio
Coefficient of thermal expansion (K-l)

2.5
-0.073
-0.36
5kW
156 kW/mrad2
1.2 mm thick carbon
two 250 urn Be foils
4.4 kW

24 m
Si slab, 1 cm thick
varies
back of the

10 ° C water
1.0W/cm2-K
1.0-0.1 W/cm-K

0.167 E10
0.3
2.33 E-6

Figure 4 shows a sketch of a typical model used in the numerical analyses
with the heated area shaded. Actual models are much more detailed.

In the structural analyses of the crystal, at least six boundary
conditions are needed to prevent rigid body motion. These are
appropriately chosen such that the body is otherwise unconstrained. The
displacements and the slope errors along the z-axis (shown in Fig. 4) are
obtained in two coordinate systems. Both systems have their origins at the
center of the exposed surface of the monochromator with one coincident
axis. One system has its y-axis normal to the diffraction planes

while the other has its y-axiz normal to the crystal surface



). The YdZd plane is a plane of scattering. The angle between
YdZd and YSZS planes is the inclination angle.

Table III list the maximum temperature differential and the maximum
slope errors for the simulated cases. A considerable reduction in the
maximum temperature differentials from an (unrealistic value) of a few
thousands to a less than 200"C is observed as the crystal is inclined with
respect to the incident beam. The significant reduction in the slope
errors, specially for large inclination angles, is another result of the
inclined geometry. For a Bragg angle of 14.3" and an inclination angle
of 85° the slope error profiles along the z-axis in the xy planes of both
the diffraction and surface coordinate systems are shown in Figure 5.
The rather modest maximum slope error if 11 arc second (for a
maximum temperature differential of 157°C) is quite encouraging.
Considering the crude (but adequate for this comparative study) model
used here, it is expected that an optimally configured design, efficiently
cooled, system using liquid gallium, for example, will perform
substantially better.

Table HI: Maximum temperature differentials in the first crystal and the
maximum slope errors along the x-axiz.

Bragg angle inclination angleATmax Maximum slope error
(arcsecond)

(°C) in YsZs plane in YdZd plane

5.67

5.67
5.67
14.3

14.3

14.3
14.3

690

870

245

0

60
75
0

60

75
85

1,735

517
184
2,960

1,240

570
157

360
160

220
72

690

870

430

215
70

85
11



The main disadvantage of the inclined crystal will be its size.
However, it is quite possible to aperture the beam so that a smaller
monochromator (which still yields a high fraction of the expected
photons) can be used. Other problems with fabrication and alignment
may be expected, which are, however, not insumurable.

IV. CONCLUSIONS
The simple model monochromator used in the comparative analysis

of the conventional and the inclined monochromator indicates that the
inclined design can handle the intense radiation from future insertion
devices. The radiation source used in this study is the APS undulator A
which constitutes the most difficult thermal load problem amongst all
insertion device planed for the next few years. An optimally designed
and cooled inclined monochromator with an inclination angle of about
80' can provide a solution to the present high heat load optics problems.
Plans are underway at APS to construct and test the inclined
monochromator. The result of these tests and the experience gained in
the area of fabrication, alignment, and operation will be published in a
forthcoming paper.
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Table I: Parameters of various high-power x-ray devices. Nominal beam currents are
assumed. Listed are total the ring energy, deflection paramteter K, characteristic
energy Ec, and total power P. The power per unit horizontal extent at the
monochromator a distance D from the source is listed in the last column. Abbreviations
are PMW and PMU for permanent magnet wigglers and undulator respectively, and
SUW for the superconducting wiggler.

Radiation Source

APS Undulator A
APS Undulator B
APS Undulator C
APS Undulator D
APS Wiggler A
APS Wiggler B
APSBM
PF 53 pole Wiggler
NSLS 5.5 pole SUW
SSRL54polePMW
CHESS 24 pole PMW
CHESS 123 pole PMU
ESRF Undulator 1
ESRF Undulator 2
ESRF Wiggler 1
ESRF Wiggler 2

Er K
(GeV) (-)

7
7
7
7
7
7
7
2.5
2.5
3
6
6
6
6
6
6

2.5
1.0
2.8
8.8
14.0
7.0

16.8
97.5
0.170
22.6
1.54
1.0
3.2
12
32

Ec P
(keV)(kW)

26.0
10.0
4.9
32.6
32.6
9.8
19.5
6.2
25
8.5
29.6
12.0
7.2
15.1
29.9
45.5

10.0
2.5
0.35
15.5
4.6
1.4
0.52
1.2
1.2
0.8
2.3
4.6
14.1
20.4
7.0
3.0

D
(m)

24
24
24
24
24
24
22
19
12
12
14
16
23
23
23
23

Q1

(kW/cm)

22.8
13.9
0.7
10.1
1.9
1.9
0.05
0.64
1.0
0.7
1.6
2.9
6.1
8.9
7.0
3.0





(V] p (Incl ination Angle)
Figure %, Magnification or the normal incident beam footprint on an inclined
crystal as a riinction or the inclination angle [3 Tor several Bragg angles.
Also shown (in heavy line) is the magnification compared to the conventional
monochromator footprint as a function of the inlcination angle.



'- <i«-$iv t c-'i- »•! t '-̂ -e.



' • V \ x<&i

Figure 2: The normal footprint of an incident beam • • § along with
its faetprints on a conventional EZZ3 and an inclined Ifffffffl crystal.
The surfaces of these crystals are represented by PI and P2 planes
respectively.
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HIGH HEAT LOAD PERFORMANCE OF AN 43
INCLINED CRYSTAL MONOCHROMATOR

WITH LIQUID GALLIUM COOLING
ON THE CHESS-ANL UNDULATOR *

AT. Macrander, W-K Lee, R.K. Smither, and D.M. Mills

Advanced Photon Source, Argonne National Laboratory, Argonne IL 60439

Recent results for the performance of a novel double crystal monochromator
subjected to high heat loads on an APS prototype undulator at the Cornell High
Energy Synchrotron Source (CHESS) are presented. The monochromator was
designed to achieve symmetric diffraction from asymmetric planes to spread out the
beam footprint thereby lowering the incident power density. Both crystals had (111)
oriented surfaces and were arranged such that the beam was diffracted from the (111)
planes at 5 KeV . Rocking curves with minimal distortion were obtained at a ring
electron current of 100 mA. This corresponded to 380 Watts total power and an
average power density of 40 Watts/mm2 normal to the incident beam. These results
are compared to data obtained from the same crystals in the standard geometry
( diffracting planes parallel to surface). The footprint area in the inclined case was
three times that of the standard case. We also obtained rocking curve data for the
{333} reflection at 15 KeV for both standard and inclined cases, and these data also
showed a minimal distortion only for the inclined case. In addition, thermal data were
obtained via infrared pyrometry. Liquid gallium flow rates of up to 2 gallons per minute
were investigated. The diffraction data revealed a dramatically improved
performance for the inclined crystal case.

*This work supported by the U.S. Department of Energy, BES-Materials Sciences
under contract W-31-109-Eng-38

7th National Conf. on SRI, 10/28-31/91, Baton Rouge, LA (abstract).

The submitted manuscript has been authored
by a contractor of tht U.S. Government
under contract No. W-31-109-ENG-3B.
Accordingly* the U. S. Government retain! a
nonexclusive royalty <fret license to publish
or reproduce the published form of this
contribution, or allow others to do so, for
U. S. Government purposes.



MODIFICATIONS OF THE BEAM PROFILE 44
IN THE NEW INCLINED CRYSTAL GEOMETRY *

Wah Keat Lee and Albert T. Macrander
Advanced Photon Source

Argonne National Laboratory
9700 S. Cass Avenue
Argonne, IL 60439

U.S.A.

Abstract

The new inclined crystal geometry has been successfully used in
high heat load X-ray monochromator tests. The important aspect of this
geometry is that from a diffraction point of view, when properly aligned,
it is a symmetric Bragg reflection; i.e., b = Y0/yn - - 1 . An interesting

result of this geometry is that with a single reflection from an inclined
crystal.the output X-ray beam shape changes dramatically, while
maintaining the same beam cross sectional area. For example, a parallel 8
keV input X-ray beam using Si(111) reflection, with an inclination angle

of 70.5°, the output beam size is compressed by about a factor of 5 in one
direction and expanded by the same factor in the other direction. This
geometry can therefore, be used to alter the source line profile of in house
X-ray generators and in some cases, be used to better match the sample
size and the X-ray beam. The effect of this geometry on beam profiles,
beam divergences and acceptance angles will be discussed.

* This work is supported by the U.S. Department of Energy, BES-Materials
Sciences, under contract no. W-31-109-ENG-38.

Tht tubmittcd manuscript has been authored
by a contractor of tht U.S. Government
under contract No. W-31-109-ENG-38.
Accordingly, the U. S. Government retains a
nonexclusive, royalty-free license to publish
or reproduce the published form of this
contribution, or allow others to do so. for
U. S. Government purposes.
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7th National Conf. on SRI, 10/28-31/91, Baton Rouge, LA (abstract).



MISALIGNMENT SENSITIVITY OF AN INCLINED 45

CRYSTAL MONOCHROMATOR *

AT. Macrander and W-K Lee

Advanced Photon Source, Argonne National Laboratory, Argonne, IL 60439

abstract
The sensitivity of a novel inclined crystal monchromator design to

misalignments has been calculated, and compared to data. Rocking curve line
narrowing as well as broadening can occur because the asymmetry factor of
dynamical diffraction given by b=sn,n / s ^ n can have an absolute value larger or

smaller than unity. Here SQ and s ^ are the direction cosines of the incident and

diffracted beams, respectively, and n is the inward surface normal. An inclined
dquble crystal monochromator which is perfectly aligned would have b = - 1 for both
crystals , and only then would the diffraction be symmetric. We have computed b
and rocking curve linewidths for inclination angles of 70.53° and 85.00°, and we
compare these to data for silicon {111} reflections using 8 KeV (CuKa-|) radiation. The

70.53° case applies to V111) reflection from a t111) oriented crystal. For the 85°

case we studied the (1J *) reflection from a specially cut silicon crystal. We report that
rotations around the reciprocal lattice vector have the largest affect on b.

*This work supported by the U.S. Department of Energy, BES-Materials Sciences,
under contract W-31-109-Eng-38.

The submitted manuscript has been authored
by a contractor of the U. S. Government
under contract No. W-3M09-ENG-38-
Accordingly, the U. S- Government retains a
nonexclusive, royalty-free license to publish
or reproduce the published form of this
contribution, or allow others to do so, for
U. S. Government purposes.

7th National Conf. on SRI, 10/28-31/91, Baton Rouge, LA (abstract).



LS - 128
Ali Khounsary and
Tuncer Kuzay
September 1988

ANSYS Program and Re-validation of the
Thermal Analysis of the Cornell Silicon Crystal 46

Summary

Thermal analysis of the Cornell three-channel silicon crystal is carried

out using the ANSYS finite element program. Results are in general agreement

with those previously obtained using the Transient Heat Transfer, version B

(THTB) program.^

The main thrust of the present study has been to (a) explore the thermal

analysis potentials of the ANSYS program in solving thermal hydraulic problems

in the APS bearaline design, (b) compare the ANSYS results with those obtained

by THTB for a specific test crystal, and (c) obtain some cost benchmarks for

the ANSYS program.

On the basis of a limited number of test runs for the silicon crystal

problem, conclusions can be drawn that (a) except for conduction problems with

simple boundary conditions the utility of ANSYS for solving a variety of

three-dimensional thermal hydraulic problems is at best limited, (b) in

comparison with THTB program, ANSYS requires a more detailed modeling (with

increasing computation time) for comparably accurate results, and (c) no firm

statement regarding the cost factor can be made at this time although the

ANSYS program appears to be more expensive than any other code we have used so

far.

1.0 Introduction

In the analysis and design of the various beamline components of the APS

project, availability of reliable and economical numerical codes for heat

transfer and stress analysis is very desirable. While in the case of simpler

problems approximate analytical solutions or numerical codes can be developed,



for more complex problems, in house development, testing, evaluation and

verification of numerical programs are not warranted.

A large number of commercial codes to handle thermal hydraulic problems

are available. Some of these codes are already installed (but not supported)

at ANL. The Transient Heat Transfer, Version B (THTB) that has been

extensively used in our analyses is one such code. The System Improved

Numerical Differing Analyzer (SINDA) is another capable heat transfer codes

available at AML. Other general-purpose, commercially available, thermal-

hydraulic codes include PHOENICS, FLUENT, FLOTRAN. TAP2, THAP and

NASTRAN.^2'3^

The capabilies of these thermal codes vary widely and the choice of one

over others depends not only on the specific applications but also on such

factors as familiarity, reliability, user-friendliness, documentation,

support, the operating machine environment, and of course, cost.

For stress analysis applications, similarly, a large number of programs

run

are available.1- J

In addition, there are a number of broad-based general purpose numerical

programs that can solve, among others, both thermal and stress problems.

These programs are essentially structural analysis codes and their thermal

provisions are add-on features which, however, have limited capabilities.

ANSYS is one such general-purpose program. It has been available at ANL on

the IBM mainframe and its newest version (4.3A) has just been installed on the

VAX-8700.*
*Some of our ANSYS runs were done to test this new interactive version of
ANSYS. Identical programs were run at Fermi-Lab. We are not charged for these
tests at ANL. ANSYS 4.3A is expected to be available (but not supported) for
general use in September 1988.



Like most other structural analysis programs, ANSYS is a finite element

codes. The finite element approach is now increasingly used in thermal and

fluid analysis'--'-' where the finite difference methods have traditionally been

utilized.

Since both the thermal hydraulic finite difference program THTB and the

finite element ANSYS code are available on site, a re-evaluation of the

thermal behavior of the Cornell three-channel silicon crystal was undertaken

to (1) examine the thermal hydraulic capabilities of ANSYS, (2) verify the

THTB solution, (3- develop a basis for cost comparison, and (J4) carry out an

analysis of the thermal stress in the silicon crystal using ANSYS. The

results of the first three tasks are briefly outlined below and the last item

is now being pursued.

2.1 Thermal Capabilities of ANSYS

Typical problems encountered in the APS beamline component analysis and

design involve heat transfer in three-dimensional complex geometries with

convective boundary conditions and various flow regimes. From an extensive

examination of the various 'elements' in ANSYS library, as well as discussion

with the SWANSON ANALYSIS SYSTEMS, INC. (ANSYS developer) personnel it seems

that it is not possible, at least directly, to model a channel flow with

radial temperature gradients in three-dimensional conduction-convection

problems. This capability is essential for our analysis, and the matter has

been brought to the attention of SWANSON consultants. The effects of flow

rates and mixing, therefore, cannot be modeled by ANSYS. THTB can simulate

these features in a simple fashion.



2.2 ANSYS and Verification of the THTB Analysis

In order to establish the accuracy of the THTB code and the results there

of, and also to examine the computational features and merits of the THTB and

the ANSYS programs, the Cornell three-channel gallium-cooled silicon crystal

problem is further analysed. A uniform x-ray beam of 375 W total power

incident at a 1i).3°C angle is assumed.

This problem is solved for a variety of flow regimes, boundary

conditions, nodal configurations, and code modes. Several of these runs, the

ones most pertinent to our comparative analysis of the THTB and ANSYS

programs, are summarily included in Table 1 where the maximum observed

temperature in the crystal for each case is also included.

2.2.1 THTB Results

In Table 1 the summary descriptions of four sets of THTB runs (Runs #1 to

8) are included. Each set corresponds to a distinct boundary condition and/or

flow condition for two typical fluid (or wall) temperatures of 30° and 50°C.

Runs #1 & 2 are the standard runs: they represent realistic models for

the silicon crystal cooled by gallium flowing through the three channels at a

rate of 1.0 gpm (4.855 ft/sec).

The maximum temperature in the system for the 30°C gallium inlet

temperature is 70.1°C, and for the 50°C inlet temperature is 92.7°C. The

22.6°C difference in the maximum temperatures is slightly above the 20°C

difference in the flow temperature. This 2.6°C deviation results from the

temperature dependency of the silicon properties.

Runs #3 & 4 differ from the standard case (Runs #1 & 2) in that

artifically high values of gallium flow rate and specific heat are

incorporated to simulate a constant bulk fluid temperature. This case is



necessary for later comparison with the ANSYS computations. The improved

convection in these runs reduces the maximum system temperature a few degrees

from the corresponding standard Runs #1 & 2.

Runs #5 & 6 in Table 1 are derived to simulate a constant channel-wall

temperature by assigning a very large value for the heat transfer

coefficient. The maximum temperature in the system is about 10°C less than

the corresponding temperature in the gallium-cooled constant bulk fluid

temperature case (Runs #3 & H), and differs from the standard case (Runs #1 or

2) by about 15°C.

In the final THTB runs (Runs #7 & 8) constant channel-wall temperatures

are explicitly imposed. The resulting maximum temperatures are slightly lower

than the corresponding figures for the simulated constant wall temperature in

Runs #5 & 6 (see Table 1).

Taken together, the THTB Runs #1 to 8 display the expected behavior of

the thermal system consistently, and in particular show the heat removal

efficiency from the crystal from a moderately high convective case (standard

Runs #1 & 2) to the maximum possible heat removal rate when the channel wall

is kept at a constant temperature (Runs #7 & 8). Noteworthy is the

corresponding maximum temperature rise in the crystal that varies from ^0.1°C

(Runs #1) to 23.^"C (Runs #7) for the fluid and wall temperature of 30°C

respectively.

2.2.2 ANSYS Results

The ANSYS pre-processing facilities are used to produce a nodal

arrangement for the silicon crystal identical to the one used in THTB runs.

This allows a direct comparison between the temperature distributions obtained

by the ANSYS and the THTB programs.



Considering the limitations of the ANSYS code, only two of the four cases

analysed by the THT3 code in the last section can be modeled and solved. They

correspond to (a) convection at a constant fluid bulk temperature, and (b)

prescribed channel-wall temperatures.

The ANSYS Runs #9 & 10 in Table 1 yield the maximum temperatures in the

silicon crystal for constant fluid bulk temperature of 30 and 50°C

respectively. While the difference between the two maxima of 56.1°C and

78.1°C is 22.0°C and, therefore, consistent with the THT3 results, the

temperatures themselves are not. For a fluid bulk temperature of 30°C, THTB

yields a maximum system temperature of 66.8°C (Run #3) while ANSYS gives a

56.1°C (Run #9) temperature, about 16% lower.

This divergence of solution, particularly in view of the identical system

specifications and nodal arrangement used in THTB and the ANSYS requires an

explanation (note that tight and identical convengence criteria are used in

both cases).

The difference in the results stems from the fact that ANSYS and THTB

utilize two different numerical scheme based on two distinct conceptual

approach to the formulation and solution of the problem. That a firm and

general statement regarding the accuracy of one solution over the other cannot

be made is due to a multiple of factors ranging from problem specifications

and boundary conditions to the precise methodology and algorithm used in the

finite element and finite difference methods.

In our particular problem of thermal analysis of the silicon crystal the

discrepancy between the THTB and ANSYS results is attributable to the

inaccuracy in the ANSYS solution since we have every indication that the THTB

results are both consistent (as, for example, Runs #1 to 3 in Table 1

indicate) and accurate (as indicated by our extensive checks and cross-checks



of the results as well as examination of energy conservation and convergence

criteria ).

With the assurance of accuracy in the THTB results (which is further

verified as described below) the source of discrepancy between THTB and the

ANSYS results may lie in the size of the elements used in the ANSYS program.

Additionally, large aspect ratios are thought to have detrimental effects on

the accuracy of the ANSYS results; such effects are not expected in THTB

program barring steep material property and temperature gradients.

Thus, for more accurate results another ANSYS run in which the silicon

crystal is re-meshed taking a total of 8960 nodes (instead of the previous

1232) is attempted (Run #11, Table 1). In doing so, we almost double the

number of nodes in each direction and reduced some of the large element aspect

ratios. As shown in Table 1, for a fluid bulk temperature of 30°C a maximum

system temperature of 64.5°C is obtained. This is sharply different from the

56.1°C obtained with fewer nodes, and shows that in this particular case (a)

the accuracy of the ANSYS results is substantially improved when a very large

number of nodes is utilized and, (b) the improved solution yields a maximum

temperature in the system which differs from the corresponding THTB solution

(Hun #3) by only 3*. This is an independent verification of the THTB results.

The improved accuracy in the ANSYS results, however, comes at the expense

of a substantial increase in the computation time, from 200 to 6000 CPU

seconds or a thirty-fold increase. The cost of running this program on the

VAX-S700 varies from $660 (for daytime interactive) to an absolute minimum of

$290 (for weekend batch).

*Energy is automatically conserved in the AiJSYS program and thus cannot be
used as a means of checking the accuracy of the results. Conservation of
energy, however, does provide an independent and extremely useful means for
examining the THTB results.
**Figures are based on a minimum royalty fees of 4.1C/CPU seconds and
$250/hr($25/hr) of CPU time charge for interactive (weekend batch) programming
on the VAX-8700 machine.



As indicated elsewhere in this memorandum, no attempt has been made to

optimize this last ANSYS run. Appropriate preparation of the problem can

substantially reduce the computation expenses, but this will be at the expense

of staff time required in the tedious task of devising optimal problem

description. Two additional ANSYS runs (Runs #12 & 13) with constant channel-

wall temperatures corresdponding to the THTB Runs #7 & 8 respectively, are

included in Table 1. The 8960 node versions are not run for these cases for

reasons of economy

This section can be summarized by stating that (a) ANSYS cannot directly

solve the silicon crystal problem realistically since it cannot treat the

channel flow in the problem but (b) it can solve the problem if simple

convective boundary conditions on the channel walls are imposed, however, (c)

to obtain comparatively accurate results a much finer nodal description of the

silicon crystal than the one in THTB analysis must be used and (d) this

requires a much higher computational expense which (e) can be somewhat reduced

at the expense of staff time required for problem optimization.

2.3 THT3 and ANSYS Cost Basis

The approximate CPU seconds used in the THTB and ANSYS runs are included

in Table 1. Pre-and post-processing times are not included in the case of

ANSYS runs.

While no attempt was made at optimizing the detailed ANSYS program Run

#11 (Table 1) its long computation time (Table 1) is indicative of the

expenses involved. We guesstimate that by taking appropriate optimization

measures in modeling and preparation, this computation time can be reduced,

perhaps by two third. Our aim here has not been to run an efficient program,

rather to obtain a feel for the computational expense.



The substantial difference in computation time between THTB and ANSYS

(for comparable accuracy in results), apart from the optimization factor

alluded to above, lies in the fact that these two numerical codes essentially

utilize different formulation and solution approaches. As mentioned before,

THTB uses a finite difference method while ANSYS is a finite element

program. There seems to be no general theory to explain why one approach

yields better results than another for a given problem and configuration.

It very much depends on the specifics of the problem being considered and the

precise manner in which computations within the codes are performed, although

under certain conditions, finite element solutions should yield better

results.

THTB is a no-usage fee program but ANSYS carries a minimum charge of 4.1c

per CPU second on the VAX-8700 (with $1000 per month minimum charge, site

wide). This is, of course, in addition to the computer time expenses.

In summary, it is difficult to assess cost figures for ANSYS on the basis

of the limited number of tests runs, but the data in Table 1 may be used as

rough yardsticks.

3. Conclusions

Previously obtained THTB results for a gallium-cooled silicon crystal are

verified using the ANSYS program. ANSYS can be used to solve various heat

transfer problems, although its capabilities are limited necessitating in

certain cases the use of other, more specific, heat transfer and fluid

codes. The maximum temperature rise in an experimental 3-channel Cornell

silicon crystal subject to synchrotron radiation has been verified by both

ANSYS and THTB codes.
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Cryogenic cooling of x-ray crystals using a porous matrix
Tuncer M. Kuzay

Advance Photon Source. Arfonne Rational Laboratory. Arjonne. Illinois 6CH39

(Presented on 15 July 1991)
It is well established that Si and SiC have very desirable thermophysical properties
(principally, high thermal conductivity, and low thermal expansion) at cryogenic
temperatures. Thus, cryocooled optics are a potentially good candidate for the first optical
crystal of the third generation synchrotron machines, which will have very high heat
flux levels. Currently, there is a great deal of interest, both experimental and analytical in
such cryocooled crystals. The analytical studies involve cut micro- or capillary
channel crystals. As opposed to machined channels, porous matrices provide significant
advantages. Such matrices are known to effect superior heat transfer. They operate very quietly.
Data available in the open literature suggest that surface heat flux levels up to ~ 8
kW/crrr are possible. For cryogens for which the boiling heat transfer heat flux is a rather
low value in conventional geometries, the enhancement available with such matrices
is very significant. Cryogens are poor thermal conductors themselves. At cryogenic
temperatures, the Si and/or SiC matrix itself becomes highly conductive: Thus, the matrix
distributes the surface heat flux into the full volume effectively offsetting the poor
conductivity of the coolant. In addition, the tortuous path of the coolant through the matrix
increases the dwell time resulting in better heat transfer, however, at the expense of an
increased pressure drop. In this study, a first optics crystal model of Si with a Si and/or SiC
porous matrix as its heat exchanger and subject to prototypic synchrotron loads is
analyzed, and the feasibility limits of the cooling possible with liquid nitrogen in single phase
are delineated.

I. INTRODUCTION

The status of the advanced photon source (APS)
project at Argonne National Laboratory (ANL) has been
described.1 A detailed description of the characteristics of
the APS machine has been provided in Ref. 2. Due to the
high energies involved with the new generation synchro-
tron machines and the ever increasing demand for higher
brilliance, the first optics on the beamline continue to be
the primary focus for the current research and develop-
ment (R<tD). In the case of the APS, Table I based on
Ref. 3, shows clearly the very high heat flux levels associ-
ated with undulator A and B (580 and 430 W/mnr, re-
spectively, at 24 m and on normal incidence). A recent
workshop at ANL4 focused principally on the first optics of
a two crystal monochromator and was attended by well
over 100 international visitors. This indicates the interest
and the keen competitive spirit that exists among the world
synchrotron researchers in solving the difficult optics prob-
lem of the first crystal.

As this conference amply proves, the current R&D at
synchrotron facilities on the cooling of the high heat load
optics has concentrated on the use of liquid metals and
crygonics with macrochannels; the use of water with mi-
crochannels; and, the use of innovative crystal geometries
(inclined and asymmetric crystal geometries) to broaden
the beam footprint. In this paper, we will focus on a novel
method of using highly conductive porous matrices
(foams) in conjunction with cryogenic cooling in single

phase.9 The possibility of using cryogenic cooling has been
mentioned in literature.''7 A pure silicon crystal manifests
an interesting thermal expansion characteristic at cryo-
genic temperatures. The thermal expansion of the crystal is
zero at 110 K (as well as at a lower temperature of —30
K). The former temperature can be maintained economi-
cally using a cheap cryogen such as liquid nitrogen
(LN2). The zero linear expansion coefficient is an advan-
tage for the silicon crystals on the APS beamline as this
will help minimize the structural distortions in the crystal
under thermal loading. Even above and below this temper-
ature, the thermal expansion coefficient is still very small.
Therefore if the crystal temperature cannot be maintained
uniformly at 110 K, the resulting structural distortions will
still be small.

Another advantage of the low temperatures in the
crystal is that the thermal conductivity improves very sig-
nificantly compared to that at room temperatures. For ex-
ample, at 300 K, *=1.5 W cm " ' K "' , whereas at 100 K,
A = 8.8 W cm "' K "', an improvement of almost sixfold.
This means that the surface or near surface volumetric
heating of the crystal under APS radiation will be con-
ducted away rapidly and uniformly and will be transported
to the cryogenic coolant even with relatively thick crystals.

For operational stability and safety it is very desirable
that the coolant remains single phase or in the subcooled
convective boiling mode.

As for the use of porous matrices, it is evident that the
porous matrix offers some unique features. These matrices

Rev. Sci. Initmm. 63 (1), January 1992 0O34-t74l792/O1«X)t-05S<K.00 <S 1*92 Afmrlcan Institute or Physic*



Kr-
ai

:ri Oct 18 17:08:50 1991

T A B L E I. Desig n parameter* of various APS insertion devices for a rin| energy of 7 GeV and I X mA stored current.

2u

Period length (cm)
Device length (m)
Number of periods
Maximum magnetic field Bo (T)
Characteristic energy E, [keVJ

Wy (mnd)
Max. deflection parameter, K
K/r (mrad)

Total power (kW)
Peat power (UV/mrad:)
Peak power at 15 m (kW/mm*)
Peak power at 24 m (kW/mm:)

A

3.1
5.00

160
O.SO

26.0

0.07J
2.51
0.1 S3

10.0
333

1.4S
0.5S

Undulators

B

2.1
5.00

238
0.40

13.0

0.073
1.03
0.075

2.5
250

1.1
0.43

C

20.0
5.00

25
0.15
4.9

0.073
2.S1
O.2C5

0.35
9.1
0.044
0.017

D

1.0
5.00

«2
1.00

32.6

0.073
1.76
0.639

15.5
160

0.72
0.2!

A

15.0
1.50

10
1.00

32.6

0.073
13.96
1.019

4.6
26.0
0.12
0.045

Wijglers

B

25.0
5.00

20
0.30
9.S

0.073
7.00
0.511

1.4
15.6
0.0S
0.0}

Bending
• Magnet

NA
3.06
NA
0.6

19.5

0.073
NA
NA

0.52'
1.78
O.OOS
0.003

'Assuminj 6 mrad horizontal acceptance.

are readily available in industry today for many desirable
crystal/mirror materials including Si, SiC, Be, and BcO,
and others. In this paper, we focus on SiC because of its
cheap and ready availability, and its close thermomechan-
ical compatibility with single Si crystals. The behavior of
SiC, for example, at LN2 temperatures is very much like
that of Si.

Porous matrices can be made with various porosities.
At high porosities, the porous matrix behaves like a mac-
rochannel crystal. At low porosities, it behaves like a mac-
rochannel crystal. With no need for elaborate machining,
porous matrices bonded to a single crystal Si faceplate in

Si C«rS7AL f*C£ PI.ATC

various forms (as shown in Fig. 1) provide macro- or mi-
crochannel crystals (hat can be cryogenically cooled. In
short, a porous matrix is nature's equivalent (o manmade
macro- or microchannels. Such a conceptual crystal struc-
ture is depicted in Fig. 2.

Porous matrices made of Si, SiC, Be, BeO, and others
are very strong mechanically and very quiet in operation.
They provide jitter-free cooling. This is because the flow in
porous media, if turbulent, is homogeneous with an ex-
tremely fine turbulence structure. If operated at Darcian
and near-Darcian regimes, it is laminar (more like micro-
channels).

FIG. 1. Representative ways porous matrix can be incorporated in a Si FIG. 2. Schematic ofa conceptual Si crystal assembly using a porous heat
crystal structure (not to scale). exchanger (not to scale).
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FIG. 3. Enhancement of heat transfer (Nua/Pr°4) with various porous
inserts compared to a plain lube or the Emery correlation for rectangular
channels.

Porous matrices provide very large extended surfaces
per unit volume internally (more like macro- and micro-
channels, however, usually, an order magnitude higher),
and they also provide "tortuosity" to the flow (unlike
macro- and microchanneling), which lends itself to in-
creased dwell time for the coolant. Subsequently, porous
matrices constitute, naturally, a superior heat transfer me-
dia. In literature, it is quoted that, with highly conductive
metallic porous matrices, one can remove as much as 8
kW/cm ! heat flux.1 Therefore the effective surface heat
transfer coefficient of porous matrices can be as large as
those attainable with liquid metals and/or the microchan-
nels. Our own experiments using copper-mesh-type porous
matrices.' as shown in Fig. 3, prove the high heat transfer
enhancement available with a porous matrix in a generic
APS tube to be used in our high heat load front end com-
ponents.

I!. FEASIBILITY COMPUTATIONS

From the large amount of literature available on boil-
ing heat transfer in porous media, it is known that porous
matrix heat transfer exhibits a peculiarity. It goes to film
boiling from nucleat boiling without going through the
critical heat flux.10 Therefore it is imperative that porous
matrix should operate in a single-phase convective mode
or, at the most, in the subcooled nucleat boiling region.

Although we propose to use a foam-backed crystal, for
lack of rigorous analysis, we will consider here a simplistic
approach with a conventional silicon crystal about 10 cm
wide, 15 cm long with 500 holes of 1 mm in size for ou'
cryogenic cooling feasibility computations. For the A?S

x-ray source, we will consider APS undulator A, which has
the largest total load of 10 k\V. APS urtdulator A also
produces the highest heat flux on the first crystal (Table I)
at about 24 m distance from the source.

First, it may be instructive to calculate the theoretical
limits of heat removal by single phase LN : at various flow
rates of, say, 5, 10, and 20 gpm (0.32, 0.65, and 1.29 l/s,
respectively). Konboiling is assured by pressurizing the
system to the critical point of Ni, which is 126.2 K and
3396X1O4 Pa, or, in English units, about 492 psi (33.5
atm). Then, the theoretical limit of sensible heat removal
by LN : introduced to the test section at a subcooled 66K
will be approximately as fallows:

Flow (I/S) Q (kW)

0.32
0.65
1.29

17.8
35.6
71.!

If LNj is allowed to rise to 110 K at a system pressure
of 492 psi (33.5 atm), there will be substantial subcooled
boiling contribution to the total heat transfer in iddition to
the normal enthalpy flow between 66 K and 110 K. Table
II provides the thermophysical properties of Lls\ in the
temperature range of interest here. Now, let us return to
our problem.

From elementary enthalpy considerations, Table III is
constructed for the required mass flow rates of N ; at an
inlet temperature of 66 K.

For an arbitrary but feasible crystal geometry, Table
IV lists the resulting flow and Reynolds number informa-
tion. Table V lists the resulting heat transfer coefficients
and the AT wall-fluid temperature differences.

If case No. 4 from the tables is assumed to be a viable
case, the resulting bulk fluid and wall temperatures along a
flow channel can be computed to be

Z (cm) Tf (K) T* (K)

2.54
5.08

10.16
15.24
30.5

71.1
75.9
85.3
95.3

124.3

87.7
92.6

102
112
141

^.corresponding to 5 atm system pressure in case
Ko. 4 is 94 K. Therefore the bulk fluid exceeds saturation
temperatures within a ~ 15 cm length of the crystal, and
the saturated boilinz region is reached, which is undesir-
able.

Frost and Dzakowic correlation" on the estimate of

TABLE 11. Condensed thermophysical properties of N : in the cryogenjc range of interest.

T
(K)

6S
70
80
83
90
95

3

c,
(cal/jC)

0.479
0.4S2
0.489
0.49S
0.503
0.SI6

Rev. Sci. Instrum.,

(kj/ms)

0 .274 /10- '
0.217
0.147
0.127
O.I 10
0.097

P
(kf/m'i

862.2
8J9.7
790.1
767.4
745.2
721.2

Vol. 63, No. 1, January 1992

V

(m :/s)

3.I8X1O"'
2.58
1.88
1.66
1.48
1.35

(W/mKI

0.160
0.151
0.132
0.123
0.114
O.I OS

Synchrotron radiation

a
(m : /s )

9 . 5 1 x 1 0 " '
1.93

t.15
7.71
7.24

6.76

Pr

3.34

2.89

2.34

2.15
2.04
2.01

3
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TABLE III. Mas flow rale.

Saturated Saturated A 7 ^ m Q
Case pressure (bar) temperature (K) (K) (V|/$) (jpm)

TABLE V. Heat transfer coefficients ind the calculated wall-bulk fluid
temperature differences.

1
2
3
4
5
6

1
2
3
3
7

10

Case \V/m: K (K) (K) (K)
77
!4.5
33
94
99

105

11
13.5
22
23
33
40

0.443
0.265
0.222
0.174
0.147
0.120

8.45
5.15
4.3J
3.54
3.01
2.43

1

2
3
4
5

5.02XIO1

3.47
3.24
2.50
2.30

1.4
12.2
13.0
16.0
11.4

77
34.5

ts
94
99

15.4
96.7

101
110
117.4

a.
g the onset of boiling (ONB) point, yields the following:

U l (K) (W/cnr)

When the LN ; flowing through the channels reaches
the saturation temperature of 94 K corresponding to the
applied 5 stm system pressure (A7"SLB) = °. t n e n i from
data for N2,

*=0 .009 96 (A/(btu/h ft2)05],

Pr,=2.016,

(A7- la l)ON8 = 0.009 96X2.016 6&3,

or,

«>ONB = 78.4 btu/h ft;(O.O25 W/cnr),

0.1 K,

=94.1 K.

Again, using one of the many correlations available in
the literature on the saturated boiling regime, such as (he
Roshenow correlation,"

For case No. 4, one can calculate the following
A7"M,iSCB values (SCB—subcooled boiling):

TABLE IV. 500 hole crystal (1 mm t holes) flow-Reynolds number data.

Case

1
2
3
4
5
6

0
(kl/nvs)

1143

676
566
444
J75
306

V

(m/s)

1.36

0.13

0.71

0.57

0.49

0.40

Re

5247

3814

3757

3030

2936

2597

0.56
2.78
5.56
22.2
55.6

1.39X10-'
1.83 X10 " 2

1.49X10-'
9.94
157.8

It is apparent that both the Frost/Dzakowic and Roshe-
now correlations yield consistent results, namely, that
ONB in the crystal channels occurs with negligible in-
crease in the wall temperature above the saturation tem-
perature once the bulk fluid is allowed to reach the satu-
ration temperature at the prevailing system pressure. Then,
the vapor generation will be explosive with undesirable
results. To eliminate this possibility, conditions should al-
low the maintenance of some partial subcooling at the exit
of the crystal channels. This means that the system pres-
sure at exit should be high enough by some margin to
prevent the fluid bulk temperature from reaching satura-
tion. It appears that this can be achieved, minimally, by
maintaining a 7 atm (103 psi) system pressure
(7^1 = 98 K) with a —15 cm long crystal subject to a" 10
k\V total load.

The above simplistic feasibility study indicates that,
indeed, it is possible to cool the high heat load optics using
subcooling liquid nitrogen.

III. FURTHER POROUS MATRIX CONSIDERATIONS

Porous matrices have large internal surfaces. The in-
ternal surface area of a porous matrix with volumetric po-
rosity of i is approximated as follows ( £ , is critical pore
size): Spherical particles:

5=6(1 -e)/Ds

wirelike particles (wire meshes):

Simple arithmetic will indicate that internal surface
area for heat transfer in porous matrices is enormous and
will be dictated by the particle dimension.

The volumetric heat transfer coefficient in porous ma-
trices is approximaiely given by

NuaCRePr 1 / J .
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Using ihe Biot number limit of heat transfer, one can
optimize the pore size for a given material (such as SiC,
etc.) and the coolant (LN :, gallium, water, etc.).

How well the heat can be transferred from the surface
into the interior of a porous matrix can be simply appre-
ciated by applying a finite or infinite assumption to a given
porous matrix fiber. In both cases, the total heat trans-
ferred scales with a {hPAk)l/1. It is seen here that the high
conductivity attained by Si, SiC, Be, and BeO-like materi-
als at cryogenic temperatures is the key to this efficient
transfer of heat into the body of the matrix, despite the
poor thermal conductivity of the cryogenic coolants.
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ABSTRACT

The use of the unique polarization properties of synchrotron radiation in the hard x-ray spectral

region (E>3 KeV) is becoming increasingly important to many synchrotron radiation researchers. The

radiation emitted from bending magnets and conventional (planar) insertion devices (IDs) is highly linearly

polarized in the plane of the particle's orbit. Elliptically polarized x-rays can also be obtained by going off-

axis on a bending magnet source, albeit with considerable loss of flux. The polarization properties of

synchrotron radiation can be further tailored to the researcher's specific needs through the use of

specialized insertion devices such as helical and crossed undulators and asymmetrical wigglers. Even with

the possibility of producing a specific polarization, there is still the need to develop x-ray optical

components which can manipulate the polarization for both analysis and further modification of the

polarization state. A survey of techniques for producing and analyzing both linear and circular polarized x-

rays will be presented with emphasis on those techniques which rely on single crystal optical components.

1. INTRODUCTION

The polarization of the radiation emitted from high energy accelerators has been of interest to
experimenters for over three decades. This interest has evolved from the first measurements of the
polarization of synchrotron radiation by Joos [1], who confirmed the theoretically predicted polarization
dependence of radiation from the Cornell 1.1 GeV electron synchrotron, to present day researchers who
are using the circularly polarized x-rays emitted out of the orbital plane from dedicated storage ring sources
to investigate the magnetic properties of materials. In fact, the interest in polarization effects at x-ray
wavelengths has grown to the point where specialized insertion devices are now being constructed to
produce radiation with specific and/or tunable polarization states. (See article by K. J. Kim, these
proceedings.) Even though the interest in the use of polarized x-rays is on the rise, progress in this area
has been slow to develop due in large part to the difficulty in efficiently producing, manipulating, and
analyzing beams of polarized x-rays. A variety of types of polarimeters have been used to measure the
degree of linear polarization of synchrotron radiation beams at hard x-ray energies. However, the measure
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of the degree of linear polarization of an electromagnetic radiation beam does not constitute a complete
description of the polarization state for that beam. In the visible region of the spectrum, a complete
polarization analysis is routinely accomplished by means of linear polarizers and a quarter wave plate [2].
Unfortunately, the extension qf visible light optical components to the x-ray regime is not straightforward.
Polarizing devices, such as linear polarizers and phase plates, are not prevalent for radiation in the x-ray
region of the electromagnetic spectrum because dichroic and anisotropic effects are generally extremely
weak at these frequencies. (Even near x-ray absorption edges, where resonant effects can come into play,
the x-ray susceptibility anisotropies are still meager at best.) However, birefringence, dichroism, and
polarization rotation is observed at or near Bragg reflections in crystals [3]. These diffractive effects can
be considerably stronger than standard anisotropic effects, and diffraction-based devices for polarization
manipulation and analysis look very promising. Although this paper will deal primarily with polarization
phenomena using hard x-rays (E>3 keV), some of the polarization phenomena observed in crystals with
hard x-rays can also be observed with soft x-rays using multilayers.

2. COMPTON POLARIMETERS

2.1 Linear polarization analysis

One of the important predictions of the electromagnetic theory of radiation is that a ray scattered
through an angle of 90° will become linearly polarized. Using this principle, C.G. Barkla in 1906 [4]
verified the electromagnetic character of x-rays. Compton polarimeters [5], which also rely on this
principle (see Fig. 1), have been used at several synchrotron radiation facilities to measure P j , the degree
of linear polarization. Pj is defined as:

where I (I ) is the intensity of the a (re) polarization component of the beam. (Throughout this text we

will define n polarization as that component of the beam whose electric field vector lies in the plane of

diffraction as defined the the incident and scattered wavevectors, and the o polarization as that component

whose electric field vector is perpendicular to the scattering plane.) Compton polarimcters have the
advantage that they operate over wide energy ranges but are typically very inefficient since the Compton
scatterer must be rather thin so that multiple scattering, which can degrade the resolving power of the
polarimeter, is minimized. The fact that the Compton scatterer is thin and therefore attenuates only a small
fraction of the total beam makes these devices ideal for monitoring strong incident beams such as those
encountered at synchrotron radiation sources.
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Detector A

Aperture

Transmitted Beam

n Polarization

] Detector B

Incident Beam

FIG. 1. Schematic of a Compton polarimeter for linear polarization analysis. The incoming beam,
scattered by thin foil of Be, is detected by two detectors oriented at right angles to each other and to the
beam. Apertures define the angular acceptance of the detectors. Detector A is sensitive to a polarized x-

rays while Detector B is sensitive to n polarized x-rays.

2.2 Circular polarization analysis

The use of Compton scattering for linear polarization analysis assumes the scattering process

occurs through the interaction of the electromagnetic wave with the charge of the electron. This is certainly

the dominant interaction. However, the electromagnetic wave can also interact with the spin and orbital

momentum of the electrons [6] and interacts most strongly with that component of the beam which is

circularly polarized. If the degree of circular polarization is defined as:

(2)

where I r and Ij are the intensities of the right and left circular polarizations respectively, then the leading

terms in the cross-section for Compton scattering for a single electron can be written as [7]:

da/dft = 1/2 r 0
2 (ks/ko)2{Oo + PJOJ + PcOcfe)} (3)

where r o is the classical electron radius, k s (k0) the scattered (incident) beam wavevector, Pj and P c the
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degree of linear and circular polarization respectively, G>0 ,<£>[ and <PC(2) the polarization independent,

linear polarization dependent and circular polarization dependent Compton cross-sections respectively and

5 the spin of the electron. Note that only the circular polarization cross-section is a function of Q; the first

two terms are only dependent upon the scattering from the charge of the electron. By reversing the
direction of the magnetization in the sample and making a difference measurement the magnetic term,
which is proportional to the degree of circular polarization, can be isolated and P c determined. This
technique is particularly useful at riigher x-ray energies because the magnetic cross-section scales as the
photon energy and has been frequently used to determine the degree of circular polarization of gamma rays
emitted from radioactive sources. Nonetheless, this technique can be used with lower energy x-rays as a
powerful tool for the determination of Pc.

3. POWDER AND MOSAIC CRYSTAL POLARIMETERS

3.1 Linear polarization analysis

Bragg scattering from powders, perfect, and imperfect or mosaic crystals exhibits a suppression of

the K component of the scattered beam whenever twice the Bragg angle (20g) equals 90°. Bragg scattering

polarimeters provide considerably higher efficiency than Compton polarimeters, but have one strong
constraint. Whereas Compton scattering occurs with any incident photon energy, in Bragg scattering the

incident wavelength must satisfy Bragg's Law for the polarizing crystal, i.e. X=2dsin(45°), where d is the

atomic planer spacing for the analyzer reflection being used. Depending on the divergence of the beam to

be analyzed, powders and imperfect crystals may be advantageous over perfect crystals since the angular

range of diffraction for powders and mosaic crystals can be considerably larger (fractions of a degree) than

that for perfect crystals (arc seconds).

4. PERFECT CRYSTAL POLARIMETERS

The use of perfect single crystals can provide several solutions to the problem of analysis and
production of polarized x-ray beams. Diffraction from perfect crystals in both the Laue (transmission) and
Bragg (reflection) geometries can be used as linear polarizers and x-ray phase plates. To better understand
how these polarizers work, it is necessary to review dynamical diffraction, the theory that describes x-ray
diffraction in perfect crystals. (Several comprehensive reviews have been written [9,10], and the reader is
referred to these for more details on x-ray dynamical diffraction.) Kinematic diffraction theory treats the
scattering from each scattering volume element independently, while dynamical diffraction takes into
account all wave fields within the crystal. This type of theory is essential when the intensity of the
diffracted beam is of comparable strength to the incident x-ray beam, as is often the case in strong
reflections from perfect crystals. Three important results of dynamical diffraction need to be highlighted in
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order to understand most of the polarization propertiee of diffraction in perfect single crystals.

The first result of dynamical diffraction is that as the condition for Bragg diffraction in perfect
crystals is approached, the incident and diffracted traveling waves interact and produce a standing
wavefield within the crystal. If the crystal structure is simple enough, the period of these standing waves
is exactly equal to the interatomic spacing of the diffracting planes. In the Bragg geometry there is only
one standing wave (for each polarization), but in the Laue geometry there are two standing wavefields (for
each polarization), each 180° out of phase with the other. One set of wavefields has it nodes located on the

atomic planes (the so-called a wavefields) while the other set (B wavefields) has its nodes located between

the atomic planes (See Fig. 2). If we make the simple assumption that the overlap of the wavefield and the

charge density is a measure of the interaction between the x-rays and the crystal, then we see that the o

wavefields interact with the crystal much less than an x-ray wavefield at an arbitrary orientation in the

FIG. 2. Standing wavefields that occur in the crystal
as a consequence of the overlap of the incident and
Bragg scattered waves. The standing waves labeled
P have their anti-nodes at the atomic planes and
interact much more strongly with the crystal than the

standing waves labeled a, which have their nodes at
the atomic planes. Notice that the s polarized
standing wavefields go to zero at their minima but the
TC polarized component for both the a and P
wavefields exhibit incomplete cancellation and the
minima of the wavefield does not go to zero. This
fact results in a slightly different interaction for each
of the four standing wavefields in the crystal.
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crystal, while the p wavefields have a greater interaction with the crystal than an arbitrarily oriented

wavefield. Put in a more qualitative way, when the crystal is isotropic, all wavefields in the crystal have

the same wavevector given by (following the notation of Hart [3]):

l/2x0) (4)

where k is the vacuum wavevector and XQ is the zero order Fourier coefficient of the electric susceptibility

which is given by:
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where X is the x-ray wavelength, Fjj the structure factor, and a0
3 the volume of the unit cell.

However, at the Bragg condition:

IKI * IKal * IKgl (6a)

and

IX iF IX ^ Lin / £ U \

^ ' a ^p (oo;

where K (|x) is the wavevector (absorption coefficient) for a randomly oriented wavefield, and Kj (iij) is

the wavevector (absorption coefficient) associated with the ft1 wavefield. When the difference between the

two polarizations are included, the crystal can exhibit four-refringence and dichroic properties, i.e.;

IKI * IK a
a l > IK7C

al > IK^ol > IKapl (7a)

and

The second pertinent result of dynamical diffraction is that even in a perfect crystal of infinite
extent, there is a finite angular range of near perfect reflectivity for a crystal in the Bragg geometry. This
angular range, often called the Darwin width, is well defined and given by:

(8)

where ©3 is the Bragg angle, and P, the polarization factor, which equals 1 or cos(2©3) for a and %
polarizations respectively. One might expect the range of the diffraction to be vanishingly small since, on
physical grounds, the diffraction from an infinite set of perfectly aligned planes would result in a peak
whose width would approach zero. (Mathematically speaking, the Fourier transform of a perfectly
periodic structure of infinite extent would be a series of delta-functions.) The origin of this finite width
arises from the fact that the x-rays do not see an infinite crystal but are scattered out after a characteristic
length, Le, called the extinct length. (This is a distinctly different quantity than the absorption length, La ,
which determines the extent of propagation in a material due to absorption processes. For strong
reflections in perfect crystals L e « La. See references [8] for more detail.) There is also a polarization
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FIG. 3. (a) Reflectivity curves for a and n components for one reflection from Ge (440) planes at 1.54 A.

Notice that the width and height of the reflectivity curve for the it polarized component is considerably less

than the o component, (b) Reflectivity curves after four Bragg reflections from the Ge (440) planes. The

ratio of the areas under the o and n curves in (b) is about 100 to 1. Even better rejection ratios can be
achieved by introducing a small angular offset, on the order of the Darwin width, between the crystals.

dependence on the Darwin width (See Fig. 3); the breadth of the Darwin curve associated with the 7t

polarized wave is smaller than that associated with the o polarized wave by the factor cos(26g), a

consequence of the decreased scattering cross-section for K polarized radiation.

The third important result of dynamical diffraction is that in the Bragg geometry, as the crystal is

rotated through the Darwin width, the phase of the diffracted wave changes by 180°. In terms of the

standing waves described earlier, the standing waves cross from the a type wavefields to the P type

wavefields as the crystal is rotated through this region of near total reflection. The crossing from the a to

the P wavefields manifests itself through the asymmetric shape of the Darwin curve; the higher reflectivity

side corresponds to the a wavefields which have a smaller effective absorption coefficient while the lower

reflectivity side correspond to the p wavefields which have a higher effective absorption coefficient (See

equation 6b). It is these three features of the theory of dynamical diffraction that account for most of the

effects described below.

4.1 Linear polarizers

The use of diffractive dichroism in perfect crystals for linear polarizers was first proposed in 1961
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by Cole, Chambers, and Wood [9]. Using the anomalous transmission or Borrmann effect [10] in perfect

crystals, one state of the polarization can be preferentially absorbed. This is accomplished by selecting the

thickness of the Laue crystal such that the only remaining wavefield which exits the crystal is the a

polarized components from the a wavefields. Although effective, Borrmann polarizers have several

drawbacks including low efficiency and, for a given x-ray energy, a narrow angular acceptance, typically

several arc seconds.

One way to overcome some of the drawbacks of the Borrmann polarizer is to use multiple Bragg

reflections as a means of suppressing one of the polarization states. By utilizing the difference in angular

width of the Darwin curves between o and n polarized x-rays (see Fig. 3), the n component of the

radiation can be preferentially removed relative to the o component. Because the reflectivity at the Bragg

condition is nearly unity for a polarized x-rays, multiple reflections can be used to enhance the rejection of

the % polarized x-rays with little intensity loss to the o polarized x-rays. Hart and Rodrigucs [11] have

shown that one can not only enhance the rejection of the it polarization, but that these multiple bounce

reflections can also be used over a wide range of wavelengths with rejection ratios of 10"^ or greater. The

wavelength range over which these multiple bounce linear polarizers can operate can be increased if an

angular offset is made between the crystals. Typically this offset is enough eliminate the overlap of the jr.

polarized reflectivity curve, but not enough to eliminate overlap of the a polarized reflectivity curve.

Using this technique, an x-ray beam in the wavelength range from 1 to 3 A can be linearly polarized to

better than one part in 10"^ with a complement of six different four-reflection polarimeters [11].

3.2 Circular polarizers

The development of circular polarizers or x-ray phase plates has been much slower than that of

linear polarizers. However, over the last several years there has been renewed interest in the development

of x-ray phase plates, driven in part by the interesting developments that have recently occurred in the field

of magnetic x-ray physics. (This includes magnetic elastic or Bragg scattering studies, magnetic inelastic

or Compton scattering studies, and magnetic x-ray absorption studies.) In addition, the availability of

high flux, well collimated, and (relatively) highly polarized x-ray beams emitted from synchrotron

radiation sources have become more readily available. These beam properties are often precisely what is

needed in order to make x-ray phase plates operate effectively and efficiently.

The diffractive birefringence of perfect crystals at the Bragg condition (in the Laue geometry) has

been proposed theoretically and shown experimentally to produce circular polarized x-rays by several

groups [12]. An x-ray phase plate was first used at a synchrotron by Golovchenko et al. [13], and
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extensions of that original work have been made by Mills [14]. The basic principles of operation of an x-
ray phase plate are the same as those of a optical phase plate. The phase plate is oriented relative to a
linearly polarized incident beam so that the incident beam is split into two orthogonally polarized coherent

beams; the jr. and o diffracted beams. In the Laue geometry, four diffracted wavefields are generated given

by the four wavevectors in the right hand side of Equation (7a). Because the a and P wavefields are 180°

out of phase, when they exit the crystal the wavefields recombine to produce linear polarized x-rays. The
obvious solution to this problem is to eliminate one set of wavefields. This can be readily accomplished

due to the differences in effective absorption coefficients between the a and p wavefields. The final

thickness for the phase plate is then determined by adequate absorption of the p wavefields (relative to the

a fields) and an accumulated phase shift of an odd multiple of 90° between the n and a waves of the a

fields. Depending on the phase plate material and x-ray wavelength at which it is to be used, a 3/4 or 5/4

phase shift may be required in order to adequately eliminate the P wavefields so that a high degree of

circular polarization can be attained. The phase shift, <j>, between the JI and o components of the a
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KeV. In the Si case, even exactly at the Bragg condition (0 arc seconds) the degree of circular polarization
is not -1 (±1 signifies totally right hand/left hand circularly polarized). This is due to the fact that the P

wavefields have not been attenuated sufficiently and combine with the a wavefields to produce linearly
polarized radiation. In the Ge crystal however, the p wavefields have been completely attenuated (due to
the larger absorption coefficient of Ge as compared with Si) and the resultant diffracted beam has a much
higher degree of circular polarization. Here the degree of circular polarization at a particular angle, 5, is
the total polarization for an incident beam with divergence ± 8.
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is given by:

(9)

For a symmetrically cut crystal at the exact Bragg condition, i.e. A0 = 0, this can be written as:

4>= (JI t o x h Acos(0 B ) ){ l - lcos(20B)l} (10)

where t o is the thickness of the crystal. In general, the phase shift experienced is a function of A0, the

deviation from the Bragg angle, and so for a divergent incident beam the net polarization will be

considerably less than that of the central ray (A0 = 0). Figure 4 shows the calculated electric field

amplitudes and degree of circular polarization for a silicon and germanium 3/4 phaseplate at 50 KeV. At

high x-ray energies, a considerable improvement in the degree of circular polarization can be achieved with

a germanium phase plates as compared with silicon due to the increased P wavefield absorption associated

with germanium. At lower photon energies (E<20 KeV), the optimal crystal thicknesses are less than a
millimeter and the phase plates become more difficult to fabricate. Fortunately, at these lower energies,
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90° per reflection multiple reflections are required to accumulate a total phase shift of 90° between ihe a and

71 components. (With permission from B.W. Batterman, to be published).
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Bragg reflection phase plates look to be a very attractive alternative. Phase plates operating in the Bragg

geometry rely on the difference in the Darwin widths for a and n polarized x-rays [15]. As mentioned

earlier, the phase of the diffracted wave changes by 180° as one goes through the reflectivity curve. Hence

at a given angle in the reflection curve, the a and n components will have undergone differing phase

changes (See Figure 5). The difference in phase between the two polarization components does not reach

a full 90° which would be required for the transformation of linear polarized x-rays to circular polarized x-

rays. Repeated reflections can cause a net accumulated phase difference of 90° producing a output beam

that should be highly circularly polarized. As in the Laue geometry phase plate the accumulated phase shift

is a function of A0 and therefore this device will operate best with a highly collimated incident beam. The

relative phase shift difference for the a and 7C polarizations described above for perfect crystals also occurs

in layered synthetic microstructures (LSMs). LSMs have periods typically one to two orders of magnitude

larger than crystals, and therefore may be useful as reflection phase plates for ultra-violet and very soft x-

rays[16].

5. SUMMARY

Interest in x-ray polarimetry has grown substantially within the synchrotron radiation research

community over the last several years This has been in large part motivated by recently developed

experimental techniques which require accurate determination of the polarization state of the incident and

scattered beams and the enhanced efficiency of polarizing components that the unique properties of

synchrotron radiation has afforded. The new, high brilliance insertion device based x-ray synchrotron

radiation sources being constructed, such as the Advanced Photon Source at Argonne National Laboratory,

the European Synchrotron Radiation Source at Grenoble, France and the Super Photon Ring facility at

Nashi Harima, Japan, will foster increased work in fields such as magnetic x-ray scattering [17], nuclear

coherent scattering [18] and x-ray optical activity [19] which show extremely interesting x-ray polarization

phenomena and open currently unforeseen avenues of research, many of which could require polarization

analysis of the incident and scattered beams. In addition, these new sources will also permit novel and

innovative insertion devices to be installed which have been designed specifically to produce radiation of a

particular polarization state. Polarization analysis of the output beams will become an integral part of the

characterization of these new insertion devices. All these efforts will require continued work on more

efficient and more effective linear and circular polarizers for radiation at x-ray wavelengths.
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Production and Measur* ment 49
of Circularly Polarized X-rays*
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Abstract:

Advances in the production and measurement of circularly polarized

radiation at x-ray energies has proceeded slowly as compared to the

visible portion of the electromagnetic spoctrum. This is due, in large

part, to the lack of birefringence exhibited by materials at short

wavelengths (<1A). However, as pointed out by Authier1 and

experimentally demonstrated by Hart and Lang'' and Hattori, Kuriyama and

Kato^, birefringence does occur in perfect crystals under the condition of

Bragg diffraction. Several groups have used t* is birefringence at the

Bragg condition to produce operating phase plates4 '5 '6 at x-ray energies

and it has been showed that a highly linearly polarized incident x-ray

beam at 40 keV x-ray beam could be transformed via a silicon x-ray phase

plate to a beam with a degree of circular polarization (Pc) of greater than

0.36. (A totally circularly polarized beam would have a Pc=1-)

Calculations indicate, however, that considerable improvements can be

achieved at high energies with different phase plate materials. A short

introduction to the physics of x-ray phase plates will be presented along

with a survey of the current status of x-ray phase development.
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Techniques for measuring the degree of circular polarization will also be

discussed^.
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A Universal Polarimeter for the Soft X-ray

and VUV Wavelength Region

E. S. Gluskin

Argonne National Laboratory
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Argonne, IL 60439, USA

A universal polarimeter was designed and built to analyze polarization

properties of soft x-ray and VUV radiation from different types of sources.

The design, based on the use of multilayer-polarizers, includes an option to

monitor the polarization with a 1 kHz frequency. The polarimeter was

tested on the U5 undulator beamline at NSLS.



New insertions devices and special beamlines have become available in

recent years for experiments utilizing the polarization properties of

radiation in the wide wavelength region [1,2,3]. Now, the problem of

characterizing and monitoring these properties is very real. For the soft x-

ray and VUV wavelength region, some types of instruments - specifically

polarimeters - were developed to address this problem [4,5,6].

One can easily formulate a set of common requirements for the

polarimeter design:

- operating wavelength region: 10-1000 A

- the possibility to distinguish circularly polarized radiation from

nonpolarized radiation

- fast data collection

- UHV compatibility.

A polarimeter that satisfied most of these requirements was built and

recently tested on the U5 undulator beamline at NSLS [7].

The schematic drawing of the polarimeter setup with multilayer-

polarizers is shown in Fig. 1. The set of at least five multilayers allows the

polarimeter to cover the analyzing wavelength region from 30 A to 300 A.

During the measurement process, the set of polarizers and the detector are

rotated around the axis of the analyzing beam on a 180° angle. It takes

about 10-30 seconds to complete a scan. The incorporation of a quarter-wave

plate [8] in this scheme will permit a complete polarization analysis.

To cover the wavelength region between 300 A and 1000 A, the multilayer

holder is replaced by a triple mirror device, and the detector is moved

behind this device on the beam axis. The setup is similar to one described

earlier [5].



The development of the modulator design for the crossed undulator [9]

led to the need for fast (~ 1 msec) data collection. One solution of this

problem for the soft x-ray wavelength region is represented schematically

in Fig. 2. A multilayer conical surface with a 90° top angle and a set of

detectors placed on the circle around the cone axis provides the ability to

take polarization measurements with a 1 kHz frequency. For this mode of

polarimeter operation, the holder with plane multilayers is replaced by the

multilayer cone.

The polarimeter also provides, as an option, the ability to test and utilize

the multilayer-grating as a polarizer. This setup is shown in Fig. 3.

Instead of one plane multilayer, the multilayer-grating is placed in the

same holder. One detector accepts the beam reflected from the multilayer-

grating in the zero order and another detector - in the first or second order.

The obvious advantage of this type of polarizer is the elimination of visible

light from the second detector.

As was mentioned above, some of the polarimeter's options were tested

with undulator radiation. Others are under development.

The author acknowledges P. J. Vicarro, T. W. Barbee, Jr., and A. Pitas for

stimulating discussions.
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Fig. 1 Schematic depicting the operation of the polarimeter for the

measurement of horizontally (top) and vertically (bottom) polarized

components of the undulator beam. The labels refer to: 1-undulator; 2-

pinhole used upstream of the polarimeter; 3-multilayer Bragg-reflectors

mounted at 45° with respect to the incident beam; 4-photodiode detector.

(Note that items 3 and 4 rotate together, thus they always remain in the

same position relative to each other.)



O3679D

Pig. 2 Schematic setup for the fast polarization measurement. The labels

refer to: 1-crossed undulator with 2-modulator; 3-90° cone covered by

multilayer Bragg-reflector; 4-set of photodiode detectors.



Fig. 3 Multilayer-grating as a polarizer: 1-pinhole; 2-polarizer; 3-zero order

detector; 4-first order detector.
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ABSTRACT

A polarimeter for x-ray and vacuum ultraviolet (XUV) radiation was built
to measure the spatial and spectral dependence of the polarization of the
light produced by the new undulator at the U5 beamline at NSLS. The
fourth-harmonic radiation was measured, and it does not agree with
predictions based on ideal simulation codes in the far-field approximation.

INTRODUCTION

The availability of sychrotron radiation has had a dramatic impact
on a diverse array of multidisciplinary spectroscopies. In recent years the
variability of the polarization of synchrotron radiation has been utilized in
widespread applications,1'2'3 including spin-polarized photoemission,
inverse photoemission, circular dichroism, etc. The gathering and
interpretation of such measurements are greatly simplified by taking
advantage of the polarization properties of synchrotron sources. This is



especially the case for the latest generation of undulator- and wiggler-
based experiments. However, the approach suffers from the fact that the
actual spatial and spectral distribution of polarization states of a given
source has rarely been measured. Rather, the procedure has been that
each experimentalist is forced to rely on the polarization properties
calculated for an "ideal" source. But, the calculations are limited in their
accuracy largely because of both the finite beam emittance of the source,
and the presence of random errors in the magnetic profiles of the insertion
device. These factors can significantly alter the polarization. Therefore,
as the need for polarized-light sources increases, there is a concomitant
need for accurate measurements of the polarization over a wide spectral
range.

Recently considerable developmental work7*8'9 has been devoted
to polarization measurements for soft x-ray and vacuum ultraviolet (VUV)
synchrotron radiation. The first soft x-ray polarimeter was developed by
Gluskin, et al. to measure the radiation from a helical undulator.10 The
aim of the present work is the development of an advanced polarimeter to
characterize the polarization of the radiation from the new undulator
recently installed at the U5 beamline on the VUV-ring at the National
Synchrotron Light Source (NSLS) at Brookhaven National Laboratory.
The radiation from the U5 undulator is used for spin-polarized
photoemission experiments. In these experiments undulator radiation is
needed to partially compensate for the known inefficiencies of the
electron spin detectors.

EXPERIMENTAL BACKGROUND

The U5 undulator is a planar insertion device with the following
parameters:11

Undulator Period
Number of Period
Deflection parameter
Distance

Undulator to Pinhole

X,-o = 7.5 cm
n = 27
K = 2.3

5.4 m



Pinhole to polarimeter 1.7 m

The K-value is actually variable, but for the present work it was fixed at
the above value. The undulator is a hybrid design based on Nd-Fe-B
permanent magnets and vanadium permendur pole pieces.

The polarization measurements were performed by the polarimeter
schematically shown on Fig. 4. The polarimeter consists of five sets of
Mo/Si multilayer polarizers placed in the ultrahigh vacuum (UHV)
chamber and supported by a 5-axis goniometer assembly. These
polarizers take advantage of the property that metals have an index of
refraction n«l for photon energies above ~58 eV, and, thus, have a
Brewster's angle of 45°. Additionally, by designing the polarizers as
multilayer structures one can selectively enhance a particular wavelength
with the proper choice of the multilayer period. Then, by placing a
polarizer at 45° with respect to the incident beam one simply has to
measure the intensity of the reflected light to measure the j-polarized
component of the incident light (scaled by the reflectivity of the
multilayer). By rotating this assembly over 180° one can measure all the
linear polarized components of the incident light. Note that there is one
limitation to this method which is that circular and non-polarized light
cannot be distinguished without separate measurements utilizing the
equivalent of a quarter-wave plate.

Five different Mo/Si multilayer Bragg-reflectors were used as
polarizers for the energy region 58-98 eV. Each was designed to have its
maximum reflectivity at an angle of incidence of 45° for a different
specific energy range that encompassed that of the first five harmonics of
the undulator. Further, the polarimeter design permits the positioning of
any of the five multilayers onto the analyzed beam without breaking
vacuum.

Mechanical adjustments provide the ability to align the polarizer
axis of rotation parallel to the incident beam axis to within 0.1-mrad
accuracy. These adjustments also allow us to translate the polarimeter
with respect to the beam center with a 10-ji accuracy. The rotation of



the polarizer/detector assembly is controlled to within a 0.1° accuracy. An
illuminated area of 25x25 mm can be analyzed with the spatial resolution
of 0.01 mm by means of one of three different pinholes on the polarimeter.
A GaAs Schottky diode with an active area of 5x5 mm or a UDT Si diode
with a lOxlO-mm active area were used as detectors because of their
spatial uniformity and sensitivity.

RESULTS

Energy spectra will be presented first and then the polarization
information will be presented. A typical energy spectrum from the U5
undulator is shown on Fig. 1. The spectrum was measured with a 1-mm
diameter pinhole placed on the center of the irradiated area (see Fig. 2).
The spectrum was collected by measuring the photocurrent from a Ni
target, and was not normalized to take into account the quantum
efficiency of Ni. The ratio of intensities between the wide and narrow
parts of the fifth harmonic located between 90-100 eV is not reproduced
in the computer simulations but the transmission function of the
monochromator may be the source of this discrepancy.

Next the energy dependence of the radiation was measured for
various horizontal displacements of the pinhole in the plane of the storage
ring. Three of these spectra are shown in Fig. 3. From these spectra we
see a strong left-right asymmetry in the radiation emitted from the U5
undulator. This asymmetry is not present in calculated spectra using
present-day algorithms. These types of measurements confirm the need
for comprehensive experimental characterizations of undulator sources.

For the polarization measurements five multilayers were chosen to
span the energy region of the undulator harmonics. Spectral reflectivity
measurements of the polarizers were performed at the SURF II beamline
at NIST.13 The results for two of the polarizers are shown superimposed
with measurements of the undulator spectra in Fig. 5. The polarization
measurements were conducted by first rotating the analyzer/detector
assembly of the polarimeter to the position shown schematically in Fig. 4b.
This position is designated as -90°. In this configuration the detected beam



is completely polarized perpendicular to the plane of the storage ring.
Then the intensity measured by the detector is recorded as the assembly
is rotated by 180° to the +90° position. A typical scan is shown in Fig. 6.
The data show the expected fit to a cos2(8) angular dependence (the solid
line). A series of such scans were performed for different vertical
positions by translating the polarimeter above or below the plane of the
storage ring. Two of these scans are shown in Fig. 7. The data were
taken using the multilayer which selected out the fourth-harmonic
radiation at ~75 eV. The unusual feature to focus on is that the off-axis
data in Fig. 7 appears to be superimposed on a background signal; this
produces the wings at high angles compared to the on-axis data. The
shape of the curve indicates that the off-axis light either becomes elliptical
or includes an unpolarized component. While we cannot distinguish
between the two possibilities, neither are predicted by the ideal simulation
codes.

CONCLUSION

In summary we have built and tested a XUV polarimeter capable of
measuring the polarization from VUV and soft X-ray synchrotron sources,
including insertion devices. Our first measurements of the polarization of
the U5 undulator at NSLS indicate that there are significant contributions
to the light that cannot be explained with calculations that use the "far-
field" approximation. This has significant implications for the
characterization and utilization of the new types of insertion devices, such
as helical or crossed undulators, and asymmetric wigglers, that are being
developed exclusively for the production of variable polarization radiation.
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Figure 1. Typical spectrum from U5 undulator. Measurements
were taken with 1-mm pinhole at the center of the
photon beam, and collected by measuring the
photocurrent from a Ni target.
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Figure 3. U5 undulator spectra taken with a 1-mm pinhole
nominally at the vertical center of the beam for three
different horizontal positions: 3 mm to the right (top), at
the beam center (center), and 3 mm to the left ( bottom)



Figure 4. Schematic depicting the operation of the polarimeter for the
measurement of horizontally (top) and vertically (bottom)
polarized components of the undulator beam. The labels
refer to: 1, undulator; 2, pinhole used upstream of the
polarimeter; 3 multilayer Bragg-reflectors mounted at 45°
with respect to the incident beam; 4 photodiode detector.
(Note that items 3 and 4 always rotate together, thus they
always remain in the same position relative to each other.)
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Figure 6. Typical data (open circles) from polarization measurements
as the polarizer/detector assembly rotates from -90° to 90°.
The solid line is the best fit to a cos2(0) angular
dependence of the measured intensity.
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that the lines serve only as a guide to the eye.
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Variable-Metric Diffraction Crystals for X-Ray Optics

Robert K. Smither
Argonne National Laboratory, Argonne, IL 60439, USA

The term "Variable-Metric" (V-M) when applied to diffraction crystals refers to a
crystal in which the spacing between crystalline planes varies with the position in
the crystal. This variation can be either parallel to the crystalline planes or
perpendicular to the crystalline planes. The variation in the crystalline spacing of a
V-M crystal can be produced by introducing a thermal gradient in the crystal. This
approach works well when the over-all percentage change in the lattice spacing is
small (less than 0.1%). For V-M crystals where the over-all change in spacing is
the order of 0.1 percent or larger, it is more practical to produce the change in
crystal spacing by growing a crystal made of two or more elements and changing
the relative percentages of the two elements as the crystal is grown. A V-M crystal
gives the experimenter one more adjustable parameter to use when designing x-
ray optics. This additional degree of freedom allows the designer to do things that
would not be possible without it. One of the simplest applications of this type of
crystal diffraction optics is to use V-M crystals to increase the number of photon per
unit bandwidth in a diffracted x-ray beam. Typical enhancement factors of 3 to 20
are possible with wiggler sources. The opening angle of the synchrotron beam is
usually the quantity that limits the minimum bandwidth of the diffracted beam and
not the rocking curve of the crystal. At NSLS with its 2.5 GeV electron beam, the
opening angle is approximately 50 arc seconds. For near perfect silicon crystals
the rocking curve for (111) planes is typically 8.5 arc seconds at 8 keV and 2.6 arc
seconds at 20 keV. If one changes the crystalline spacing to match the change in
the incident angle of the beam on the crystalline planes, then the full surface of the
diffraction crystal will diffract the same wavelength x-ray. Thus instead of sampling
a small amount of the available flux over a wide wavelength bandwidth, one
diffracts most of the available flux in a narrow wavelength band width.The increase
in flux per unit bandwidth in the diffracted beam is 6 to 1 and 20 to 1 for the 8 keV
and 20 keV x-rays, respectively, for the NSLS example. Similar improvements are
attainable for the generation of highly monochromatic parallel beams, focused and
defocused beams , microfocused beams, etc. In most of the experiments the
changes in crystalline spacings where generated with thermal gradients. One set
of experiments used a V-M crystal grown with a variable percentage of germanium
and silicon. This crystal had a 0.1 percent change in crystal spacing in 1 mm of
distance in the crystal. This crystal was furnished by Andreas Magerl of ILL in
Grenoble.

*This work is supported by the U.S. Department of Energy, BES-Materials Sciences,
under Contract W-31-109-Eng-38.

SRI '91 Conf., 7/15-19/91, Chester, England (abstract).
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ABSTRACT

This paper reports on work done over the past two years in our laboratory to produce X-ray optics.

We also report on test that we have made to evaluate the performance of pieces that we have

produced.

1. INTRODUCTION

As we progress towards the 21st century, there is a growing need to understand fabrication techniques

for grazing incidence optics. To this end we report our results of fabricating, testing, and measuring

both Wolter I optics and flats. We have used the techniques of lacquer coating1'2'3*4'5. We have

made flats to determine our ability to coat surfaces with lacquer and gold, as well as to demonstrate

reflectivity up to 40 keV. We also produced Wolter I optics nickel optics with a gold coated optical

surface. Here we report report and interpret results from X-ray reflectivity and Wyko profiler optical

measurements. We also describe our fabrication process and provide a critique of the process and

describe how we hope to further improve upon the basic the process and describe how we hope to

further improve upon the basic technique.

2. Lacquer Coating, Gold Coating and Electro-forming

We have use lacquer...diluted to 50% by weight with Methal-Ethal-Keytone (MEK)re/. We place

the part we want coated in a tank and coat the part by draining the tank. The drain rate is

approximately , which leads to a coating thickness of about... . The pieces are then brought to a

temperature of 55 C and baked for 8 hours to cure the lacquer, to drive off volatile compounds, and

to ensure that the gold we place on the lacquer will release properly after electroforming. We then

coat the pieces by evaporated in a vacuum chamber. In order to prevent heat damage to the lacquer

surfaces, we place the lacquered pieces ~ 40 cm from the metal evaporation boats. We deposit



between 500 A to 1000 A of gold on these pieces. Then, if a replica is desired, we electro-deposit

nickel onto these pieces and then remove them3'4. If the lacquer has been properly cured and the

stress in the elector-depositing bath has been properly controlled as well, then the piece releases

nicely from the master. The Wolter I mirrors we have fabricated are about 40 cm long and 12 cm

in diameter.

For basic assessment of the lacquer and metal coating, we also coated several 4.5 cm diameter

aluminum test flats whose optical surface consisted of superpolished electroless nickel. Below we

report on the tests and measurements we made on both a Wolter I mirror and on these test flats.

3. Test Flat Measurements

Our X-ray and optical measurements were both made at Brookhaven National Laboratory. We used

the X-18A beam line facility operated by [Joe want to fill this in?] to make the X-ray measurements.

We used an X-ray beam about 10 fim high and 1 mm wide (horizontal direction). We placed the test

flat horizontally and adjusted the mirror height until we determined that the beam was partially

blocked by the mirror. Then the mirror was tilted and we scanned the reflected beam at a distance

of about 1 meter, using a ~ 5/*m high by 5 mm wide slit placed in front of a Nal detector. To make

measurements at 40 keV we adjusted the bragg crystal in the X-ray beam line to reflect 13.3 keV

X-rays, then adjusted the pulse height acceptance on the Nal analyzer to only accept the third order

reflection from the crystal, i.e. 40 keV X-rays. We again measured the critical angle of incidence as

well as the beam width of the reflected beam. The critical angles we measured were 30', 15', and

6', at 8, 16, and 40 keV, respectively. The 8 keV critical angle value agrees with the work of Ref. 6

and the linear energy dependence of the critical angle agrees with theory 7

The reflectivity profile at 40 keV is shown in Figure 1. The measured full width at half maximum

is ~ 10.8". Our work extends that of Ref. 7 in that we provide a measured spread to the reflected

beam. Ref. 6 argued on the basis of comparison of their measurements and those of Ref. 8 that



scattering in X-ray reflections can be made small even up to 27 keV. Our work is consistent with

that supposition and demonstrates that grazing incidence optics for imaging purposes can be used

up to at least 40 keV.

For a further evaluation of our surfaces, we used a Wyko NCP-1000 optical profiler9 with a 2.5x

objective to produce surface profiles and resulting power spectral densities over spatial periods of 5

mm down to 9.8 /tm. Besides making Wyko profiler measurements on the gold piece we used for

X-ray reflectivity measurements, we also made Wyko measurements of a lacquered sample that was

coated with palladium and another flat that was not coated at all.

We summarize the Wyko profiler results in Table 1. As the number of samples is small, we must

treat any conclusions drawn with caution, but the following seems to the case. The gold coated

sample has the smallest high frequency ripple, but the the lacquer may slightly increase the mid-

frequency ripple. The material used to coat the lacquer surface also is important as palladium does

not seem to produce as smooth a surface at high frequency as the gold.

4. Wolter I Optics Tests

We again used the Brookhaven beam line X18A for our X-ray measurements, but this time, we

used a CCD with a phosphor system was used to detect the X-rays"-' [Brian do you want to give

a reference and/or put something here?]. The Wolter I mirror set to be approximately aligned and

adjusted so as to just block the beam. We later judged that the grazing angle of the beam with

the first reflection surface (the parabolic section) was about 35' (10.2 mrad) based on the energy

dependence of the reflection efficiency as a function of energy.

In order to work at 5 keV, we made an enclosed helium path from the mirror to the CCD camera.

The slit size was about 1 mm wide by about 0.1 mm high and the mirror was aligned so that the

narrow dimension of the beam corresponded to radial dimension of the mirror. We designate the

direction of the incident X-ray plane wave that is parallel to the mirror surface (and hence parallel



to the long direction of the X-ray slit) as the ir component, and the perpendicular direction in the

plane wave as the <r component. It is only the <r component that is sensitive to the surface roughness

and hence it is an analysis of the reflected beam size in the a direction that we discuss below.

The image of the reflected beam was accumulated for approximately 10 seconds, and then read out

and stored on magnetic disk [Brian do you want to add anything here?]. We measured the effective

angular extent the CCD/phosphor pixels with respect to the X-ray mirror focal plane to be about

6.6" (32 /trad).

We averaged the image over 2 pixels in the ir direction and for the detector background, we used

the count rate approximately 100 pixels in the TT direction from the beam spot. In Figure 2 we show

a plot the background subtracted counts versus angle with respect tot he mirror focal plane. In the

figure, we also show the calculated relative reflected energy versus the diameter of the beam. The

~ 35% power point corresponds to ~ 100" (485 fir ad).

We have also made Wyko profiler measurements of the trimming from some of our mirrors, but no

pieces from the mirror for which we were able to make X-ray measurements were available. The

trimmings were from the zero draft portion of the wide end of the mirror and hence were replicated

from a portion of the mandrel which was not specifically lapped and polished. Never-the-less, we

found the the high frequency (corresponding to 1 mm-9.8/im periods) rms roughness of these pieces

was quite good, ranging from 15 Ato 22 A. These optical measure* ?nts are consistent with the

above reported X-ray reflectivity performance of our Wolter I gold coated mirror. We discuss the

comparison between X-ray and optical results in detail in the next section.

4. Comparison Between X-ray and Optical Measurements

With both X-ray and optical measurements in hand, it is interesting to compare results using simple

reflection/scattering formulae. Our results are summarized in Table 2, we and give the details about

the calculations below.



For the surface roughness, we use

^ = exp(-[(4<f>/\) • «n(/3) - *)>) (1)
IT

to imply the surface roughness, where IR is the specularly reflected power, and Ir is the total reflected

power. We used the grating equation (given below) to determine the relevant frequency range that

is measured by the Wyko.

where d is the period over which the rms roughness of the surface gives rise to the scattered com-

ponent; $i is the angle of incidence in radians, and 9, is the diameter of the reflected beam at which

scattering becomes donr'nate over specular reflection. A potential difficulty with using the grating

equation formula is to determine what value of 0, to use.

If the reflection surface had negligible mid-frequency (corresponding to 1-5 mm periods) slope errors,

then 6, (the specular reflection width in radians) is determined by the size of the X-ray beam divided

by distance from the reflecting source to the detector. We are also assuming that the detector slit

or pixel size is small compared to the beam size.

Since there are significant mid-frequency slope errors, however, we estimate the value of 6, from the

plots of the reflected X-ray intensity, and use this value of 8t to also determine the ratio of scattered

to total reflected beam intensity.

We have, therefore used a value of 20" (97 p. rad) for 6t. For the Wolter I optics, we used 35" for

the gold surface Wolter I and 70" for mirror A00110. Note the Wolter I mirror X-ray measurements

involve a double bounce. We have, therefore, taken this into account by assuming that each single

bounce adds in quadrature to produce the measured specular beam size. And, that each bounce

6



produced the same fraction of specularly reflected power to total power. We used values of

of .56 and .30 for the gold surfaces and A001 mirrors, respectively. We also used the geometrical

average of the incidence angles for the gold mirror which was tilted with respect to the incident

beam by about 10', resulting in an average incidence angle of 22.9' (6.7 mrad).

Previously 9, we made X-ray measurements of a nickel surface mirror (A001) and optical measure-

ments of a similar mirror (A002) made prior to our working with lacquer/gold coated mandrels. In

this case, the X-ray incident angle was 25' (7.27 mrad). For comparison, we present results based

on those measurements as well.

The Wolter I data are not in as good agreement as the measurements on the flats. This is to be

expected, however, as the value of theta, is difficult to determine and that d depends more strongly

on 0, than does a. This is because for our data, the specularly reflected power is approximately

linearly dependent on the selected value of 6, over the range of reasonable values of 6t.

On the whole, though, we see that the optical results and our simple scattering theory calculations

are in agreement, demonstrating that Wyko measurements are good indicators of X-ray mirror

performance.

From the above table we can also made an assessment of the quality of our new gold coated mirror

as compared with our older nickel surface mirrors. As expected, we find that the gold mirror is

probably smoother than the previous nickel mirrors. We base this judgement on the following: (1)

the value of d is larger for the gold surface Wolter I, compared to the nickel surface (A001/002)

Wolter I mirrors, and the mean roughness for surfaces tends to increase with increasing values of d;

(2) the estimated value of 9, of the gold surface Wolter I is about half that of the A001; and, (3)

the high frequency a measured optically from end pieces of other gold mirror reached values that

are twice as low as those derived from A002.

5. Discussion

7



This paper we have described our current capabilities to fabricate gold/lacquer coated X-ray optics.

We have also showed that grazing incidence optics does allow ~ 10" resolution up to 40 keV. The

natural question to ask is are there further advances to be made with this technique? As framework

for answering this question, we now present a discussion of the basic technique.

For lacquer coating, consider the following. First, the lacquer coating requires that the lacquer be

deposited in a vibration free environment. Second, the lacquer and the mandrel must be dust free.

Third the lacquer must be heated so that it does not cause the gold to stick, but it must not be

heated so much that the lacquer is destroyed.

To address the vibration problems we have reduced the use of moving parts in the lacquer coating

room as much as possible. We are going to explore the option of using some kind of vibration

isolation system but our current method of being in a relatively vibration free room seems to be

adequate, based on macro-figure measurements we have made on our Wolter I optics 4

To address the dust problem, a clean room would be most desirable, but it is beyond our current

budget. Instead we have designed a procedure that will work well. First we skim and filter the

lacquer to remove foreign particles, including dust. Second, we remove dust from the mandrel by

immersing it in an ultrasonic bath with water. Third, we plan to vapor degrease, lacquer coat and

bake the lacquer coated mandrel all in the same sealed unit. The baked lacquer surface will blown

free of the small amounts dust that might accumulate in the transfer from the baking chamber to

the vacuum deposition chamber.

In terms of baking the lacquer, we have found a temperature range and length of time that works

for baking the lacquer so that it does not stick to the gold (see section 2).

The gold surface can also be damaged, however, if the stress in the electroforming process is not

properly controlled. This we demonstrated by producing faulty mirrors in a bath which contained

impurities and in which the pH level was not in the desirable range. It is therefore, extremely impor-



taut to maintain quality control of the electroforming bath by filtering the bath and by continually

monitoring the pH and the stress levels as well.

When the mirrors are removed from the mandrel, salts from the bath dry on the surface and the

mirrors must be washed. This is another potential hazard and we plan to follow the work of Ref.

11 and determine if placing a layer of silver down before the gold on the mandrel will than protect

the gold surface when the mandrel is xrr "ed. A potential difficulty here is that the silver surface

must be smooth, and we have demonstrated that not all metals (e.g. the palladium coated flat

described above) lay down equally well on the lacquer. Assuming a smooth layer is made, however,

the electroformed mirror will then be cleaned with the silver surface in place, and then the silver

surface will be dissolved away.

Another possible problem is if the gold layer is too thin, then pin holes can allow the electroforming

bath to penetrate the gold layer and wet the mandrel lacquer surface/gold interface. To prevent this

we plan to experiment with thickness of the gold layer and/or over coating the gold with a layer of

copper before immersing the mandrel into the electroforming bath.

When we have finished experimenting and making the requisite improvements, we hope to b« able

to produce Wolter I mirrors with surfaces rivaling those of our flats.

Ref. 12 whose group2 has been working in this area has recently decided that lacquer coating is

not necessary as they have been able to polish their mandrels to lOAor better. A problem remains,

however, which is that the ubiquitous electroforming solution diys on the mandrel, and ultrasonic

cleaning is not enough to remove residue. It may be that the mandrel will need to be repolished

between electroforming steps, but with adequate funding and the requirement that only 4 copies

be made per mandrel, lacquer coating can be avoided. In comparison, we plan to make up to 30

copies per mandrel and we have no capabilities to polish the mandrel to smoothness of 10A. We

will, therefore, continue to use lacquer coating.



Another reason to continue working with lacquer coating is that lacquer coating may also provide

the capability of smoothing over diamond turned grooves or only partially polished groves. Some

work in this direction13 has not met with success using lacquer to fill in the groves left by diamond

turning. The technique may work, however, if other lacquers are used and/or the diamond grooves

are partially smoothed.

7. Summary and Conclusions

In summary, we have achieved root mean square roughnesses approaching 3Afor flats and I5Afor

Wolter I mirrors. Although grazing incidence optics theoretically should work up to at least 40 keV,

our work has shown that (for the first time that we know of), that good imaging can be achieved

up to 40 keV.

In terms of fabrication abilities, our present facilities allow us to produce 40 cm long by 12 cm

diameter Wolter I mirrors with about 30" angular resolution (defined by the ability to distinguish

two images at a given angular separation) and further progress in producing & lOAWolter I surfaces

should produce images of point sources with half power diameters of less than 1'.

Lacquer coating provides a natural way to protect the mandrel surface, a way of reducing the high

frequency roughness and perhaps a way to smooth over grooves left by the diamond turning process.

We conclude, therefore, that there is a future in continuing to improve and explore techniques

involving lacquer coating and electroform replication of X-ray optics.
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Table 1: Wyko RMS Measurements of Flats

piece a b e d e

Ni flat 7.1 A 6.4 A 4.9 A. 3.5 A 1.0 /xrad

Auflat 7.7 6.2 3.5 5.9 1.8

Pdflat 13.1 6.1 3.6 11.8 3.3

Notes to Table 1. column a, 5 mm-9.8 fim periods; column b 1 mm-9.8 fim periods; col-

umn c 100 fi m- 9.8 fim periods; column d 5 mm- 1 mm periods; column e slope error over 5 mm-

1 mm periods.

Table 2: Scattering Theory Results vs Wyko Measurements

piece a b c d e f g

Auflat 6A 200 fim 97/irad 1.7 mrad 5.9 A 88 /wad 3.5 A

AuWolterl 20 150 240 6.5 NA NA NA

Ni Wolter I (A001/2) 20 50 485 7.3 160 31 34

Notes to Table 2. columns a, b, c, d are <r, d, 6t, 6i, respectively, see text; columns e and f,

the rms roughness and the corresponding slope error in the 1 mm- 9.8 ft, m range; column g, the

rms roughness in the 100 fi m - 9.8 fim range. NA = not available. A001/A002 refer to previous

fabricated Ni surface mirrors (see text).
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Feasibility Study into the Use of Mechanical Choppers
to Alter the Natural Tine Structure of the APS

D. M. Mills*

Introduction

The prospect of extending static x-ray measurements into the time domain

is an exciting one indeed. The foundations for this extension have already

been laid by some very innovative experiments^ ' performed at existing storage

ring sources. The enormous enhancement in brilliance that the APS will afford

over existing sources will, I believe, foster a tremendous growth in the area

of time-resolved x-ray experimentation. The growing interest in this field i3

evidenced by both the number of participants and their enthusiasm at an APS

Workshop on Time-Resolved Studies and Ultrafast Detectors^ ' held on January

25-26, 1988, at Argonne.

In a very general way, one can divide time-resolved experiments Into two

broad classes: (1) those that take advantage of techniques that permit data to

be collected in a more rapid fashion and {?.) those that take advantage of the

natural time-structure or modulation of the radiation produced by storage ring

sources. It is with the latter group of experiments that this report is

primarily concerned. Researchers planning to use the time structure are

considering both experiments that can be cyclically pumped and probed (which

effectively utilize the high repetition rates of synchrotron sources) and one-

shot experiments (where the temporal resolution will be commensurate with that

of the bunch duration itself, i.e. 100 psec). The natural time-structure of

the storage ring may not, unfortunately, be optimal for all time-resolved

*0n leave from CHESS, Cornell University, Ithaca, N.Y.



experiments. For example, there has been considerable interest in the

crystallography community over the possibility of collecting a Laue

diffraction pattern from a single (or several) bunch(es) of x-rays.

Integrating detectors (such as film or the new phosphor storage plates) will

be needed for these experiments because of their virtually unlimited count-

rate capabilities. However, these detectors cannot be electronically gated

and therefore the x-ray beam itself must be rapidly shuttered when the

exposure is complete. For this type of one-shot experiment a short burst of

x-rays followed by a period of darkness long enough to shutter the beam is

required. Alternatively, other experiments may need a (user variable)

repetitive pulse structure to match the repetition rate of some external pump

such as a laser. The problem is then one of how to satisfy those users who

require different time structures than that of the normal storage ring

operating condition while minimizing the impact on other users. The major

thrust of this note is to try to point out some possible solutions to this

problem; in particular we will look to see whether the temporal properties of

the emitted radiation can be suitably modified through the use of mechanical

choppers. It is my intent that this note be somewhat speculative in nature

with the hope that it may stimulate ideas in those who read it.

Before discussing the chopper characteristics, it is instructive to

review the temporal properties of the APS.

APS Temporal Properties

With a radio frequency accelerating system operating at 353 MHz and

storage ring circumference of 1060 meters, the APS will have a harmonic number

of 12*18; that is there are 1248 equally spaced stable orbital positions or RF

buckets around the ring. The explicit timing properties of the ring will



depend on which and how many of the RF buckets are filled. Calculations

indicate that single bunch instabilities will limit the maximum current per

bunch to be 5 milliamps. Hence, to attain a stored current of 100 milliamps a

minimum of 20 bunches will be required. If the bunches are equally spaced,

this would correspond to an interbunch period of approximately 177

nanoseconds. The calculated bunch durations for low current (<0.5 tnA) and

maximum current (5 mA) operations are 38.7 picoseconds (2 x RMS) and 116

picoseconds (2 x RMS) respectively. A comparison of the temporal properties

of the APS and other x-ray storage ring sources is given in

Table I.

Table I Time Structure of Various Storage Rings

SSRL CHESS NSLS APS

Ec(kev)

Orbital period
(nanoseconds)

No. of Bunches*

Bunch Duration
(picoseconds)

Interpulse
Period*
(nanoseconds)

1.7

760

1 (M)

300

760 (190)

8.7

2560

7

160

366

5.0

568

30

1700

18.9

19.5

3536

20 (60)

116

177 (59)

*Numbers in parentheses refer to alternative modes of operation.

For many time-resolved experiments the average x-ray flux is not of

consequence, but rather the number of photons per bunch is the important

parameter. In Table II are listed the calculated photons per burst and

instantaneous flux for both dipole and insertion device sources at the APS.

All calculations are made at the critical energy (for dipole and wiggler

sources) or at the fundamental energy (for* undulator) assuming 7.0 Gev, 100



millia-np operation with 20 bunches. (Detailed information on the APS source

properties can be found in reference^'.)

Source

Table II

No. of photons per burst Instantaneous Flux

Dipole Source 1.7x106 p/0.1J{BV/-mrade

Wiggler A 3.9x107 p/0.1*BW-mrad9

Higgler B 1.5x107 p/0.1?BW-mrad9

Undulator A 2.1x108 p/0.1*3W*

Undulator B 1.7X108 p/0.1*Btf*

1.5X1016 p/s-O.i*BW-mrade

3.4x1O17 p/s-0.1*BW-mrad9

3.9x1017 p/s-0.1*Btf-mrad8

1.8x1018 p/s-0.1*BW*

1.5x1018 p/s-O.IJBW*

*Integrated over the horizontal and vertical divergences of the central peak.

By adjusting the bandwidth of the raonochromating system large increases

(10 to 100) in the number of photons per burst can be obtained with dipole

and wiggler sources and to a lesser extent with undulator sources, since these

have a natural line width of IX.

Several questions relating to the temporal properties of the APS have

been put forth by researchers interested in performing time-resolved

x-ray measurements. These questions have centered around concerns about bunch

size and stability and the degree of "emptiness" of RF buckets adjacent to a

filled bucket. From discussions with the accelerator design group, the

following additional properties have been estimated: (1) The number of

particles in each bunch (i.e., the current per bunch) should be the same to

within ± 5% at the start of a fill. (2) A conservative estimate.of the time

jitter between the arrival of consecutive bunches should be less than 1 a of

the bunch length. This corresponds to + 53 psec in 177 nsec (20 bunches

equally distributed around the ring) or ± 0.03S of the interpulse period. (3)



Buckets adjacent to filled buckets would in fact be very empty, due in part to

the fact that the injected bunch-length is 1 nsec while the RF bucket is 2.83

nsec in length.

As we pointed out earlier, the temporal parameters of the APS running in

the (projected) normal mode will not be optimal for all experiments; in

particular those experiments where "long" periods of darkness (>177 ns) are

required preceding (succeeding) the burst of x-rays. From an operational

viewpoint, the easiest solution to this problem is to run the storage ring in

one-bunch mode resulting in an interpulse period of 3-536 microseconds.

Assuming that the normal operational mode is twenty bunches, this would mean a

corresponding decrease of the average flux by twenty, an unacceptable

situation for the remainder of the users. (There may be the possibility of

putting more than 5 milliamperes of current in each bunch, but this would be

at the expense of beam stability; we will not consider this alternative

here.) For those interested in monochromatic radiation, several proposals

have been put forth to alter the time structure of the beam through the use of

modulating raonochromators^'. For the white beam, the possibility of using

fast kicker magnets (wobblers) that can deflect one (several) positron

bunch(es) out of the nominal orbit for a short distance has also been

suggested as a means of altering the natural time-structure of the storage

ring. In this scenario, one would arrange the experiment to see only photons

from the deflected bunch(es). Tn principle, one could continuously vary the

effective repetition rate of the x-rays in this fashion (up to the limit of

the repetition rate of the kicker magnets.) Compared to one-bunch operation,

this technique would be much less of a perturbation on the other users of the

storage ring, _i_f the kicker magnets had no effect on the overall beam

stability, emittance, or lifetime. Concern over the possibility of perturbing



the stability or other properties of the beam with wobblers has led us to

consider other, more passive, options of modifying the natural time structure

of the radiation.

One alternative approach to this problem involves the utilization of

asymmetrically spaced bunches in the storage ring in concert with choppers.

Recall that the standard running condition for the APS (at the time of this

writing) is with 20 evenly spaced bunches (See Fig 1a). In our asymmetrically

filled mode, 19 of the 20 circulating bunches would be injected into

contiguous (or closely spaced) RF buckets and one bunch placed diametrically

opposite to them (See Fig. 1b). This arrangement would allow the use of a

slotted mechanical chopper, rotating at approximately 18,000 RPM, to pick out

and transmit radiation from the lone pulse and block the subsequent pulses so

that long interpulse periods could be achieved. With a single chopper having

a rotational period equal to a multiple of the orbital period (TChop*
n^orbit'

n an integer) interpulse periods from approximately 3 microseconds to 3

milliseconds can be achieved by tailoring the slot configuration in the

wheel. For longer interpulse periods, two choppers in series can be used. In

the following section the characteristics of the type of choppers that would

be needed are outlined.

Chopper Characteristics

Neutron or Fermi choppers have been extensively used over the past forty

years both to monochromate and produce short pulses of neutrons'-*•. Fast

choppers consist of four main mechanical components: (i) an evacuable housing,

(ii) the chopper or slit assembly, (iii) bearing assembly, and (iv) the drive

motor. Typically the housing is evacuated to several Torr to reduce drag from

the air. A crucial component, particularly for high speed choppers, is the



bearings, some of which rely on sophisticated magnetic suspension systems.

Although the types and ratings of the motors used vary widely depending on the

particular applications, these motors usually have power ratings of several

hundred watts. The slit assemblies are rather complicated components whose

shape depends upon the specific job of the chopper. Since this part of the

neutron chopper is least relevant to our needs, we will not dwell on this

aspect of the chopper assembly. The electronics for control of the choppers

is beyond the scope of this note. (See some of the chopper references for

more information on the control systems.)

Our application of chopper wheels to synchrotron radiation is not to

define the length of the burst, but rather to control the repetition rate by

allowing one (or several) bunch(es) of x-rays to pass through and onto the

experiment while blocking unwanted bursts. When the storage ring is running

with 20 evenly spaced bunches this requirement translates into the need to

block or close an aperature in less than 177 nsec. (In the following

discussion we will assume that the vertical extent of the beam is limited to

1/2 mm. This is approximately the vertical height of the central peak of an

undulator beam at a distance of 20 meters from the source, while for wiggler

or bending magnet sources this size might be achieved by vertical focusing

optics and/or slits.) The shutter speed required to block a 1/2 mm aperture

in this time is in excess of 2800 meters/second, a difficult value to

achieve. In the asymmetrically filled mode, the time between the lone bunch

and the packet of bunches is approximately "naif the orbital period or 17^2

nanoseconds, and hence the speed now required is - 1/10 that of the previous

value, or 237 m/s. If the slot in the chopper wheel is the same size as the

beam height (a constraint which minimizes the peripheral speed requirement of

the chopper), then for a wheel 30 centimeters in diameter a rotational



frequency of about 18,000 RPM would be sufficient (see Fig. 2). If this

chopper is phased to the storage ring and has a rotational period equal to

some multiple of the ring orbital frequency, a singly slotted wheel would

transmit one x-ray burst every 3-33 milliseconds while a fully slotted beam

(0.5 mm slots spaced 1 mm apart) would transmit pulses every 3.5 microseconds.

Although 18,000 RPM may at first consideration seem high, neutron

choppers operate routinely at these and higher rotational frequencies. It is

of interest to point out, however, that by using a pair of counter-rotating

phased chopper wheels, only half the rotation frequency or approximately 9000

RPM is required (see Fig. 3). Although more complex than a single rotating

chopper, this configuration has the additional advantage that by rotating the

second chopper at a slightly different frequency, the alignment of the slots

in the two wheels occurs at times given by the beat frequency between the two

wheels. With a Av of 20 RPM, the minimum allowable so that there is no slot

overlap for successive bursts of x-rays transmitted by the up-stream chopper,

a 6 second interpulse period can be realized. Alternatively rather than using

a single chopper wheel with a rotation axis parallel to the beam direction, a

squirrel cage arrangement could be employed (see Fig. H). In this case the

axis of rotation is perpendicula" to the x-ray beam direction and only half

the single wheel rotational frequency is necessary to block the 1/2 mm

aperture. (This configuration might require a slotted rotation shaft, but

this should have no major impact on the performance of the wheel.) An effort

investigating the mechanics and electronics of such chopper wheel arrangements

is underway.

Conceptually, the x-ray chopper would consist of a circular plate

(preferably a high strength lightweight material) onto which is mounted a

slotted annulus of high z material (tungsten, tantalum, etc). To estimate the



thickness of high z material required, we will assume that we want the x-ray

flux transmitted through the annulus to be 0.1? that of what is passed through

the slot. A wheel with one slot rotating at 18,000 RPM passes one burst every

3.3 millisecond, and hence must block in that same time approximately 20,000

equally intense pulses. Our requirement that the 'leakage' be 0.1? of the

transmitted beam translates into a ratio I/Io=2x10~^ or a pt of 15.4.

Assuming that the undulators reach 20 keV in the fundamental, we will

calculate the thickness using the absorption coefficient necessary to stop the

highest energy third harmonic, i.e. 60-keV photons. For a tungsten annulus, a

thickness of 1.5 mm would be required. For a one-centimeter-wide annulus 30

centimeters in diameter, the corresponding mass would be 0.27 kg. A typical

backing plate might have a mass of approximately 1 kg. The combined moments

of inertia of the backing plate and annulus would be in the range of 200-300

kg-cm2. This very crude estimate did not include the shaft inertia; however,

the point of this exercise is to give one a feeling of the magnitude of the

problem. As was alluded to earlier, neutron choppers run in the range of

20,000 RPM (with some exceeding 30,000 RPM^°O and have typical moments of

inertia of 500 kg-cm *'' and so choppers such as those required here are

certainly in the realm of current engineering technology.

A serious concern when dealing with these high speed choppers is their

speed/phase stability. Neutron chopper wheels have been operated with phase

stability of ± 0.2 usec.(6) Two manifestations of chopper instability are (1)

a decrease In the intensity of the transmitted burst and/or (2) the addition

of satellite bursts near the burst of interest (see Fig. 5). The consequences

of instabilities in x-ray choppers can be minimized, I believe, at the cost of

increased peripheral wheel speed. Because the time required for the x-ray

burst to pass through the slot is so small (116 psec) during the passage one



can consider the slot in the wheel as frozen in time. (Even with a peripheral

speed of 500 m/s the distance the slot moves during the time the x-ray bunch

is passing through the slot is 600 A.) Therefore, Increasing the wheel speed

has no effect on the transmission of the pulse but can aid in blocking

satellite peaks that get through due to instabilities. Fig. 6 shows the case

in which the 1/2 mm aperture is required to be closed in 1.5 usec rather than

1.7 usec. In this case we must increase the revolution frequency from 18,000

RPM to 21,200 RPM. At this speed the slot can still completely block the

neighboring burst of x-rays with a chopper jitter of + 0.2 usec but at the

expense of a reduction in the transmitted x-ray intensity by 13%. By going to

higher speeds, even this problem can be reduced. If, instead of having a beam

height and slot height of equal dimensions, we open the size of the slot, the

transmission function of the wheel is no longer sawtooth in shape, but now has

a truncated sawtooth form. We can easily calculate the required slot size

necessary to have the plateau in the transmission function last for 0.4 psec —

in this case, a slot of height 0.65^ mm. This situation can be seen

schematically in Fig. 7. In this case we can tolerate a + 0.2 usec jitter

with no loss of transmitted intensity and no satellite peaks. As before the

cost is an increase in revolution frequency from 21,200 RPM to 2*4,500 RPM.

However, I reiterate that these rotational frequencies are achieved by state-

of-the-art neutron choppers.

Summary

We have presented here what nay be a viable approach to the problem of

altering the natural time structure of the APS with a minimal impact on other

users. Our technique involves placing 19 of the 20 circulating bunches of

positrons in (nearly) contiguous RF buckets and the remaining one bunch 180
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degrees around the ring from this pack. The method we are advocating has

several advantages over other schemes (such as wobblers) in that it is a

passive technique: there are no external forces on the particle beam to

destroy its stability, emittance, or lifetime properties, and it will not

limit the total number of bunches in the beam to one (or a few) in order to

get long dark periods between x-ray bursts. In this configuration it should

be possible to transmit the lone bunch and mechanically shutter the remaining

19 bunches with a chopper running at approximately 18,000 RPM. Although high,

such revolution frequencies are achieved in neutron choppers which are

generally much more massive than what is envisioned for an x-ray chopper.

There may be certain classes of one-shot experiments where the number of

photons from one burst is not enough, but perhaps photons from 10 or 20 bursts

would be adequate. For .such experiments an interesting variation of our

chopper scheme is to block the lone bursts of x-^ays, allowing the pack of 19

bursts to pass. In the standard operating mode it would take 3-536 micro-

seconds before all 20 bursts of x-rays have illuminated your sample. In our

asymmetrically filled mode, one can get 95? of the corresponding number of

photons (19 out of 20 bunches) not in 3.5 microseconds but in about 51

nanoseconds (assuming the bunches are in contiguous RF buckets) which

translates to an increase in effective flux (or alternatively an increase in

the temporal resolution) by a factor of almost 70!

Several concerns deserve mention when considering asymmetric bunch

stacking. First and foremost is whether this mode will have detrimental

effects on the storage ring performance. This is an area where I have no

expertise and can only point this out as a possible problem. Although

discussions with the accelerator physics group have indicated that the

injector can fill the ring in this mode, will there be unforeseen problems in
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lifetime, beam stability, maximum current limit, etc.? If feedback systems

are planned to be used, will this mode of operation require an increased

bandwidth in the electronics? Certainly these potential problems (and others)

must be explored. A second concern deals with single photon counting

statistics in this running mode. A majority of the single photon counting

detectors currently used at synchrotron radiation sources would not be fast

enough to distinguish multiple x-rays that come from the 19 closely spaced

bunches. Hence, in order to avoid pulse pile-up problems, the detector count-

rate would have to be maintained below the rate where the probability of

collecting two or more photons from the 19 contiguous bunches is low. We can

estimate the count-rates where pulse pile-up will become important in the

following way. Consider a detector count rate, n, equal to the reciprocal of

the orbital frequency (i.e., n « 1^orbital = 282,000 cps). On average, the

detector is receiving one x-ray every time twenty bunches pass by. At higher

rates two (or more) photons will be collected a majority of the time after the

passage of 20 bunches and hence the probability that those two (or more)

photons originated from the 19 closely spaced bunches increases rapidly.

Therefore count-rates of less than, say, 100,000 cps may have to be maintained

to minimize the pulse pile-up effect. This limit does not seem too severe,

considering that count-rates higher that this can probably be handled with

integrating detectors (ion chambers, x-ray diodes) if energy discrimination is

not an issue.
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Captions

Fig. 1 Schematic of the time structure of the APS. In (a) is shown the

normal filling configuration for 20 bunch operation while in (b) is

shown a proposed asymmetric filling mode of 19 bunches in adjacent RF

buckets and one bunch diaraeterically opposite. Note that the

drawings are not to scale.

Fig. 2 Schematic of a single chopper wheel operating at 18,000 RPM. When

the wheel is phased to the orbital frequency of the storage ring, one

burst of x-rays will be transmitted through the slot every 3.3

msec. A higher repetition rate of transmitted x-rays can be produced

with addition of more slots. The shaded area represents an annulus

of high z material to block the unwanted x-ray bursts.

Fig. 3 Schematic of two counter-rotating chopper wheels. With counter-

rotating chopper wheels, only half the peripheral speed (and hence

rotational velocity) is required to close the same size aperture. An

additional benefit of two tandem chopper wheels is that by having

slightly different rotational frequencies x-ray pulses will be

transmitted through both wheels with a frequency equal to the beat

frequency of the two wheels. In this way, long (5 sec) dark periods

can be produced between x-ray bursts. The control system for a

phased array such as this is unfortunately more complicated than a

single wheel electronics.
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Fig. 1| Schematic of an alternative approach to an x-ray chopper. An

alternative to the previously displayed choppers is the "squirrel

cage" arrangement shown here. As with the dual chopper

configuration, this chopper need only rotate at half the rate of a

single wheel to produce the same result. Note that in this

arrangement a slot would also have to be machined into the shaft to

allow the x-ray burst to pass.

Fig. 5 Timing diagram of chopper wheel rotating at 18,000 RPM. Plotted here

is the incident beam intensity vs. time (a), the transmission

function of the chopper vs. time (b), and the transmitted beam vs.

time (c). If there is a jitter of phase instability of 0.2 ysec this

will manifest itself in the transmitted beam intensity as a reduction

in the primary pulse (by about 13$) and the addition of satellite

peaks around the primary peak.

Fig. 6 Timing diagram of chopper wheel rotating at 21,200 RPM. By rotating

the chopper at a higher rate (as compared to Fig. 5) the transmission

function can be made narrower, eliminating satellite peaks due to

jitter; however the reduction in primary beam intensity is still

present.
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Fig. 7 Timing diagram for a chopper wheel rotating at Z^.SOO RPM with a slit

(0.651! mm) larger than the aperture (0.5 mm). In this configuration

the transmission function is no longer sawtooth shaped but now has a

truncated top which can accommodate a ± 0.2 ysec jitter in the

chopper wheel with no satellite peaks and no loss in primary beam

intensity. This revolution frequency is still well within current

engineering capability.
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} . Introduction

When new or more powerful probes become available that offer both shorter data-
collection times and the opportunity to apply innovative approaches to established
techniques, it is natural that investigators consider the feasibility of exploring the
kinetics of time-evolving systems. This stimulating area of research not only can lead
to insights into the metastable or excited states that a system may populate on its way
to a ground state, but can also lead to a better understanding of that final state.
Synchrotron radiation, with its unique properties, offers just such a tool to extend X-
ray measurements from the static to the time-resolved regime. The most straight-
forward application of synchrotron radiation to the study of transient phenomena is
directly through the possibility of decreased data-collection times via the enormous
increase in flux over that of a laboratory X-ray system. Even further increases in
intensity can be obtained through the use of novel X-ray optical devices. Wide-
bandpass monochromators, e.g., that utilize the continuous spectral distribution of
synchrotron radiation, can increase flux on the sample several orders of magnitude
over conventional X-ray optical systems thereby allowing a further shortening of the
data-collection time.

Another approach that uses the continuous spectral nature of synchrotron
radiation to decrease data-collection times is the "parallel data collection" method.
Using this technique, intensities as a function of X-ray energy are recorded
simultaneously for all energies rather than sequentially recording data at each energy,
allowing for a dramatic decrease in the data-collection time.

Perhaps the most exciting advances in time-resolved X-ray studies will be made by
those methods that exploit the pulsed nature of the radiation emitted from storage
rings. Pulsed techniques have had an enormous impact in the study of the temporal
evolution of transient phenomena. The extension from continuous to modulated
sources for use in time-resolved work has been carried over in a host of fields that use
both pulsed particle and pulsed electromagnetic beams. For example, modulated
electron beams in scanning electron microscopes have been used in stroboscopic
studies of surface acoustic waves and, recently, the first picosecond-resolution
electron-diffraction experiments have been shown to be feasible. Likewise, pulsed
neutron beams, although used primarily for the energy analysis of inelastic-scattering
measurements, have been used to perform time-resolved diffraction studies. With
regard to studies with electromagnetic radiation, pulsed sources have proven to be an
incisive tool, perhaps the most exciting and useful device being the laser. It is
interesting to note that many of the properties thai have made pulsed dye lasers such
an exciting tool for optical transient studies, high-repetition rate, short-pulse duration
and spectral tunability, are similar to the properties of X-radiation emitted from
storage-ring sources.
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The unique temporal properties of synchrotron radiation have nol gone unnoticed
by synchrotron-radiation users, particularly those investigators working in the visible
and ultra-violet region of the spectrum. Several excellent review articles have been
written discussing techniques and experiments that have been performed in this
wavelength regime (Monahan and Rchn 197S, Munro and Sabersky 1980, Munro and
Schwenter 1983). With that in mind, the scope of this chapter will be limited to studies
that utilize the X-ray portion of the spectrum. [See Mills (1984), Gruner (1987) for
short reviews on time-resolved X-ray synchrotron-radiation research.]

The extraordinary gains that can be realized in brightness and tunability when
going from a laboratory X-ray generator to a storage-ring source of X-rays have been
summarized by other authors in earlier volumes of this series. What is perhaps not as
well appreciated are the te-nporal properties of the emitted radiation and it is,
therefore, quite useful to review those characteristics.

2. The temporal properties of synchrotron radiation

2.1. Pulse duration

The pulsed nature of the emitted radiation is due to the natural bunching of the
circulating particles (positrons or electrons) by the radio frequency (RF) cavity that is
used to replenish energy to the particle beam which lost energy through the emission
of synchrotron radiation. To see why this bunching occurs, consider a particle that, for
a given magnetic-field configuration of the storage ring, has the correct energy Eo to
travel along the nominally correct orbit. This particle follows a trajectory of
pathlength Lo and has an orbital period given by To = L0/c, where c is the speed of
light. For the same magnetic-field geometry, a particle with a slightly different energy
than the nominal energy, £ = £0 + A£, will travel in an orbit that has a different
circumference, L = Lo + AL. The magnitude of the pathlength difference is a function
only of the strength and configuration of magnetic guide-field. The relative pathlength
difference is related to the relative energy deviation through the dimensionless
parameter a, i.e., (AL/L0) = a(A£/£0). It is important to realize that a, often called the
momentum compaction factor, is a number that is always positive for storage lings so
that a positive energy increase results in a larger orbital circumference.

If a particle with energy £0 passes through a radio-frequency cavity at just the right
time so that it gains the same amount of energy from the cavity that it lost on its last
orbit from synchroton radiation (t/SR), it is called a synchronous particle. Consider
now another particle, also with energy £0, that arrives at the RF cavity at a slightly
later time than the synchronous particle (shown as the open square in fig. 1). This
particle receives an amount of energy differing by r. from its synchrotron-radiation
loss. On the negative slope of the RF voltage plot, n late particle receives slightly less
energy than the synchronous particle, and hence will take a slightly shorter trajectory
around the ring (i.e., the particle will spiral inwards). The concomitant decrease in the
amount of time required to circumnavigate the ring will, therefore, cause this particle
to arrive less late on the next orbit. With every additional pass, it will gain a bit more
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Fig. 1. The radio-frequency |RF) cavity energy as a function of phase or lime. A panicle arriving at just the
right lime (o receive the same amounl of energy it has lost from synchrotron-radiation emission on the last
orbit (L/Sl) is called a synchronous particle. On the negative slope of the RF energy curve, a particle arriving
a time Ar latter receives less energy, (U5, - E) than (hose arriving at the synchronous phase while (hose

arriving early would receive more.

energy than on the previous circuit, and slowly will begin to increase its orbital
circumference and approach the orbit of the synchronous particle. A similar argument
can be made for the particle arriving at some time earlier than the synchronous
particle, only in this case it receives more energy than was lost through synchrotron
radiation and spirals outwards resulting in a longer orbital period, and arriving less
early on the next orbit. This self-regulatory process of damping of energy deviations
will continue and the energy of the particle will eventually converge on the nominally
correct energy. The position on the RF power curve where this natural shepherding of
particles occurs is called the phase stable or synchronous phase point. Note that the
phase stable point lies on that part of the RF power curve where the slope is negative
so there is only one phase stable point per RF cycle.

The oscillations in the energy of the particles about the nominally correct energy
described above are called synchrotron oscillations. With the simplified formulation
given above, the entire packet of particles would eventually coalesce about the
synchronous electron. In a real storage ring, this model will breakdown because the
energy losses of the particles through synchrotron-radiation emission are not
continuous as in our simplistic model, but are quantized. The discrete emission of
quanta causes an instantaneous change in the energy of the particle disturbing slightly
the trajectory of that particle. Because the emission of each quantum is statistically
independent, the net result on the particle of many of these random disturbances is a
growing change in energy as a function of time, causing the ensemble of particles to
increase in size. The balance between the increase in energy spread due to quantum
emission, and the energy damping mechanism described above determines the length
of the particle packet.

In a non-interacting model (i.e.. the effects of the environment of the beam arc
ignored), the bunch profile is expected to be Gaussian. The expression for ihe bunch
length of a low particle-density packet has been derived by several authors (Sands
1970, 197!. Krinsky ct al. 1983) and ihc details of this calculation will be omitted here.
However, it is informative to write I he expression for the bunch length in terms of the
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accelerator parameters to sec how these parameters influence the X-ray pulse
duration. For an isomagnelic lattice (i.e., all dipoles arc of equal strength), the bunch
length can be written as

^=A:'t(ila%\JepOt

where y is the ratio of total particle energy to rest-mass energy, Qs the synchrotron
oscillation frequency, p0 the magnetic radius and J£ the energy-damping partition
number. In the isomagnetic approximation, JE can be written as JE = 2 + <xR0/p0 and
is approximate to 2. {Ro is defined as L0/2n.) K, is a numerical constant equal to
186 m3/2 s" ' . This equation can be recast more in terms of the physical parameters of
the storage ring by replacing the angular synchrotron oscillation frequency, Qt, by
(aeV0/T0E0)

112 where Vo is the time derivative of the RF voltage evaluated at the
synchronous phase, <j>0. We can then write

/ aE3T V ' 2

ff2(m) = K2[ ? ° ) ,

where now K2 is equal to 3.64 x 10s m3/2 s"1 GeV" *. To get an estimate of a typical
bunch length, let us assume that the RF voltage is sinusoidal, i.e.,

K(r) = K,F sin [2avRF(f-£„)],

Taking JE ^ 2 , <j>0 = 45° and typical running parameters for the Cornell Electron
Storage Ring (CESR): a = 0.014, £0 = 5.2 GeV, To = 2.56 x 10~6 s, p0 = 88 m,
vRF=500MHz, eKRF = 4.5MeV; the calculated onc-sigma bunch-length value is
1.95 cm corresponding to a one-sigma pulse duration of 65 ps. A more detailed
calculation of the bunch length of CESR when taking into account the actual
magnetic lattice yields a value of 68 ps (Blum et al. 1983).

This expression for the bunch length is valid only when the density of particles is
low. As the number of particles per bunch is increased, bunch lengthening can occur
(Wilson et al. 1979, Photon Factory Activity Report 1984/1985, Garvey 1984); this
effect is generally attributed to the collective effects of the beam with its environment,
namely the vacuum chamber and any other components (RF cavities, crotches, etc.)
associated with the beam-transport system.

The measurement of bunch lengths in storage rings can be made with a variety of
instruments depending on the actual timescales involved. Photomultiplier tubes
(Lopcz-Delgado et al. 1976), image dissector tubes (Brown et al. 1983a), X-ray
photodiodes (Wilson et al. 1979, Kania et al. 1986), X-ray sensitive photoconducting
devices (Blum et al. 1983), and sireak cameras (Monahan et al. 1979, Photon Factory
Activity Report 1983/1984) have been employed to measure this important temporal
parameter. The bunch length at CHESS has been measured with a high-speed X-ray
sensitive photoconducting detector (Blum et al. 1983, Auston el al. 1983) and
sampling oscilloscope (fig. 2). These photoconducting devices arc extremely fast with
measured response limes of 2.5 ps in the visible region of the spectrum. With this
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Fig. 2. Measurement of the bunch length at the Cornell Electron Storage Ring (CESR). (a) A schematic or
the electrode geometry of the photoconductor used in the measurement. The cross-hatched region denotes
the active area of the device, (b) The sampling oscilloscope output of the photoconducting device when put
into the CHESS X-ray beam horizontal scale is 100 pscc per division), (c) Digitized output of the device and
curves assuming the output proportional to beam shape (dashed lines) and the output proportional to the
beam shape plus a term proportional to the integral of the beam shape (solid line) (Blum et al. 1983).

device, the bunch duration at CHESS running at 5.17 GeV and 20 mA was measured
to be 72 ps, in good agreement with the 68 ps value quoted earlier.

When using sampling methods such as in the measurement discussed above, the
resultant pulse profile is the average of many (perhaps thousands) of passes of that
pulse; therefore, such methods are incapable of observing variations in the pulse shape
from one pass to the next. Although slow oscillations ( ^ 100 Hz) may be observable,
high-frequency oscillations and pulse-to-pulse shape variations can only be observed
with X-ray streak cameras, by far the most informative devices used to measure the
bunch lengths. During a machine-physics study period to look at problems associated
with very short bunch lengths at the Stanford Positron-Electron Storage Ring, both
symmetric and antisymmetric oscillations were observed from sequential one-shot
streak-camera photographs. Not only have X-ray streak-camera measurements
revealed that the bunch can oscillate or breathe, but that the bunch itself may not
remain Gaussian and have high-frequency structure within the bunch (Munro and
Schwenter 1983, Mills 1984). Such factors could be of importance if accurate
measurements are attempted with temporal resolution commensurate with that of the
pulse duration. Unfortunately, however, accurate measurements of the pulse profile
have been made al few storage-ring sources.

Geometrical efTects may lead to a broadening of the observed pulse length. These
effects are small compared to the pulse durations of all existing machines. However,
they may become appreciable if bunch lengths can be made extremely small, as may be
the case in dedicated machines now being considered for construction. The slight



S P.M. Mills

path-length difference AP between the straight line trajectory of the photons and the
curved trajectory of the particle as it is bent by the dipole magnets can cause an
apparent increase in pulse duration. To second order in the angular horizontal
viewing aperture 6 this is equal to (fig. 3a)

where D is the horizontal detector aperture and 6 the horizontal angle subtended.
Even with a somewhat large aperture of lOmrad at 20 m from the source, the
observed increase in pulse duration would only be 3.3 ps.

Insertion devices can also produce an apparent pulse lengthening due to the
difference in path length between the emitted X-rays and the sinuous trajectory that
the radiating particle follows through such a device (fig. 3b). The path-length
difference in this case is

_ NK2

with N being the number of magnetic periods in the insertion device, K the magnetic-
magnetic-field strength parameter [K = 0.093£(kG)Ain (cm), where ).in is the magnetic

Particle
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Fig. .v Geometrical broadening of the observed pulse duration can occur from (a) dipole maunci sources
and Ib) insertion devices sources because of the palh-lentlh difference between the curved trajectory of the

particles and emitted photons.



1'inw ri:\i>li\'il studies ')

of the insertion device). Again, the effects are small. Even for a high-field wiggler
(K = 1001 with 100 periods inserted in a low-cncrgy machine (1 GcV), this corre-
sponds to a pulse broadening of only 2.1 ps.

2.2. Iuterpulse period

If a particle has to receive energy from the RF cavity on every orbit, the RF frequency
must be some multiple of the orbital frequency of the particle, i.e.,

where n is an integer called the harmonic number. Since there is one phase stable point
at every RF cycle, this implies that there are n stable orbital positions or RF "buckets"
in which the particles can circulate around the storage ring. The number and
configuration of filled RF buckets determines the interpulse period of the X-ray
bursts. The filled configuration can be a function of a number of considerations
including whether the storage ring is being run for high-energy physics research or
whether it is a dedicated synchrotron-radiation source. Typical repetition rates for
large storage rings are from 0.5 to 100 MHz (table 1). The time between X-ray bursts
has not necessarily to be uniform, again depending on the specific configuration of the
filled RF buckets.

The orbital period of the ring is probably one of the better-known temporal
parameters of the machine. The stability of the orbital frequency is determined by the
stability of the clock driving the RF accelerating system. The precision of the quartz
oscillator clocks used in this application are typically 10"7-10"8, resulting in a jitter
of the orbital period that can be less than a picosecond.

2.3. Temporal purity

Depending on the type of experiment to be performed, the temporal "purity" of the
beam (the "darkness" of the periods between pulses) may be important to insure
success. Measurements of the single-bunch purity at the SRS at Daresbury showed
that spill into adjacent RF buckets could be kept to less than 0.2% of the particle
number of the targeted bucket during the filling process (Brown et al. 1983b). Because
of the small size of these satellite bunches ( < 1 %), the introduction of a large counter
rotating beam of oppositely charged particles will generally "kill" any bunches apart
from the targeted bunch due to the mismatch in particle number and their crossing at
inappropriate sites in the rings. (Colliding-beam storage rings for high-energy physics
are designed with great pains so that oppositely charged particle beams collide only
when approximately equivalent in size and only at well defined positions around the
storage ring.) hence, in accelerators operated specifically for colliding-beam high-
energy physics, the temporal puriiv is generally very good.

It is important to recognize that the temporal characteristics of synchrotron
radiation described above: pulse duration, intcrpulsc period and temporal purity; are
the same for all emitted wavelengths of radiation, i.e., the temporal properties arc
wavelength independent (Bcnard and Rousseau 1974, Lopcz-Delgado 1978).



Table I
X-ray storage rings

Facility Stored
beam

energy

Critical
photon
energy
(keV)*

Orbital
period

(us)

Number of
equally
spliced
bunches

Intcrpnlse
period

(us)

Bunch
duration
IWIIM

'Mi

ADONE
Frascali. Italy

LURK(DCI)
Orsny, France

ADVANCED LIGHT SOURCF.
Berkeley, CA (umler const.)

SRS
Parcshiiry. UK

Photon factory
Tsuhuka. Japan'

N'Sl.S (X-ray)
llrookhavcn. NY

SSRUSPF.AR)
Stanford. C"A

IIASYI.AIH DORIS)
Hamburg. FRO

VI-PIM
Novosibirsk. USSR

CHESS (CKSR)
Ithaca. NY

1.5

1.7

1.5(2)

2.0

2.5

2.5

3(4)

3.7(5)

4.5 {5.81

5(8)

l.S

3.1

1.9(4.4)

3.9

4.0

5.0

4.7(11.1)

7.8 (22.'.')

12.2(26.1)

8.7(35.5)

350

316

656

320

624

568

760

960

1220

2560

3
IS

I

250

160

312

30

4x4"
4"
I"

60
170

lc

I

I
3
7

117
19.4

316

656
2.62

2

2

18.9

187 x 2.8J

190
760

16
8

960

1220

2560
853
366

776

1780

25-50
6'1

200

160

1700

300

2tX)

•100

160



European Synchrotron
ll.idiaiion Fuc. (I-SRF)

Grenoble. France (under consl.)

Advanced I'Uolon Source
Argonnc, II. (under const.)

PP.P
Stanford. CA

15

19.2
9.6

16

45.4

2X16

3536

7400

1
992

1
20

1

2816
2.84

.1536
177

2467

5(1

116

70

'Parenthetical numbers indicate maximum design parameters.
Tour equally spaced groups of four adjacent bunches.
"SSRL periodically runs in a liming mode with tour equally spaced bunches.
'Parasitic running conditions.
''Special IdH-ctirrciK running.
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2.4. Modifying the natural lime structure of the source

No matter what the time structure is for a particular synchrotron-radiation source, it
will not be optimal for all time-resolved experiments. While some experiments will
require high repetition rates, others may need "long" periods of darkness preceding
and/or succeeding a short burst of X-rays. (Long is used in this context as any time
period greater than the interpulse period.) The natural time structure of a mono-
chromatic X-ray beam can be altered through the use of modulating monochromators.
Michael Hart, who considered this problem several years ago, has listed several
possibilities including rotating and vibrating crystals (Hart 1980) and interferometric
devices (Hart and Siddons 1978) capable of working at megahertz frequencies which
can transmit one or several X-ray burst(s) to an experiment. Different approaches
must be taken for white-beam modulation. One technique is to use fast kicker
magnets (wobblers) that can deflect one (or several) particle bunch(es) out of the
nominal orbit for a short distance and then return them to the unperturbed orbit. In
this case, the experiment must be arranged so that it can see X-rays only from the
deflected bunch(es). Wobblers such as these would allow the repetition rate of the X-
rays impinging the sample to be varied from a single burst to rates determined by the
duty cycle of the kicker magnets. A serious concern with wobblers is their effect on the
emittance, stability and lifetime of the rest of the stored beam. A more passive
approach to white-beam modulating, in the sense that it does not directly act on the
stored beam, is through the passive use of choppers. Depending on the natural
interpulse period, slotted chopper wheels can pass one (or several) bursts of X-rays
while blocking preceding/succeeding bursts. For instance, a 0.5 mm aperture can be
shuttered in 1.5 ms with a chopper wheel 30 cm in diameter rotating at about
21 000 RPM. A single-slotted chopper synchronized to the orbital frequency of the
storage ring would pass a burst of X-rays every 2.8 ms. Higher rates could be attained
by adding more slots, while lower rates could be achieved by using two chopper
wheels or a chopper wheel and a mechanical shutter in series. Although rotational
frequencies of 21 000 RPM may seem high, neutron or Fermi choppers routinely
operate at these angular velocities and hence the required engineering technology
already exists for the implementation of such devices. [See Mills (19??) for more
information on the use of chopper wheels with X-rays.]

2J. Comparison with other pulsed X-ray sources

It is constructive to compare the temporal properties of synchrotron radiation with
other sources of pulsed X-rays in order to appreciate what advantages might be
afforded in utilizing synchrotron radiation for investigation of transient phenomena.
Such a comparison is displayed in table 2. Several points are immediately obvious.
First, synchrotron sources have a truly continuous spectrum while most other sources
have a mix of characteristic wavelengths and background Bremstrahlung radiation.
Second, except for some laser generated sources, synchrotron radiation has the
shortest pulse duration. And finally, there arc currently no other sources of X-ray
radiation that operate at megahertz repetition rates with the same power per burst
one can obtain from radiation emitted by high-energy storage-ring sources. Although
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Table 2
I'ulscd X-rav Miuroes.

Source of X-ra\.<

Pulsed X-ruy
generators

Laser-produced
plasmas

Pulsed
electron
linear
accelerators

Synchrotron-
radiation
sources

I'ulsc lentil)
(ns)

10-100

0.1-10
(same
duration as
laser pulse)

10-10.0

0.05-2

Repetition rule
IHzi

1-100

0.0001-0.0!

0.1-100

0.4-50

Spectral properties

characteristic X-ray
lines from anode
<5-:0keV range)
and some
brcmssuahlung

bremsstrahlung and
some discrete lines
(0.5-5 keV range)

mostly bremsstrahlung
(can be very hard)

continuous spectrum
(infrared-hard X-rays)

I

\~
u

_ J

laser sources may equal or exceed the instantaneous flux from a single burst of
synchrotron radiation, the high collimation of the beam from the storage-ring source
facilitates directing those photons on to the sample and, therefore, the number of
photons incident on a sample from a single laser shot or synchrotron burst may be
comparable. The favorable comparison of synchrotron radiation with other sources of
pulsed X-rays gives some indication of the marvelous potential for time-resolved
studies that synchrotron radiation provides.

3. Methodology of time-resolved experimentation

All time-resolved experiments use some sort of pump/probe technique to investigate
the time evolution of transient or short-lived states. The word pump is used here in the
most general sense and can include such things as mixing, mechanical stressing,
thermal excitation, photon excitation, electromagnetic excitation, etc. As the time-
scales of interest decrease, the ability to excite the sample both rapidly and uniformly
becomes increasingly critical. The lime necessary to fully excite the sample can be, in
some circumstances, the determining factor in the ultimate temporal resolution that is
achievable. To increase the speed and uniformity with which the sample can be
excited, larger pumps and/or smaller samples are used. The move towards smaller
samples puts further demands on the brightness of the source and the focusing
properties of X-ray optics.
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Pump probe experiments can be divided into two categories:
1I) (hose experiments involving irreversible processes that must be studied on a one

shot basis: and
(2) those experiments involving processes that can be cyclically pumped and hence

signal averaged over many excitation.periods. To date, experiments in the first class
have successfully been performed using synchrotron-radiation sources with temporal
resolutions in the millisecond regime; limited primarily by intensity considerations.
On these timescales, the modulated time structure of the radiation is not explicitly
used and the pump need not be synchronized to the arrival of the X-ray bursts. The
resolution obtained in these experiments is generally determined by the amount of
time required to collect statistically significant data. When the sample can be
cyclically pumped or probed, standard signal-averaging techniques can be employed
to build up the required statistics. If the lifetime of the excited state begins to approach
the interpulse period on the X-rays, synchronization of pump pulses can be used to
sample the evolving system at discrete times. For excitation-decay times less than the
interpulse period, the relative time between the pump and X-ray bursts must be varied
to allow the entire lifetime of the transient state to be explored. One of the most
efficient time-resolved techniques is realized if the system can be pumped or excited at
(or at a multiple of) the X-ray repetition frequency so that each burst of X-rays is used
to sample the transient state. Stroboscopic methods are also attractive in that
nanosecond (or better) temporal resolution can be obtained with integrating
detectors, such as film. A summary of some pump and detector speeds along with
representative timescales of a variety of physical phenomena is shown in table 3.

In the discussions above it has been tacitly assumed that the X-ray beam will be
used as the probe beam and the pump will be supplied by some external apparatus.
This, of course, need not be the case as the X-ray pulse itself can be used as the exciting
beam. For certain classes of experiments that use the X-rays as-a pump, phase-shift
methods (Gratten and Lopez-Delgado 1979, Rehn 1980) may prove useful. Phase-
shift methods are ideally suited to the natural time structure of the synchrotron
radiation and could have temporal-resolution capabilities cf a hundredth of the
bunch duration, making picosecond and perhaps subpicosecond measurements
feasible.

The particular characteristic of the radiation that is most important can be a
function of the timescales involved. For experiments with temporal resolutions of
milliseconds, the pulsed nature is not used and average intensity is critical. Experi-
ments that do use the modulated time structure may rely more heavily on the
instantaneous intensity or simply on the number of photons per burst. Instantaneous
intensity is dependent upon the average intensity of the number of bunches in the
storage ring and the bunch duration. The source with the highest average intensity
may not necessarily have the largest instantaneous intensity or maximum number of
photons per burst.

The physical foundations for the basic X-ray techniques (small-angle scattering,
diffraction, topography, absorption spectroscopy, etc.) used in lime-resolved experi-
ments are often the same as (hose in static measurements. Since these topics have been
dealt with in detail in this and other books, discussions hero will be limited to those of
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Table i

Mixlc

Temporal
characteristics

Physical
phenomena

Pumps

Temporal
resolution
of detectors

PULSED I CONTINUOUS

-bund) duralion- -interpulse •
period

«-orb. pers.-»

-electronic
• phonon-

-suuclural-

defeel motion-
-ordering •

- precipitation •
-acoustic »

PUMP/X-RAY SYNCHRONIZATION
NOT REQUIRED

PUMP/X-RAY SYNCHRON-
IZATION REQUIRED

-lasers (phololysis/heating/meltine)-

electrical
-mechanical stressing-

« T-jump—
« mixing

-streak cameras- -muliiwire detectors -

-gateable microchannel plates —
—pmt's (scintillation detectors)-

-video (CCD's SITS)-

10" 10"'

Timescale (seconds)

10" 10°

experimental methods that are particularly unique to the temporal-resolving aspects
of the experiment. In many circumstances, extending a measurement from the static to
the time-resolved regime requires only the replacement of a slow or integrating
detector with a fast (and sometimes gateable) detector. In other instances, entirely new
techniques have been developed to facilitate temporally resolved studies as in the case
of energy dispersive X-ray absorption methods. Although there is often much overlap,
three major divisions of time-resoived experimental techniques can be constructed.
These are experiments that

(1) are intensity dependent;
(2) depend upon the continuous spectral nature; and
(3) rely on the modulated temporal structure of the emitted radiation.

3.1. Intensity dependent experiments

Although firm boundaries between various techniques are di(lieuIt to draw, the
experiments anil experimental techniques described under this heading all rely
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principally on the increased flux available at synchrotron sources over what would be
generally available from conventional laboratory sources.

The potential application of the increased flux available from synchrotron-
radiation sources to performing limc-rcsolved scattering experiments svas recognized
in the 1970s. Several of these pioneering experiments, including the beautiful work of
Huxley et al. on the investigation of the kinetics of muscles (Huxley et al. 1982) were
performed at the European Molecular Biology Laboratory's (EMBL) outstation in
Hamburg; one of whose major thrusts was to develop techniques for the study of
dynamic phenomena in biological systems (Bordas et al. 1980). These initial time-
resolved X-ray small-angle scattering (SAXS) experiments were performed with a one-
dimensional gas proportional counter with a delay-line readout (spatial resolution
400 um and maximum count rate 5x 10s counts/s). In experiments such as this,
single-wire detectors are most often the limiting element in the improvement of
temporal resolution. By replacing single-wire counters with multiple-wire counters,
each having its own amplifier and associated electronics, count-rate capabilities can
be greatly expanded. With several hundred wires, e.g., detector count-rate capabilities
in the 100 MHz regime can be attained allowing for much shorter time-slices.

Time-resolved SAXS experiments using one-dimensional detectors (wire, CCD,
diode arrays) have been used for the investigation of muscle contractions (Huxley et
al. 1982, Bordas et al. 1980, Wakabayashi et al. 1985, Wakabayashi et al. 1986) phase
transitions in lipids (Letellier et al. 1981, Ranck and Mouden 1979), polymerization of
tubulin (Mandelkow et al. 1980), structural changes during reversion in alloys
(Osamura et al. 1985), and the kinetics of phase separation and ordering in binary
alloys (Stephenson 1988, Sutton et al. 1988).

When two-dimensional detectors are required, it has been the general trend to move
from wire counters to video systems, because of the inherent low count-rate
capabilities of the conventional multiwire detectors and the rapidly increasing cost
and complexity of multiple amplifier systems. Video systems can come in a variety of
arrangements, depending on how the X-ray image is converted into a video signal.
[For an excellent review on two-dimensional video detectors, see Gruner et al.
(1982).] X-ray-to-video signal conversion can be done directly by using an X-ray
sensitive camera (Tuomi et al. 1980, Chikawa and Fujimoto 1968) or by down
converting the X-rays into visible photons (usually via some fluorescent material)
which are then recorded by a standard video camera (Hartmann 1980, Bowen et al.
1982). (When using a fluorescent screen for photon down conversion, it is important
that the fluorescence lifetime of the converter is shorter than the dynamic process that
is to be observed.) In many situations, the visible photons need to be amplified before
being viewed by the video camera. This can be accomplished by means of image
intensifies or microchannel plates.

Video systems usually have somewhat small active areas, typically I-10 cm2, but in
general are quite adequate for most topographic or SAXS applications. Depending on
the field of view, spatial resolutions of better than 10 urn can be obtained (Tanner et al.
1983). Care must also be exercised in order that geometrical distortions, such as pin-
cushioning, urc kept at a minimum and that intensity levels are kept in a range where
bloom or pixel overflow is minimized. Video cassette recorders arc used to record the
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data for off-line analysis. The standard framing formal for video systems in the United
States is 30 Hz (corresponding to a temporal resolution of 33 ms per frame) and 525
lines per frame. High-speed video cameras arc available with framing rates of over
1000 Hz, allowing one to push the temporal resolution of the detector to less than a
millisecond. Except for the most strongly scattering samples, kilohertz exposure rales
are generally not obtainable.

A considerable number of small-angle X-ray scattering investigations have utilized
such detectors. (The reader is referred to chapter 1J for details of SAXS.) A typical
setup for SAXS with a two-dimensional video recorder is shown in fig. 4. Areas of
active research include phase transitions of lipids (Caffery et al. 1983, Caffery 1985,
Caffery 1987), polymers (Prieske et al. 1983), craze formation in polymers during
stress cycling (Grubb and Liu 1984), assembly processes in viruses (Berthet-
Colominas et al. !984), and enzyme dissociation (Fowler et al. 1983).

Time-resolved X-ray topographic studies rely on video systems similar to those
described for small-angle X-ray scattering for real-time imaging. (For a fuller
discussion on topographic techniques see chapter 10.) Temporal resolution is again
determined by the framing rate of the video system (usually 25-30 Hz). Real-time
topographic studies can be made with either a monochromatic beam or using the full
white beam. Areas of research utilizing real-time topographic studies include magnetic

video mortitor

character generator

input from thermocouple,
linear potentiometer

[digital clock, frame counter.!
voltmeters I

video cassette
recorder collimator

sample in
goniometer

translation/rotation
stage

demountable film
cassette holder reducing libre

optic

automatic shutte
and ion chamber
cylindrically bent

synchrotron f crystal
ring ~~

synchrotron
radiation
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SCHEMATIC OF THE TIME-RESOLVED X-RAY DIFFRACTION SYSTEM

Fig. 4. Schematic representation of a time-resolved small-angle scattering set-up. Synchrotron radiation is
monixhromated ami focused before entering the experimental station. After going through slits and
collimators. it .strikes' tltc sample. The scattereil radiation is delected by an X-ray image inlcnsilicr and the
intensified diffraction pattern is recorded hy :i video camera. The diffraction pattern is stored on a video
cassette recorder. l)u using a character inserter, experimental parameters (temperature, pressure. pH, eie.l
can be written onto each frame si) ihat the scattering data is synchronized to any external perturbation

1 figure courtesy of M. Calferyl.
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domain motion under the inlluencc of external magnetic fields in Ni (Bocltingcrct al.
1982). Fc whiskers (Chikoura and Tanner 1978), rare-earth-Fe alloys (Clark ct al.
1979). and Fe-3.5%Si (Miltat and Kleman 1979), recrystallization kinetics in
Fe-3.5%Si (MacCormack and Tanner 1978), Al (Gastaldi and Jourdan 1978), Ti
(Jourdan and Gastaldi 1983), grain:boundary motion (Gastaldi and Jourdan 1984),
phase transformations (Ribet et al. 1985), dislocation motion (Suzuki et al. 1984), and
bending and stress (Toumi et al. 1983, Miltat 1978) studies.

Wide-angle X-ray scattering experiments with temporal resolutions ranging from
several seconds to several milliseconds generally use standard detector arrangements
and simply route the diffraction data into several different counters or channels at
predetermined times after the pump. Hence, each channel represents a different time
slice. If the shape of one diffraction peak (or several peaks that are in close spatial
proximity) is to be monitored as a function of time, one- or two-dimensional detectors
can be employed. Depending on the type of detector, the data-collection rate or the
readout time may determine the ultimate temporal-resolution rate achievable. One
shot or irreversible processes have been recorded in less than one second. However, to
push the timescales down further, signal averaging over many cycles is required.
Bartunik (1983) and co-workers have investigated the crystalline MbCO following
laser flash photolysis in such a manner, with a temporal resolution of =£ ms (fig. 5).

Tamagai et al. (1984, 1985) have studied the electric-field induced deformation in
sliding charge-density waves (CDW) in Ko 3 0 Mo0 3 with wide-angle X-ray scattering.

n«BOO-SYSTt*

Fig. 5. Schematic set-up of time-resolved X-ray diffraction from crystalline MbCO. From a portion of ihc
total diffraction pa [tern (n|. three diffraction spots | boxed) are chosen to be monitored by u linear position
sensitive detector t PSii). The output of the 1'SIi versus lime (/>) shows the changes in the diffracted beam

intensities following sample excitation via a pulsed dye laser (liartunik I9X.'!).
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In their work, a periodic current pulse was applied to a single crystal of the material
and the evolution of both the intensities and positions of satellite reflections were
monitored with a temporal resolution of 200 us.

As can be inferred from the list of different materials that have been studied
using time-resolved X-ray scattering and topography, a variety of techniques of
specimen perturbation/pumping have been developed. Stopped-flow, pH-jump and
temperature-jump (T-jump) techniques, mechanical stressing, electrical stimulation,
and photon excitation have all been used in conjunction with time-resolved X-ray
measurements. A T-jump device has been described by Renner et al. (1983) having
four water baths at -20 ,0 , 37, and 70°C (fig. 6). With this arrangement, temperature
jumps from 0 to 37°C and the reverse were obtained by bathing the sample briefly
with the solution at the higher temperature followed by a bath with & solution at the
desired temperature. In this fashion, temperature changes of 37°C could be made in
several seconds. Investigation of polymerization in microtublule proteins using T-
jump techniques such as those described above have been made with a temporal
resolution of tens of seconds.

Several groups have developed stopped-flow cells for time-resolved scattering
(Berthet-Colominas et al. 1984, Fowler et al. 1983) and spectroscopy (Nagamura et al.
19??, Matsushita et al. 1984a) studies. Stopped-flow techniques are among the most
convenient way of investigating the kinetics of solutions in the time range of seconds
down to milliseconds. Stopped-flow cells consist of two (or more) pistons that can
inject solutions usually into a T-mixer and finally into the sample cell as shown in
fig. 7. (If signal averaging is required an additional reservoir is included to flush the
system between mixings.) The sample cell must have relatively thin X-ray windows
(typically mica or Be) and caution must be exercised since these can flex causing
variations in sample thickness due to the pressure from the injected solution. Mixing
times on the order of 20-100 ms can be obtained depending on the size of the cell.

Fiu. 6. Block dint: ram of a four-reservoir buth for temporalure-junip experiments. Rapid temperature
changes from 0 to J 7 C ami the reverse are made possible hy exposing the sample clumber to brief
overshoots of colder ( — 20 C) or warmer (70'C) baths before (lie baths of llie desired temperature are

applied (Rentier et al. I9SO).
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X — ray beam
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Solution B
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X— ray energy—•*•
(arbitrary scale)

Fig. 7. Schematic diagram of a slopped-flow cell constructed for time-resolved dispersive EXAFS
measurements. In this cell design, (he mixed solution (A + B) reaches the volume illuminated by the X-rays
in about 6 ms. A temporal resolution of about 1 s was obtained with this s« up (see spectra on right)

(Maiushita et al. 1984a. b).

To bridge the temporal gap between stopped-flow techniques and relaxation
methods (see following section), continuous- or regenerative-flow devices (fig. 8) can
often be used with X-rays. In a continuous-flow system, the reactants arc initially
mixed and are forced (usually via a piston/syringe device under gas control) to flow
past a view point at which the X-ray measurement is made. The farther away from the
mixing point the observation is made, the later the reaction is viewed in its time-
course. With flow velocities in the 10-50 m/s range, and a 1 mm high viewing slit,
temporal resolutions of 20 us, with absolute time errors of =50 us can be obtained
(Chance et al. 1967). Chance and co-workers (Chance et al. 1984, Chance 1984)
have also used continuous-flow techniques in conjunction with X-ray absorption
speciroscopy. In their apparatus (with which they wish to study the structure of
horseradish peroxidase-peroxide compounds), the temporal design parameters were:
time resolution in the millisecond range; observation time before remixing of i j s ;
and mixing repetition frequency of I s. Up (o 80 mixings could be performed before
data recording was discontinued in order to refill the appropriate reservoirs with
rcactants. and the experiment restarted.
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Fig. 8. Schematic diagram of a continuous-flow cell. The two reactants are held in separate reservoirs until
the mixing sequence is initiated. Pistons force the reactants into the mixing volume and then past the
viewing window into the receiving reservoir. The greater the distance between the observation point and the
mixer, the further along in the time course of the reaction one observes. The observation point can easily be

determined by a set of slits.

3.2. Continuous-spectrum experiments

Not all time-resolved experiments are currently limited by detector or electronic
considerations; some are simply X-ray flux limited. Given that presently operating
synchrotron-radiation sources will only be able to increase their flux output by
approximately an order of magnitude with new insertion devices, other solutions must
be sought for those time-resolved experiments lhat are truely photon limited. One
approach to this problem is lo increase the bandpass of the radiation incident on the
sample. For many experiments, this is quite an acceptable solution. Perfect single-
crystal monochromators have a high reflectivity over a very narrow energy range,
typically several electron volts at X-ray energies corresponding to a bandpass of
IO~3-lO"a. For those experiments that can tolerate larger energy spreads, factors of
10-100 in the incident flux may be realizable (with commensurate decreases in
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exposure times) by using wide-bandpass optical components. Wide-bandpass X-ray
optical devices have been under investigation by many groups. Two approaches look
most promising: strained or graded (/-spacing perfect crystals and layered synthetic
microstructures (LSMs). With strained or graded (/-spacing crystals, a polychromatic
beam of X-rays is allowed to strike the crystal at some fixed angie. A given X-ray
photon penetrate? the crystal until it "finds" the lattice spacing that satisfies the Bragg
law for its wavelength and is then scattered out. Fukuhara and Takano (1980) have
looked at this from both an experimental and theoretical point of view. By growing a
boron-doped epitaxial layer on a single silicon crystal, they have increased the X-ray
integrated intensity of this crystal by a factor of four. Theoretical studies of reflection
curves for silicon have also been made. When a linear strain gradient of — 1 x
10~3/28um (introduced via impurity diffusion) was considered, regions of high
reflection with widths over 100 arcsec were predicted with a corresponding increase in
the integrated intensity by almost an order of magnitude at 7 keV. But even with this
increased reflectivity width, the bandpass of the crystal would be much less than 1%.
Mosaic or imperfect crystals offer wider angular acceptances; unfortunately, the
mosaicity is generally so large (typically tenth of a degree or more) that it destroys the
natural collimation of the synchrotron beam and so intensity increases (flux/unit area)
are not large.

One promising new X-ray optical element U liie layered synthetic microstructure or
LSM. These artifically produced structures consist of alternating layers of high and
low atomic-number materials. In general for a LSM of TV layers, the energy resolution
should scale as 1/N. Bilderback et al. (1983) have characterized several LSMs (fig. 9)
and shown that bandpasses in the several percent regime are readily achievable with
high reflectivities (^70%). Work is now being carried on by several groups to explore
the possibility of producing focusing multilayer optical systems which could produce
gains of several orders of magnitude in intensity over flat perfect-crystal X-ray optical
systems. Such systems would be ideal for many time-resolved applications, in
particular small-angle X-ray scattering studies.

As a first step towards this goal, Stephenson and colleagues have developed a
monochromating system for small-angle X-ray scattering comprising a bent cylin-
drical mirror and a pair of flat W-Si multilayers. This configuration provides an
intensity of 1013 photon/s mm2 at 6 keV in = 1 % bandpass (Stephenson 1988) at the
National Synchrotron Light Source (NSLS). With this monochromating system, in
conjunction with a linear photodiode array, kinetic studies of crystallization, phase
separation and ordering phenomena have been made (Stephenson 19SS, Sutton et al.
1988), some with a time-resolution of 3 ms.

X-ray optical systems with even larger bandpasses have been considered for use
with time-resolved protein crystallography. These typically consist of a filter/external-
reflection mirror combination; the filter provides the low-energy cut-off and the
mirror provides the high-energy cut-o(f. Two mirror systems, with one mirror
operating in a transmission mode, have also been considered (Lairson and Bilderback
1982), but difficulties in producing a stable transmission mirror have limited the
usefulness of this method. Using such a wide-bandpass optical system (or the white
beam directly) and taking advantage of the continuous nature of the spectrum emitted
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Fig. 9. Reflectivity as a funclion ofenergy for iwo layered synthetic niicrostruclurcsf LSMs). (a) A KXI-laycr
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</=56A). [lie bandpass can he increased in 5.4% with over 70% reflectivity in the ruiidaineiilal

(Bilderhjick el al. I9S3).
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from synchrotron-radiation sources, parallel data-collection schemes can be em-
ployed where data are collected at a variety of wavelengths simultaneously. One
application of this technique is timc-rcsolved crystallography. Utilizing Laue diffrac-
tion geometries with polychromatic radiation incident on a stationary sample (rather
than using a monochromatic incident beam and rotating the sample to obtain an
integrated intensity as in conventional oscillation or procession photography), the
integrated intensity is obtained through wavelength integration rather than angle
integration (Helliwell 1986, Moffat et al. 1984). With the Laue geometry, a large
number of reflections can be recorded simultaneously with a two-dimensional
detector (most commonly X-ray sensitive photographic film), thereby permitting a
marked reduction in data-collection time over that of a rotating-crystal arrangement.
Even with the presently available wiggler sources and focusing optical systems,
conventional monochromatic-beam protein crystallography exposures of several 10's
or 100's of seconds are required. Using wavelength-integration techniques, photos of
comparable quality have been obtained for hemoglobin-protein crystals with ex-
posures under one second. Exposure times in the millisecond regime have already
been shown to be feasible.

The principles of this technique can be illustrated by using the Ewald construction
method as shown in fig. 10. If a well-col limated polychromatic beam of radiation with
wavelength spread AA = /.t — A2 strikes a crystal, the Bragg condition for diffraction
will be satisfied by all the reciprocal-lattice points that lie between the two limiting
spheres of reflection; having radii I/A, and 1/A2. A primary concern of this technique is
thai of multiple Laue reflections, i.e., two or more reflections having the same 29
values and, therefore, striking the film at the same location. Overlapping reflections
complicate the problem of extracting the individual structure factors. If the wave-
length spread A/.//, is judiciously selected, this problem can be minimized. The
condition for a Laue spot on the film to be from a single reflection (i.e., due to one
structure factor) is that m). < (A, A2)/AA, where m is the order of the reflection and A is
the wavelength satisfying the Bragg law for reflection (m/i, mk, ml). Moffat et al. (1984)
point out that for AA/A = 0.2, all reflections for which m < 5 will be from a single
structure factor and hence multiple-order reflections are not a major problem. Several
exposures using this technique are shown in fig. 11. Table 4 shows the decreases in
exposure times that might be expected by using polychromatic techniques for protein
crystallography studies. Because of the use of an integrating detector (i.e., films), the
techniques described above have been used "with one-shot type experiments. A
gateable detector would allow for time-slicing methods, and dramatically decrease the
temporal resolution if the sample could be cyclically excited, and radiation damage of
the crystal did not pose a serious problem.

Experiments where intensity versus X-ray energy measurements are sought quite
naturally lend themselves to parallel data-collection techniques. Two methods are
particularly amenable to this concept: energy dispersive scattering (EDS), and energy
dispersive extended X-ray absorption fine structure (EXAFS).

Time-resolved energy dispersive scattering has to date been used only for studying
phase transformations. In a time-resolved EDS experiment a polychromatic synch-
rotron beam strikes the sample producing scattered radiation which is energy
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ooo)
Fig. 10. Ewald construction of white-beam Laue diffraction technique. If the incident beam has a
wavelength spread A/. = /., — /.:, in principle all reciprocal-lattice points bounded by the two limiting
spheres of radii i//., and l//.3 will be excited. In practice, there will be some maximum 20 value which will
limit the total number of excited points shown here as the shaded region. Reflections from two (or more)
individual reciprocal-lattice points will overlap on the recording medium when they have equal 20 values,

as indicated by the two dashed lines in the figure.

analysed at a fixed scattering angle (fig. 12). The output from the energy dispersing
detector, usually a Ge or Si solid-state detector (SSD) is then fed into a multi-channel
analyser (MCA) for pulse-height analysis with a typical output shown in fig. 12. By
monitoring the location and shape of the diffraction peaks as a function of time, the
kinetics of phase transitions can be followed. In principle, it is desirable to monitor all
the diffraction peaks. This is not possible in practice since SSD/MCA systems have
maximum count rates of only several tens of thousands of counts per second.
Therefore, in order to decrease the data-collection time, only a limited number of
peaks are monitored (Avers et al. 1985, Hinze et al. 1983). This is a classic situation
where detection technology is the limiting" factor in decreasing the temporal
resolution.

Energy dispersive EXAFS is an exciting new spectroscopic technique where, rather
than recording the absorption of the samples as a function of energy in sequential
energy steps, a polychromatic beam is focused onto the absorbing sample. The
transmitted diverging beam is then recorded with a linear detector. Because there is a
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Fig. 11. Timc-rcsolvcd Lauc diffraction pattern of hen-egg white lysozyme taken at CHESS. Total external
reflection from Pt-coatcd glass mirror set at 5.8 mrad plus 0.005 in Al foil yielded an X-ray beam with a
wavelength range from 1.9 to 0.5 A. ENposurc lime for these patterns, recorded on Kodak storage phosphcr

plaits, was 100 ms (courtesy of K. Moffat).

correlation between position and X-r;iy energy in the transmitted beam, measure-
ments of intensity versus displacement can be translated into absorption versus energy
curves.

The experimental geometry for energy dispersive EXAFS is shown in fig. 13. An
clasttcally bent crystal (typically, a perfect Si or Ge crystal) acts as the dispersing
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element, and focuses the polychromatic X-ray beam onto the sample. The diverging,
transmitted beam then is recorded by a one-dimensional X-ray detector. Initially, the
detector medium was film, but. more recently, solid-state devices have been employed.
The energy spread, 5£, incident on the sample (for a fixed source-to-crystal distance),
is a function of the radius of curvature of the bent crystal, R, the length of the crystal,
L, and the lattice spacing of the dispersing crystal and is given by

1 sin 0tt \
R P ) '

5 E - E . L ^ - ^ cotfl..

where P is the source-to-crystal distance and 0B and £ 0 the Bragg angle and energy of
the central ray, respectively. With reasonably sized Si(lll) crystals (Ls: 100mm),
energy spread from 500 to 1000 eV can be achieved in the 5-10 keV range.

There are three contributions to the energy resolution of this arrangement
(Matsushita and Phizackerly 1981), the finite source size, the spatial resolution of the
linear detector and the intrinsic reflection width of the dispersing crystal (fig. 14).
Following Matsushita and Phizackerly (1981), various contributions to the resolution
for a symmetrically cut crystal can be written as follows. The energy spread due to the
finite source size is given by

sinOn y./P-u'

where AS is the width of the source and i a parameter (Moflul et al. 1984) given by

aJ_i 1 "I" •
[sintf,, ./,+/> J

where/, is (he focus-todciector distance, and/ , the crystal-to-focus distance.
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Fie. 13. Schematic representation of the experimental layout for dispersive X-ray spectroscopy. Synch-
rotron radiation is monochromated and horizontally focused by a curved, perfect-crystal monochromator.
Because each ray across the face of the crystal impinges at a slightly different Bragg angle, there is a
relationship between position and energy in the monochromated beam. By using a linear position-sensitive

detector, all energies of an X-ray absorption spectrum can be recorded simultaneously.

The energy spread, A£2, due to the detectors spatial resolution AX is given by

/ ,

p
- - s i n f ? ,

— sin 9.

The energy spread due to the Darwin width, u>, of the crystal can be written as

A£3 = Eow cot 0B.

Since these separate energy contributions are uncorrelated, the total energy
resolution of the system is

A£ = [(AE,)2 + (A£2)2 + (A£3)2]"2 .

Matsushita and Philzackerly working at SSRL (P = 17.5 m, / , = 0.3 m, R = 2.95 m,
L = 100 mm, £0 = 9.4 keV) and using film (A.Y =s 25 urn) have shown that a resolu-
tion of below 2 eV is possible with such an arrangement. If the temporal evolution of
a system is desired, the film must be replaced by a linear detector capable of fast readout
and high photon flux. One promising prospect is photodiode arrays. Both Matsushita
et al. (Matsushita et al. 1984b, Philzakerly et al. 1983) and Flank, Fontaine et al.
(Flank ct al. 1982. Dartygc ct al. 1984) have successfully integrated photodiode arrays
into their dispersive EXAFS systems. To minimize both noise and radiation damage.
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Fig. 14. The three contributiens to the energy resolution of a dispersive X-ray absorption system are
(a) source size. AS; (b) detector spatial resolution, AX: and (c) the intrinsic or Darwin width of

the monochromaling crystal, w (from Matsushita and Phizackerly 1981).

the arrays are normally cooled below room temperature. A thin layer of fluorescent
material (GdO2S or YVO4:Eu) is normally deposited either directly on the device or
onto the face of a fiber optic plate that is coupled to the array. Linear photodiode
arrays are commercially available with 1024 pixels and a spatial resolution of
20-50 urn.

Recording the EXAFS spectra in this fashion has several inherent differences over
the more conventional method that merit further attention. Care must be taken to
insure that the sample thickness is uniform and that the X-ray beam is focused at the
specimen, otherwise different wavelengths will sample different portions and/or
thickness of the specimen. It is also important to realize lhal this system is intrinsically
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a transmission technique. It may be limited to rather high-concentration samples, and
applicable to more dilute samples only if many scans can be signal averaged.

Usable spectra of pure foils have been recorded in tens of milliseconds, consistent
with the claim that for such foils energy dispersive methods should yield EXAFS
curves of comparable statistics to conventional techniques in I0~4 the time (Phil-
zakerly et al. 1983). For more dilute samples, timescales are naturally longer.
Temporal resolutions of one second have been achieved with an 0.15 M Fe-solution in
stop-Bow cells with energy dispersive EXAFS systems (Matsushita et al. 1984b). As
always, signal averaging can increase the temporal resolution. On a somewhat longer
timescale, Sayers et al. (1984) have used this technique to measure the Pt L-edge of
catalytic systems after exposure to hydrogen in a controlled environment furnace with
samples containing 1% Pt by weight. Recently, time resolved in-situ measurements of
the inclusion process of metallic aggregates in polymers have been reported (Tourillon
et al. 3986).

3.3. Experiments utilizing the pulsed nature of synchrotron radiation

The best temporal resolution will be obtained by those experiments which utilize the
pulsed nature of the beam. Experiments in this class, with temporal resolutions from
10~* s to timescales commensurate with the pulse duration, require synchronization
of external equipment to the X-ray pulses. Presently available synchrotron-radiation
sources do not have the necessary brightness for adequate data to be collected from a
single bunch, therefore, all experiments in this category must use regenerative
perturbation techniques, i.e., repeated excitation/relaxation cycles. For those experi-
ments that require large X-ray fluxes per pulse, it is important to realize that for a
given average intensity, the power per pulse is inversely proportional with the number
of bunches in the ring. Table 5 lists the calculated number of photons per burst and
the instantaneous flux for several source points on the Advanced Photon Source
(APS) to be constructed at Argonne National Laboratory. [Detailed information on
the APS source properties can be found in Shenoy et al. (19??).]

Table 5
A list of the calculated number of photons per burst and the instantaneous flux for several source points on
the APS. All calculations are made at the critical energy (for dipole and wigglcr sources) or at (he
fundamental energy (for undulator) assuming 7.0 GeV 100 mA operation with 20 bunches. By adjusting the
bandwidth of the monochromating system, large increases (10-100) in the number of photons per burst can
be obtained with dipole and wiggler sources and to a lesser extent with undulator sources, since these have a

natural line width of 1%.

Source

Dipole source
Wigglcr A
Winder B
Unuulutor A
Uiulululor I)

Number of photons
per burst

1.7 x l0'"p/0.1%BW mradtf
.1.9 x l ( f p,0.l%BW mradtf
4.5 x IOT p/0.l"/,,Bw mradtf
2.1 x l()"p/0.l%BW*
1.7 x IOsp/<).l%BW*

Instantaneous flux

1.5 x l(>16 p/s-0.l*/.BW mradfl
3.4 x 10" p/s-0.l*/.BWmrad«
V) x 10" p/s-0.r/.nWmrud(J
I.X x l ( ) ' "p /s -0 . l%I IW'
1.5 x l ( )1 Np/s-0. l"/ . I IW'

over the horizontal anil vertical divergences of the central peuk.
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When the lifetime of the excited state is relatively long compared to the interpulse
period of the X-rays, the X-ray pulses can be used to sample the excited state at precise
intervals. This technique was used in a study carried out to investigate the possibility
of extending lime-resolved X-ray absorption spectroscopy to the submillisccond
timescale. In this exploratory study, the recombination of ligands to the lone iron
atom in the protein myoglobin was monitored by recording the X-ray absorption of
the K-edge region of the iron atom as a function of time (Mills et al. 1984a, b). By
observing the iron edge shape and position following ligand removal by laser
photolysis, information on transient alterations in electronic and structural configur-
ations that occur at the Fe atom were sought (fig. 15). Of particular interest were
spectral features different from both the static deoxymyogiobin spectrum and the
static carboxymyoglobin spectrum. In this preliminary investigation, the low repe-
tition rate of the exciting laser (20 Hz) did not allow for sufficient signal averaging to
obtain temporal resolution of the interpulse period ( = 2.5 us). To obtain the data
shown in fig. 15, it was necessary to add data collected from several X-ray pulses in
order to obtain reasonable signal-to-noise ratios.

A particular problem that arises when working with biological materials is the
possibility of damage to the sample either by the X-rays themselves or by the laser
from the repeated excitation needed to collect the data. For solution samples, this
problem can easily be remedied by using a flow cell in which the sample is
continuously removed from the X-ray and laser beams, and replaced by new or
recycled solution. Such a flow cell was used in the myoglobin experiment and is shown
in fig. 16.

In the myoglobin experiment, as will be the case with many pump/probe
experiments, the pump repetition rate must be weighed against the fraction of excited
species produced. Often at low repetition rates the power per pulse of the pump is
sufficient to excite nearly 100% of the sample, but signal averaging is slow due to the
low pump rate. Conversely, the sample excitation rate can be increased, but generally
at the expense of the percentage of excited species produced. An alternative approach
is to maximize the pump repetition rate and to dilute the sample so that a large
fraction of the sample can be excited even at the higher repetition rate. The price paid
for sample dilution, of course, is a lower signal-to-noise ratio. All these issues must be
considered when selecting pump power, pump repetition, sample size and con-
centration. For example, in the myoglobin experiment described above, the output of
the frequency-doubled Nd:Yag laser used to excite the sample was =3 mJ per pulse,
corresponding to =: 1O1S photons per pulse. With the flow-cell thickness of O.I cm and
laser-beam cross section of 1 x 0.2 cm2, the volume of sample illuminated by the laser
was 2 x 10"2 cm3. Near-complete photolysis of the myoglobin required a dilution of
the sample to ^ 1 mM. The cross-sectional area illuminated was determined in part
by the minimum size of the X-ruy beam that could be tolerated while still obtaining
reasonable count-rates ( iO.6x0. lcm 2 ) . Focusing X-ray optical systems can de-
crease the X-ray size wiih little loss of flux. This means for a given power per pulse in
the laser, the same number of excitable species can be contained in a smaller volume;
in essence focusing optics permits an increase in the concentration of the sample with
virtually no loss of excitation ellicicncv.
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The results of the initial timc-rcsolvcd spectroscopy studies are encouraging. Since
the recombination time of the ligand to the myoglobin protein was = I ms, a laser
repetition rate of 20 Hz implies that only 2% of the time is the sample in an excited
condition. Lasers are now available with 3 mJ/pulse and repetition rates of over
5 kHz. At such rates, future prospects for lime-resolved XANES and EXAFS on a
submillisecond regime are high.

The two time-resolved X-ray experiments that have achieved the best temporal
resolution to date (nanoseconds) were performed under very different conditions. One
experiment, devised by Larson et al. (1982, 1986) and shown schematically in fig. 17,
set out to infer the temperature and temperature gradients in semiconducting
materials following pulsed-laser annealing (fig. 18) by measuring the crystal reflec-
tivity profile as a function of time. Three important experimental questions were
addressed in this work:

(1) the synchronization of an external pump (laser) to the X-ray bursts;
(2) multiphoton counting techniques; and
(3) proper normalization procedures.
All of these are general problems that can arise in performing time-resolved

experiments and so it is useful to examine at least one solution to each.
Synchronizing external equipment to emitted X-ray pulses requires some signal

locked to the interpulse period. The cleanest signal is usually a clock-pulse signal from
the RF system clock. Still, the relative arrival time of the X-rays with respect to the
clock pulses needs to be established. This can be done with plastic scintillators
attached to photomultiplier tubes if the transit time through the photomultiplier tube
is well known. A much simplier technique is to use fast PIN photodiodes. Although
generally not sensitive enough to be used in a monochromatic beam of X-rays without
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an amplifier, ample signal without electronic amplifiers can be obtained if there is a
small portion of white beam available. These devices can provide a pulse signalling the
arrival of the X-ray beam with very sharp risctimes ( < I ns) and virtually no device
propagation or transit time.
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Fii:. 15. X-ray absorption neur-edge structure (XANFiS) as a function of X-r:iy energy for (at car-
boxymyoglobin (MhCO) and dcoxymyotiliihin (deo.xyMb) in a static slate and (b) MbCO XANES spectra
following laser-Hash phototlissoL-iaiion oflhe ligand (CO) from the m_vii«lobin protein. The solid line is the
totally reainihincd MhCO spectrum ami light lines arc the timc-resolvcd spectra. The times that the data

were collected are shown on the lefl (t = 0 is the lime the laser was lired). (Mills cl :il. IVS-JaJ
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Fig. 16. Experimental arrangement under which the data of the previous figure was collected. The (low cell
was used to minimize radiation damage of the sample from both the X-rays and the phololyzing laser light.
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Fie. 17. Experimental geometry for the nanosecond resolved X-ray diffraction studies of pulse-laser
annealed silicon. Because of the multipholcn counting technique used, a total-reflection X-ray mirror to
remove unwanted higher harmonics for the S-, 111) monochromator was a critical component. The sample
reflectivity is measured for a given time between arrival of the laser and X-ray bursts (determined by the two
photodiodes) as a function sample angle &0, where &0 = 0 corresponds to the Bragg condition of the

unperturbed sample.

Typically, several "ready" signals (laser ready, detector or interface ready) are input
to a coincidence unit along with the storage-ring clock pulse. When all external
equipment have asserted ready signals, the next storage-ring clock pulse will fire the
coincidence unit output. The coincidence unit oi'.tpu', which is now synchronous with
the clock pulse, initiates the laser firing sequence and the laser will fire at a given time
with respect to the clock and hence X-ray pulse. A variable delay between the
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Fig. IS. In (a) reflectiviiy as a function of angle AO for Si( 111) al two different limes after ihe arrival of the
annealing laser pulse are shown. In (b) the temperature profiles reconstructed from the reflectivity

measurements are shown.

coincidence output and the external trigger of the laser provides the capability to vary
the arrival time of the laser-light pulse with respect to the X-ray pulse. The coincidence
unit output pulse is also used to gate counting electronics. The time between the laser
and X-ray pulse can be recorded with a time to amplitude converter (TAC), e.g., if the
laser output pulse is used for the start signal and the X-ray puise is used for the stop
input. Both asynchronous free-running lasers (Mills ct al. 1984b) and externally
controlled variable-rate lasers (Larson cl al. 1986) can be synchronized in a similar
fashion. Temporal resolutions of +2 us were achieved in the experiment described
above due to the ji'.icr in the laser liring. not the storage-rinsz stability.
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Both the short X-ray burst duration (l60ps FWHMj and the large number of
monochromatic X-ray photons per burst (5 x JO"1} available at CHESS were advan-
tageously used in the pulsed laser annealing investigation. It is convenient to have the
duration of the ptv.be beam much shorter than the timescaks one wishes to
investigate, in this case nanoseconds. However, the short burst duration was also used
in a somewhat subtler way. With "the laser repetition rate of only one per second,
single-photon counting techniques would limit the maximum count rate available to
one X-ray photon per second. In order that the data-collection time be minimized, a
scheme was devised to perform multiphoton counting per bunch. The brief duration
of each X-ray burst does not permit the proportional detectors used to discriminate
multiple X-rays eminating from a single burst. Rather, when k photons per burst
impinge upon a proportional-type detector, the detector output is not k pulses but
rather one pulse with a height equivalent to k '-nies that of an individual X-ray.
Simultaneous photons (pulse pile-up) normally represents a complication to be
avoided, however, in this case it is possible to take advantage of this effect to make
quantitative scattering measurements using a single X-ray burst. Using standard
pulse-height analysis techniques, the actual number of photons recorded from the
burst is determined by comparing the muitiplc-photon pulse height to that of a single
photon. Clearly, this type of analysis requires an X-ray beam well characterized in
spectral content, i.e., having a minimum of harmonic contamination. Figure 19 shows
the multiphoton effect in the pulse-height analyzed output from the detector displayed
on a multichannel analyzer (MCA) for an actual count rate of =2,5 x 10* photons/s,

Fig. W. The multichannel-analyzer (MCA) output intensity versus pulse height for a Nal scinti!l;itii>n
detector exposed to ;i high count-rate monochromatic X-ray beam at CHESS. The arrow indicates the
position of (he pc:ik corresponding to one photun per X-ray burst. The maximum of the MCA spectrum is
near the peaks corresponding Hi 5 or ft photons per burs! being collected. Taking into account [he
interpulsc period uhen this ttaia was recorded {2.56 (is) (his translates to a counting rale of2-2.5 million

X-r:iv pivoutns per second incident oo the (.letecior.
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i.e., an average of 6 X-ray photons per burst incident on the detector. (Data taken with
CHESS running in single-bunch mode.) The multiple-photon events are clearly
resolved. The maximum pile-up during data collection was limited to 15 X-ray
photons per burst in order to remain in the linear range of the detector and associated
electronics.

In order to compare measurements made over several days, some type of
normalization is required. Normally, data are scaled by an ion chamber which
monitors the average beam intensity. This method can also be used when making
time-resolved measurements if only one bunch of particles is in the accelerator, since
the ion-chamber output is directly proportional to the flux from that bunch. If there
are multiple (p) bunches of particles in the storage ring there is no guarantee that each
bunch will contain the same number of particles. Certain experimental circumstances
could, however, give preference to one bunch with say a much lower than average
number of particles over the others. In such a case, normalizing data with average
beam intensity would lead to erroneous results. To circumvent this problem and still
normalize to the average beam current, every datum point must be taken p times, each
time advancing to a new bunch so that X-rays from all the bunches are sampled at each
data point.

The second experiment to have achieved nanosecond resolution involved the use of
stroboscopic topography (Gluer et al. 1983, Goddand et al. 1983). In this experiment,
shown schematically in rig. 20, the sample was not excited once a second but rather at
a harmonic of the repetition rate of the X-ray pulses (i.e., several megahertz). In this
clever arrangement, fast detectors are not required since the system is prepared in its
excited state every time the burst of X-rays impinge on it. By varying the relative phase
between the pump and the X-ray bursts, the stroboscopic or time-frozen topographs
can be produced at various times with respect to the excitation.

Output
signal

Photographic plate

Wi»s to
sonding pads Slits

X-ray beam

SAW
propagations
. direction

~SAW
device

Input
signal

Fig. 20. Schematic representation of ihc experimental sel-up used to record timc-rcsolvcd X-ray
topographs (Wlialmorc el al. 1982).
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4. Future directions

In the experiments cited above, a wide variety of differing scientific disciplines have
made use of time-resolved crystallographic, diffraction, topographic and spectro-
scopic techniques. The extension of static studies into a time-resolved regime in other
X-ray fields such as Compton scattering, inelastic scattering and standing-wave
investigations should be straightforward.

Well-developed methods in other fields may also be dHctly applicable to time-
resoived X-ray studies. For example, the stroboscopic methods mentioned earlier are
eminently suited to the high repetition rates available from storage-ring sources. By
exciting the sample at some integer multiple of the repetition frequency of emitted
radiation and systematically varying the relative phases between pump and probe, the
entire time evolution of the transient phenomena can be mapped out. Using
stroboscopic techniques, time-resolved data can be acquired not only in the same time
as the equivalent data on a static sample, but without the need for high-speed
detectors and data-acquisition systems. These methods have already been applied to
one field of research, namely topography. Equally promising is the prospect of
expanding stroboscopic techniques to other diffraction experiments allowing detailed
studies of the dynamic behavior of a large class of systems in the megahertz to
gigahertz frequency range. Similarly, by synchronizing amplified-mode-Iocked laser
pulses to a repetition frequency of the X-ray pulses, stroboscopic spectroscopies
including near-edge absorption spectra and EXAFS should be feasible.

Frequency domain or phase-shift methods (Gratten and Lopez-Delgado 1979,
Rehn 1980) that have been developed for fluorescence-lifetime measurements with
visible and ultra-violet synchrotron radiation may also be applicable to time-resolved
X-ray studies. Calculations indicate that even with an incident burst several hundred
picoseconds in duration, time resolution in the subpicosecond regime may be realized.
A resolution level such as this, however, puts heavy demands on the stability of the
storage-ring repetition frequency and consistency of the particle bunch shape.

Equipment development will play a crucial role in the future of time-resolved
studies. New or improved machine-optics designs could allow very short pulse
durations during special dedicated timing runs. Designers of the next generation of
dedicated storage rings are hoping to achieve pulse lengths of several picoseconds
under special running conditions. Short pulses, however, may severely limit the
maximum amount of stored current and beam lifetime.

Inevitably, many of these time-resolved experiments will be "photon-hungry"
experiments. Insertion device development (both wigglers and undulators) will
certainly help to relieve this problem.

Developments in high speed, gated, one- and two-dimensional detectors need to be
made. Fast phosphors and scintillators with a high quantum efficiency for X-ray down
conversion will definitely be necessary along with more sophisticated multiphoton-
counting capabilities.

In many instances, parallel improvements on many fronts will be necessary. For
instance, insertion devices and energy dispersing monochromators used in conjunc-
tion with high speed, gateablc, position-sensitive one-dimensional detectors may in
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the future allow entire time-resolved EXAFS or near-edge spectra to be collected with
nanosecond resolution in a total elapsed time of only a few seconds. Experiments in
which the entire data set is produced by the X-rays emitted by a single bunch may be
in store for the future. The calculated number of photons per burst from undulators
being considered for the planned second-generation sources (Advanced Photon
Source to be built in Argonne, IL, or the European Synchrotron Radiation Source to
be built in Grenoble, France) is in excess of 10* X-rays/0.1 % BW in the central peak of
the radiation pattern. Construction of special insertion devices with broad (10%)
harmonic peaks coupled with the appropriate wide-bandpass optics may allow one to
put 1010 photons onto the sample from a single bunch. An even bolder consideration
is to use a single bunch coupled with an X-ray streak camera to attempt experiments
that subdivide the actual X-ray burst duration. New ideas such as these, along with
the ingenuity of the varied community of users, will surely see the list of problems now
being investigated with synchrotron radiation expanded to include transient
phenomena.
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Time resolved x-ray diffraction study of laser annealing
in silicon at grazing incidence
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The loss of crystallinity at the surface of a silicon single crystal exposed to intense pulsed laser
irradiation has been observed by means of a grazing incidence diffraction technique. The Bragg
peak is shown to disappear during melting, and gradually reappear during subsequent stages of
recrystallization.
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I. INTRODUCTION

The mechanism of laser annealing at the surface of a
crystal illuminated with a strong laser light has been the
object of recent intense investigations. Years ago, the melt-
ing model was proposed1 in which annealing was supposed
to take place after melting of a surface layer over a thickness
of the order of 2000 A. After melting, the surface would
recrystallize as a perfect crystal, in registry with the underly-
ing lattice. The existence of a molten layer was experimental-
ly proven by a variety of experimental techniques,2 including
optical reflectivity,3 x-ray diffraction,4 and low-energy elec-
tron diffraction (LEED).5 While optical reflectivity and
LEED probe the very first few atomic layers of the crystal,
the x-ray diffraction experiments described in Ref. 4 indeed
proved that the temperature profile was in agreement with
previous theoretical estimates. The experiments of Larson et
a/.4 were done using a symmetric Bragg reflection from
planes parallel to the surface. In this way the penetration
depth of the x-ray beam was far in excess of the thickness of
the molten- layer. The conclusion that melting was indeed
taking place over a certain thickness was reached by consid-
ering the modifications of the Bragg peak resulting from a
temperature gradient normal to the surface, and by fitting a
temperature profile to the observed rocking curve.

While all these previous experiments were able to pro-
vide conclusive evidence for the melting model, we felt that a
more direct verification, in which the Bragg peak would
completely disappear during melting, was desirable. We
found that the only way to achieve this result was to make
use of a set of crystallographic planes inclined with respect to
the surface, in such a way that in order to produce Bragg
diffraction the incident beam should form a very small angle,
close to the critical value, with the surface. We also felt that,
by using a surface sensitive diffraction technique, a better
resolution in determining the surface temperature might be
achieved, as indeed it turned out to be the case. We initially
tried to use CuKa radiation (X = 1.54 A) produced by a 15-
kW rotating anode generator. The idea, in this early and
unsuccessful version of the experiment, was to prepare a sili-

•"Oak Ridge National Laboratory, Solid State Division, Oak Ridge, TN
37831.

1)1 Correll University, Cornell High Energy Synchrotron Source (CHESS),
Ithaca, NY 14853. Present address: Argonne National Laboratory, Ad-
vanced Photon Source, Argonne, IL 60439.

con crystal with the surface parallel to the (577) planes, and
use the (511) planes for diffraction.6 In this way the incident
beam grazes the surface with an angle of 13-14 arcmin, and
the penetration is limited to about 800 A.7 It was found that
in order to accumulate a reasonable number of x-ray counts
for a diffraction profile,, a large number of laser pulses had to
be applied to the crystal, far in excess of the number that
could be tolerated by the surface without too much damage.
The only way out was to use a synchrotron source, in which
the x-ray intensity is several orders of magnitude higher, and
concentrated in small bunches, like the laser light.

II. EXPERIMENTAL DETAILS

The experiment was then repeated on beamline A2 at
the Cornell High-Energy Synchrotron Source (CHESS),
with a photon energy E = 7.68 keV. A Sy ton polished (111)
silicon wafer was used as specimen. The lattice planes used
for diffraction were the (311) , forming an angle of 29.5°
with the surface, very close to the Bragg diffraction angle. In
this way the grazing angle was about 16 arcmin. At this
grazing incidence the specular reflectivity of silicon for x-
rays is 13%.

The experimental setup is shown in Fig. 1. For rocking
curves, we found it was better to rotate the crystal around the
X axis (normal to the surface) rather than the more usual <o
axis (normal to the diffraction plane). This choice was dic-
tated by the need of keeping the grazing angle of incidence a
constant. Near the critical angle, the fraction of intensity
that penetrates the crystal and is able to produce a diffracted

COUNTER

[311]

FIG. 1. The sample surface (111) is aligned normal to the^- axis. The co axis
is used to vary the grazing angle a. The excimer laser beam (not shown)
comes down onto the sample from above at near normal incidence.
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beam changes rapidly with the angle of incidence a. When
the angle a> was scanned we found that, even without melt-
ing, the intensity of the time-resolved diffracted beam was
greatly attenuated when the laser was turned on. This was
found consistent with the fact that as the lattice expands as a
result of heating during the laser pulse the angle a at which
the Bragg reflection is excited is smaller and the specular
reflectivity for x-rays is closer to 1, resulting in a very weak
Bragg reflection. The only way to get consistent rocking
curves for different degrees of heating was to scan y an0<

thereby keep a constant. The only drawback of this scanning
method was a lateral displacement of the diffracted beam,
but this was taken into account.

In Fig. 2 the heavy curves show how the a angle of the
Bragg peak varies with the x angle. An co scan is shown on
the vertical axis. The dashed heavy curve is for a hotter crys-
tal. Much of the curve for the hot crystal has disappeared
below the critical angle for total external reflection. So an o>
scan with a hot (but still crystalline) sample would show no
Bragg peak. Two x scans are shown as well. Note that as the
crystal heats up, the peak position shifts but it does not dis-
appear. For this type of scan, the grazing angle stays the
same throughout the scan, thus the penetration depth and
the peak intensity remain unchanged.

The co vsx curve can be calculated exactly (including
the refraction) from the x-ray wavelength, lattice param-
eter, the crystal cut, and the grazing angle. We determined
the grazing angle by measuring the specular reflectivity as
we scanned the co axis through the critical angle. Comparing
this with the well-known specular reflectivity of silicon we
were able to calibrate the co axis in terms of grazing angle. By
generating a family of co v%x pl° t s f° r different lattice param-
eters (i.e., temperatures), we could convert the peak posi-
tion on a x scan directly into temperature. These calcula-
tions assumed a uniaxial expansion perpendicular to the
surface. The unheated substrate prevents the thin surface
layer from expanding in the plane of the surface. This con-
straint introduces a Poisson factor of 1.44 for a silicon (111)
surface meaning that the expansion normal to the surface is
enhanced relative to ordinary isotropic expansion.

The surface was illuminated at near-normal incidence
with the light of a KrF excimer laser (A = 2480 A) pulsed at
2-Hz repetition rate, with a pulse width of 25 ns and a fluence
of 1.2 J/cm2 for every pulse. The area illuminated by the
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FIG. 2. The co angle of the Bragg peak versus the % angle at two tempera-
tures (broad curves). Scans of a and x a r e indicated with simulated intensi-
ty profiles.

laser light was 5 mm2. Slits were used to limit the area viewed
by the detector to about 1 mm3.

It was crucial to insure that the x-ray beam was sam-
pling the center of the laser spot. To do this we used a contin-
uous He-Ne laser to monitor the optical reflectivity. The
reflectivity of molten silicon is about double that of the solid.
By moving the He-Ne beam around we could locate a uni-
form region at the center of the excimer laser beam spot. This
was evident by the sharp return to the solid reflectivity at the
end of the molten phase meaning that all the area under the
He-Ne beam was recrystallizing simultaneously. Having
found this, we put a tiny bead of solder at the center of the
He-Ne beam (this centering was clear from rings in the re-
flected beam). Then we adjusted the slits so that x-ray
photos showed the bead's shadow centered in the diffracted
beam. The He-Ne beam also gave a good measure of the
duration of the molten phase. It was found to be 80 ns.

The synchrotron was operated in a seven-bunch mode,
with an interval of 360 ns between bunches. The laser firing
was synchronized with the electron bunches in the ring. The
synchronization was such that the laser beam illuminated
the sample a time A? before the x-ray pulse. The counter was
gated so that only the signal corresponding to that particular
x-ray flash could be counted, and then the gate was closed for
about 0.5 s, till the next laser pulse. In this way only a frac-
tion (7.2 X 10~7) of the x-ray intensity is utilized. Since the
surface is damaged after repeated application of the laser
pulses, the crystal was translated parallel to the surface dur-
ing each run, after 900 laser pulses. The details concerning
the electronic system, data storage and handling, etc., were
identical to previous experiments.8

111. RESULTS AND CONCLUSIONS

The results of this experiment are shown in Fig. 3. In
3(e) we see a standard rocking curve, which was taken at
room temperature with the laser turned off. The data were
accumulated continuously, without gating the counter. The
rocking width (about 0.4" on i he^ scale) is in agreement
with the value expected from perfect crystal theory (dynam-
ical theory).

In 3(a)-3(d) we see how the rocking curve changes
when the laser pulses are applied to the crystal. The data are
taken in the time-resolved mode. Different profiles refer to
different delays between the arrival of the laser pulse and
that of the x-ray pulse. The effects of the laser light are: (i) a
progressive attenuation of the peak intensity due to a thin
layer of molten silicon which attenuates by photoelectric ab-
sorption the x-ray beam and does not contribute to diffrac-
tion; and (ii) a monotonic shift towards high^ values, corre-
sponding to thermal expansion due to heating. At the
bottom of the figure is a scale which converts the position of
the peak into a temperature based on thermal expansion and
geometrical factors. The peaks are slightly broadened by
thermal stresses, but no more than a factor of 2. The reason
for this moderate increase in rocking width has to do with
the fact that at grazing incidence the acceptance rocking
width is very high, about 28 arcsec in our case. When the
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FIG. 3. The upper curves (a)-(d) are time-resolved scans taken at different
time delays following the laser pulse. The molten phase lasts 8Q ns. Curve
(e), not time resolved, was taken with no laser pulses applied to the sample.
The solid lines are guides to the eye in curves (a)-(d). The intensity scale is
in arbitrary units, but is the same for all profiles. The temperature axis at the
bottom gives the temperature of the crystal near the liquid-solid interface,
by drawing a vertical line through the Bragg peak.

time delay is 22 ns the molten layer is of the order of 0.2/im
and no Bragg peak is visible.

It would be interesting to obtain the radial distribution
function of the liquid phase, because, on the basis of the
diffusion coefficient of liquid silicon, the 22-ns delay turns
out to be much smaller than the time needed by the liquid to
reach equilibrium over a thickness of 0.2 fim, which is of the
order of microseconds. The x-ray scattering from a liquid is
typically down by two or three orders of magnitude com-

pared to the Bragg reflections of the corresponding solid
phase. Unfortunately, present x-ray sources are not brilliant
enough. We expect that such an experiment might be feasible
with a synchrotron of the new generation, such as the Ad-
vanced Photon Source (Argonne), on a beamline equipped
with an undulator.

A theoretical analysis based on dynamical theory for a
crystal with a thermal gradient can be done using Takagi-
Taupin equations, with modified boundary conditions that
take into account grazing incidence and the existence of a
strong specular beam. This kind of analysis has not appeared
in the literature, and will be carried out by our group in the
near future.
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Interfacial mismatch is often used to build elastic strain into epitaxial materials,

resulting in modifications of the band structure, electronic transport and optical

properties.'1'' The strains encountered can be quite substantial and would require many

GPa of externally applied pressure to achieve the same level of lattice distortion by

mechanical means. One of the most interesting aspects of strained layer epitaxy is that

the physics is controlled largely by structural kinetics.12'3' For example, activation

barriers to dislocation motion and migration in covalently bonded semiconductors are

known to promote coherently strained layers which are far thicker than would be

predicted from purely thermodynamic considerations.^

While there has been a great deal of work, both theoretical and experimental,

devoted to strained layers in heteroepitaxial materials very little is known as yet about

the microscopic kinetic processes involved. How are large coherent elastic strains

established and sustained in such materials and what are the kinetic aspects of the

mechanisms responsible for strain relaxation? These issues are part of the larger

picture of nonequilibrium systems whose dynamical behavior is predicated by the

existence of many metastable states with similar free energies. The approach to

"equilibrium" in such systems by means of various annealing processes is an

interesting yet still unsolved problem of current interest in statistical mechanics. ^

From a practical standpoint an understanding of annealing is important across the

whole spectrum of materials from polymers to superconductors.

In this Letter we present results on a real-time study of the interface structure of

a strained-layer quantum well during rapid thermal annealing. The system we have



• 3 -

chosen for these experiments is a single quantum well (SQW) fabricated from III-V

compound semiconductors. The SQW structure is particularly advantageous here

because the interference of x-rays from the different layers permits high precision

measurement of the magnitude and profile of the layer-to-layer epitaxial strain. The

measurements, obtained in a time-resolved mode by specially developed synchrotron

radiation techniques, reveal an unexpectedly complex pathway of interfacial strain

kinetics by means of which the entire SQW structure attains its ideal, stable, state. In

particular, we show that interfacial strain relaxation is not, as previously believed, a

gradual process occurring through local misfit dislocation migration but a

discontinuous, cooperative mechanism which proceeds via a sequence of partially

ordered metastable states.

The samples studied in these experiments consist of a thin (-180A) layer of

InxGa!_xAs (x=0.05) sandwiched between relatively thick (2000-3000A) GaAs layers

to form a single quantum well (SQW). The structures (Fig. 1) are grown by MBE on

semi-insulating GaAs (100) substrates held at T=520*C.f61 This modest growth

temperature optimizes the smoothness of the interfaces between the strained layer and

GaAs. However, the sluggish kinetics at this temperature inhibits the development of

coherent long-range crystalline order within the layers. As will be shown below, the

structure can be brought to a pseudomorphic coherent state by subsequent annealing.

The new time-resolved x-ray technique employed in these studies is based on

curved crystal optics originally developed by Lemonnier et al.^ A "white" beam of

synchrotron radiation is incident on an asymmetrically cut Ge (111) monochromator
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crystal. The outgoing beam has an energy band-width given by:18^

"Y" = cot e[colcc
 2 + (a i + a2 + ii)2]™ (1)

where 8 is the Bragg angle corresponding to energy, E, (aKC is the acceptance of the

curved crystal and

1 I sin(6+a) sin(6-a) . . . ,a . , 1 1
y | - ^ - - ^ I ;a3 = «s,n(9 + a) | ^ "

Here, w is the length of the source, h is the horizontal source size, I is the illuminated

length of the Ge crystal and a is the asymmetric cut angle, p and p ' are the source-

to-monochromator and monochromator-to-focus distances respectively. A plot of

Eqn. 1 is shown in Fig. 2. Our measurements are performed at a focus condition such

that AE/B is a minimum, giving the optimum resolution (-10"4). In this condition the

curved crystal gives an essentially monochromatic x-ray beam which is angularly

dispersed over a range of 250 arcsec. The angular dispersion, in conjunction with a

position sensitive detector, permits each point of a rocking curve to be recorded

simultaneously. Using this dispersive technique complete rocking curves from the

SQW can be recorded in rapid succession.

At the heart of our time-resolved measurements is a radiation-hardened charge

coupled device (CCD) detector consisting of 340 x 580 pixels each 22.5 urn square.

The operation and characteristics of the detector have been described previously.'^ In

order to collect real-time data, a horizontal slit is used to mask the surface of the CCD

chip. The slit opening is adjusted to expose 3 rows (75 |im) of the CCD to the

diffracted beam. After a predetermined exposure time (-100 msec in this experiment)

the charge collected on the exposed area is transferred to the masked area of the chip
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using the parallel row-transfer register. In this mode the detector operates as a "streak

camera" recording one-dimensional diffraction information with a time-resolution

determined by the speed of the parallel transfer (-20 ^sec/row in the present detector).

The CCD is oriented such that the horizontal angular disperson of the beam is utilized

to record a moderately high-resolution (A to = 10 arcsec) diffraction profile of the

SQW sample; each pixel receives a signal corresponding to the reflectivity at a

particular rocking angle.

It was mentioned above that interface sharpness is optimized at a growth

temperature of T * 520"C for the SQW structures considered in this study. Here, the

important point is to strike a compromise between low temperature growth where

cation kinetics limit the in-plane crystalline coherence and high substrate temperatures

where bulk diffusion can occur.'10' The imperfect as-grown structure that results from

this compromise, and its kinetics under thermal annealing, are the main subject of our

study.

Figure 3 compares the rocking curves of an SQW sample, examined by

conventional double crystal diffraction in non-dispersive (+ -) geometry, before and

after rapid thermal annealing. It is clear that marked irreversible changes take place.

For example before annealing, (Fig. 3a) the rocking profile is asymmetric and shows

two small interference fringes to the low-angle side of the substrate peak. Modeling

of the interface structure using dynamical scattering theory*11' reveals that pan of the

GaAs buffer layer (the upper -1000A) and the whole of the GaAs capping layer

(2100A) are dilated, in the direction perpendicular to the layers, by e x = 5.3 x 10"4
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with respect to bulk GaAs. The origin of this distortion, which has been observed in

other cap layer configurations.^121 is not clear, although the presence of a significant

as-grown density of grain boundaries and dislocations [~7 x 104 cm"1, as estimated

from the broadening of the <o=O peak in Fig. 3(a)] could well be responsible. After

annealing [Fig. 3(b)], the rocking curve exactly matches the calculated curve for an

ideal coherent structure with pseudomorphic InxGai_xAs and completely relaxed GaAs

buffer/cap layers. Note the dramatic sharpening of the co=O peak after annealing and

the appearance of the pendellosung fringes which arise from a phase shift of the waves

scattered from the substrate (buffer) relative to those scattered from the GaAs cap

layer. The positions of the pendellosung fringes are a sensitive measure of the

thickness of the InGaAs layer and its strain.'13'

Now we turn to the time-resolved data in order to follow the time-dependent

behavior of the SQW. Fig. 4 shows the angular displacement peaks in the rocking

curve, measured now by the real-time dispersive technique, as the SQW is undergoing

rapid thermal annealing (RTA). The time-resolved data, when analyzed each 100 msec

using the same interference model as for the static results in Fig. 3, shows the

dynamic evolution of the SQW from the as-grown inhomogeneous strain configuration

to the ideal relaxed state where both GaAs buffer and capping layers have the bulk

GaAs lattice parameter.

There are many interesting and previously unobserved transitions during the

RTA run shown in Fig. 4. We focus attention first on the behavior of the two

interference fringes (A,8) in the as grown sample. On heating, the outer fringe (B)
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shifts to lower angle and soon after undergoes a sudden shift in the opposite direction.

The shift to lower angles is caused by the differential thermal expansion between the

InGaAs layer and the GaAs layer on either side and the upward shift occurs as the

resulting mismatch strains at the interfaces are suddenly relieved. On cooling, a

reverse differential thermal expansion process is observed and subsequently at (t = 50

sec) a strongly discontinuous transition takes place where A and B are replaced by a

single peak. The dynamical scattering analysis of this phase reveals that the dilation

of the GaAs at the InGaAs - buffer layer interface has relaxed at this transition but the

cap layer is still strained. At later times, not shown in Fig. 4, there is a further

discontinuous transition (at ~300"C) involving the remaining interference peak where

the lattice spacing of the GaAs cap layer relaxes to its bulk value.

In this way the inhomogeneous strain relaxation of the thick GaAs layers of the

SQW starts at the substrate, as one would expect, and proceeds upwards to the GaAs

cap of the InxGai_xAs layer. The important point is that the strain relaxes

discontinuously and cooperatively in each of the GaAs segments of the SQW.

Interestingly, it appears that macroscopic strained and unstrained GaAs regions of the

sample can coexist in the same layer for relatively long intervals (-10 sec in the

example presented here). This behavior is consistent with very sluggish kinetics of

dislocation motion at temperatures below 500'C. A mean velocity of dislocation

migration of < 0.1 ^m sec"1 can be inferred from the temporal coexistence limits in

Fig. 4. This is however much faster than the glide velocities (<0.01 [im sec"1)

measured14 by electron microscopy in Si/GexSii_x/Si SQW's and is consistent with

the lower Peierls barriers in the ni-V systems.
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In conclusion, our new method of probing interface strains in a time-resolved

mode has shed new light on the global kinetics of strained layer structures. The

results emphasize that the cooperative nature of the relaxation mechanism, involving

transitions between partially ordered metastable states of strain, should be taken into

account in theoretical treatments of inte:facial kinetics. The existence of well defined,

albeit metastable, states of strain in complex multilayered heterostructures may be of

practical interest in establishing reliable thermal processing procedures for such

systems.
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FIGURE CAPTIONS

Fig. 1 Schematic of InxGai_xAs single quantum well structure.

Fig. 2 Calculated energy dispersion of synchrotron beam from asymmetric-cut

Ge( l l l ) curved crystal as a function of focal distance, p ' .

Fig. 3 (400) rocking curves of SQW, a) as-grown; b) after rapid thermal annealing.

The solid lines are fits to a dynamical scattering model.11

Fig. 4 X-ray peak position at CCD detector as a function of time during rapid

thermal annealing. A quartz-halogen heating lamp is turned on at t * 0 and

off at t = 30 sec. during which the sample temperature reaches 750*C. Curves

A and B refer to the peaks in Fig. 3(a).
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DRAFT

A real-time imaging system for x-ray detection has been developed. The CAMAC-based

system has a Charge Coupled Device (CCD) as its active detection element. The electronics

consist of a CAMAC-crate-based dedicated microprocessor coupled to arbitrary waveform

generators, programmable timing, and ADC modules. The hardware flexibility achievable

through this system enables one to use virtually any commercially available CCD. A

dedicated CAMAC-based display driver allows for real-time imaging on a high-resolution

color monitor. An optional front end consisting of a fiber-optic taper and a focusing optical

lens system coupled to a phosphor screen allows for large area imaging. Further,

programming flexibility, in which the detector can be used in different read-out modes,

enables it to be exploited for time-resolved experiments. In one mode, sections of the CCD

can be read-out with millisecond time-resolution and, in another, the use of the CCD as a

storage device is exploited resulting in microsecond time-resolution. Three different CCDs

with radically different read-out timings and waveforms have been tested: the TI4849, a

390x584 pixel array; TC 215, a 1024x1024 pixel array; and the TH 7883, a 576x384 pixel

array. The TC 215 and TI 4849 are single-phase CCDs manufactured by Texas

Instruments, and the TH 7883 is a four-phase device manufactured by Thomson-CSF. The

CCD characterized for uniformity, charge transfer efficiency (CTE), linearity, and

sensitivity istheTC215.



INTRODUCTION

Three third generation synchrotron radiation sources are currently under construction:

Advanced Photon Source (APS) in U.S.A., European Synchrotron Radiation Facilities

(ESRF) in France, and Synchrotron Positron Ring (SPRING) in Japan. The use of

insertion devices (wigglers, undulators) will make APS, in 1995, an x-ray source 10,000

times brighter than any x-ray source existing today. I ̂  The high brilliance of these new

sources opens new and exciting fields, especially in time-resolved x-ray experiments.^]

The success of innovative scientific techniques relies on the use of appropriate detectors.

Requirements that will allow a detector to satisfy a broad spectrum of science are two-

dimensionality, high dynamic range, fast response, linearity, sensitivity, low noise,

radiation hardness, and versatility. Presently Charge Coupled Devices (CCDs) have

characteristics that match these severe requirements very well.P] Instrumentation projects

at APS currently include the development of a programmable CCD detector that can adapt

to the changing market of CCD chips. This calls for the development of an extremely

flexible and versatile system. The system developed uses a Computer Automated

Measurement and Control (CAMAC)-based electronics and a 64-MegaByte hard memory

Micro Vax III computer. The architecture of this system enables the use of CCD chips from

various manufacturers, and the large memory helps in time-resolved experimentation. So

far, three different chips have been successfully tested and used with visible light or direct

x-ray illumination: Texas Instruments TI4849, TITC 215, and Thomson TH 7883 (Table

I). The detector has already been used at various synchrotron radiation facilities to perform

imaging and time-resolved experiments from minute to microsecond time-scale.



I. CHARGE COUPLED DEVICES (CCDs)

The CCD is basically an integrated-circuit device that uses an array of photosensitive

elements to convert incident illumination into a proportional electrical charge. Each pixel

stores its charge in a metal-oxide semiconductor (MOS) capacitor, a potential well. A

parallel clocking operation shifts each row of charge down the array with the first row of

data entering a serial register. From the serial register, a serial clock performs a pixel by

pixel sequential transfer to an on-chip amplifier. W The operation of a CCD is composed of

a fast clear sequence where all pixels are cleared by a series of parallel transfers. This is

followed by an integration period during which charges proportional to the amount of

incident photons are created and stored in each pixel. Then, the read-out is performed by a

succession of parallel transfers that are interlaced with a sequence of serial transfers.

Finally, the reset operation clears the on-chip amplifier after each serial transfer.

Two of the chips used in this programmable imaging detector are virtual phase devices. An

asymmetric well structure in this type of CCD is achieved by deep ion implants so that only

a single level of external clocking electrodes is required.!^] The TI4849 has 390 columns

and 584 rows of 22.4 mm2 pixel and needs 3 waveforms to be read-out: parallel, serial,

and reset clocks. The TI TC 215 has 1024x1024 12 mm2 pixels and needs 8 waveforms to

be read-out: 2 parallel, 2 serial, 2 reset, 1 transfer gate, and 1 antiblooming gate clocks.

This chip has-2 serial registers-that enable it to read the CCD twice as fast. The other chip

used is the TH 7883 (Thomson-France), which has 576x384 23 mm2 pixels and needs 7

waveforms to be read-out: 4 parallel, 2 serial, and 1 reset clocks.[6] In addition to the

number of waveforms being different, the timings, amplitudes, and shapes are totally

different. The logic of the electronics has been designed to satisfy the requirements with

diversity of this magnitude.



II. PROGRAMMABLE DETECTOR

Fig.l is a block diagram of the CAMAC-based electronic system. The CAMAC crate

houses the arbitrary waveform generators, a 20 MHz master clock, a 12-bit ADC module, a

12bitxlM memory module, a display driver, and a LSI-11 dedicated microprocessor.

Global control is accomplished by a MicroVax III computer. Communication between the

computer and the LSI is through encoded interrupt bit patterns in the form of Look-At-Me's

(LAMs) received by the interrupt register. The key to the flexibility relies on the interaction

between the MicroVax III computer, the LSI-11 microprocessor, and the master clock. For

each required waveform, timing and voltage are downloaded into the waveform generator

memory banks. These waveform generator modules are triggered by the master

programmable clock, which is, in turn, commanded by the LSI-11 microprocessor. The

waveform generators know the number of columns, i.e., the number of serial transfers to

perform, and the LSI-11 knows the number of rows, i.e., the number of parallel transfers

to perform. A set of flags between the microprocessor and the master clock assures the

complete reading of the chip. After completion of a frame read-out, the LSI-11 informs the

MicroVax and waits for the next task to perform.

The CCD output data are preamplified, digitized by a 12-bit ADC, and stored in a 1 Mbyte

buffer memory. This data can be directly displayed on a high-resolution video monitor

(1024x1024) through a high-resolution display driver. The 24-bit high-resolution display

driver can perform color contour mapping of 256 simultaneous colors from a pallette of 16

million. It can also display intensity profiles of row and column data. This feature is very

convenient for on-line diagnostics during experiments. The data, when necessary, are

stored on the 778 Mbyte computer hard disk.



This flexible system allows use of a CCD chip in 3 different modes. In the first mode, a

full frame can be read and stored in buffer memory in one second. The integration time can

be as short as a few microseconds or as long as a few minutes in a latch mode. The other

two modes, dedicated for direct x-ray exposures, exploit the serial/parallel read-out of the

CCD. For the second mode, slits a few rows wide are physically put in front of the chip.

The charges stored in the few exposed rows are transferred down by successive parallel

transfers to the serial register where they are read-out. This method is used to perform fast

experiments in the millisecond range. Further, since the parallel transfer is much faster

than the serial transfer, rows of data can be added in the serial register to improve statistics

without any significant increase in time. The 20-millisecond time resolution limit is due to

the data transfer time from the buffer memory to the computer hard disk. For the third

mode, the CCD is used as a storage device where slits, if possible one row wide, are

placed in front of the top of the chip. Parallel transfers bring down the charges until they

reach the serial register. Then, the whole frame is read. This mode is used for ultra-fast

experiment in the microsecond range. The 2-microsecond time resolution limit is due to the

high CCD row capacitance value. Software written for each chip allows one to change

chips and modes of transfer with no down time.

The CCD chip is placed on a customized PC board connecting the chip pins with the signal

wires from the CAMAC crate. The chip, surrounded by the board, is put on a three-stage

Peltier cooler, (which provides a - 40 deg. C temperature) and is housed in a vacuum

chamber to prevent condensation (Fig. 2). For direct x-ray imaging, a beryllium window

vacuum chamber is used. For visible light imaging, a quartz window vacuum chamber is

used coupled to an optical system and a phosphor screen. In the visible light spectrum, the

quantum efficiency of CCD chips increases with the wavelength.t?] So, for imaging

purposes, phosphors with green light emission are more appropriate than those with blue

light emission. The phosphor Gd2O2S:Tb (Trimax-3M) has, for example, been used for



spectroscopy experiments.^] For time-resolved experiments, the decay time of the

phosphor must be smaller, of course, than the experiment time constant. The scintillator

decay time increases with the emission wavelength. All time-resolved experiments were

done with direct x-ray exposures. For imaging experiments, the optical magnification or

demagnification system includes a combination of lenses, fiber-optics taper, and

bellows. [9] The choice of these different components depends on the required

magnification or demagnification ratio (Fig. 3). The lenses are Nikon 50 mm/F1.2 and 200

mm/F 4. The SCHOTT fiber-optics taper has a 52-mm diameter on the larger side and a 13-

mm diameter on the smaller one: hence, the magnification/ demagnification ratio is 4. The

length of the fiber-optics taper is 55 mm. The use of stray light absorbing elements (Extra

Mural Absorption) and adequate optical insulation (cladding) between the fibers provide

optimum image contrast. The smaller end of a fiber optic is approximately 2 |im. The

optical system magnification ratio can be as high as 16. In this case, the intrinsic resolution

of the CCD camera is less than one micron.

In order for the device to function as an x-ray detector for scientific purposes, it must have

very high charge transfer efficiency, linearity, uniformity of response, quantum efficiency

(QE), and dynamic range. The electronic system described above allows one to fine tune

the read-out waveforms for maximum charge transfer efficiency (CTE). The measurements

were done by exposing the detector to a uniform source of light and using the "extended-

pixel-edge-response" (EPER)J10] in which

CTE=[l-qd/(qiNp)3,

where q<j is the net deferred charge in the extended region, qj is the signal level of the last

column, and Np is the number of pixels transferred.



Fig. 4 is a plot of the measured CTE across each row. The data indicate that the CTE is

better than 0.99999. Another advantage of a programmable waveform system is that the

CTE degradation due to radiation damage can be compensated, to some extent, by

waveform adjustment.

Linearity measurements were performed using a light emitting diode (LED) as the source.

This light was focused onto the COD, and the intensity as a function of time was recorded

as shown in Fig. 5. Data indicate that the system response is linear to within 0.5% over a

typical operating range where the values correspond to midway for the ADC saturation

(about 2000 adc units).

The quantum efficiency depends on the thickness of the depletion depth and the energy of

the x-ray photon. The thickness of Si required for 90% quantum efficiency (QE) for 0.5

keV to 5 keV ranges from 0.5 |im to 50 ^imJ1^ Typical depletion depths of CCDs range

from 1 to 15 |i.m, resulting in low QE for high energy x-rays. Further, for low energy x-

rays, the QE is limited by the dead layer of oxide and the gate electrodes present on the

front surface of the CCD. The depletion depth of the TI 4849 is 12 urn, which makes the

device approximately 10% QE for direct x-ray absorption at 7 keV.

III. RADIATION DAMAGE IN CCDs

A critical consideration when choosing CCDs to be used with direct x-rays at a synchrotron

source facility is the possibility of radiation damage. General CCD radiation damage

includes bulk and ionization effects.!^] Synchrotron radiation doesn't usually create bulk

effects that would require a 150 keV electron to displace a silicon atom in the bulk lattice.

The presence of this effect would have a profound impact on the CTE performance.



However, ionization effects must be considered. Ionization-induced damage results in a

buildup of charge in the CCD's gate insulator. Only a few eV of energy are needed to alter

the flat-band characteristics of the gate insulator. Moreover, the presence of interface states

between the gate oxide and bulk silicon leads to an increase in dark current generation. The

TI 4849 chip has a depletion depth of approximately 12 fim, which is very appropriate for

x-ray energy in the range of 4-8 keV. This chip was radiation-tested on a bending magnet

beamline (X16 at the National Synchrotron Light Source-NSLS) at an energy of 8 keV for

about 20 hours of continuous use. The estimated absorbed dose is lOOkrad. As expected,

the CTE, estimated with the "extended-pixel-edge-response" (EPER) method, was not

measurably degraded in the exposed region of the chip compared to that in the mask area.

The good performance of this virtual-phase CCD chip in the presence of synchrotron

radiation is more evident by the absence of significant increase in the dark current. In case

of a higher radiation dose, which would create a dark current increase, the flexibility of this

programmable detector would allow one to change the waveform voltages in order to

minimize the dark signal.

IV. CONCLUSION

A programmable 2-dimensional CCD detector for synchrotron instrumentation has been

developed for visible light or direct x-ray imaging. The tremendous flexibility of this

camera allows the use of any kind of CCD chips, and so in different time-resolution

modes. Even larger CCD chips (2048x2048 or 4096x4096) could be used or a quad-CCD

chip combination for large imaging purposes, such as in biology or medicine. Time-

resolved x-ray experiments can be performed with a time resolution up to two

microseconds. The combination of fast parallel detectors and the new generation of

8



synchrotron radiation sources opens new techniques in x-ray diffraction,

microradiography, microtomography, and topography.

ACKNOWLEDGEMENTS:

It is a pleasure to thank Gopal Shenoy and Dennis Mills for their great support; also Joe

Arko and Ron Hopf for their invaluable help assisting us in building the detector. Roy

Clarke, Walter Lowe, and Bob McHarrie have been actively involved in the time-resolved

experiments performed at NSLS. This work is supported by U.S. Dept. of Energy, BES-

Materials Science, under grant contract #W-31-109-ENG-38.

^ . K . Shenoy, P.J. Viccaro, D.M. Mills, Characteristics of the 7-GeV Advanced Photon

Source: A Guide for Users.

^D.M. Mills, Time-Resolved X-Ray Studies Using Synchrotron Radiation, Handbook on

Synchrotron Radiation, Volume 3,ed. D. Moncton, Elsevier Science, 1991.

^Sol M. Gruner, Rev. Sci. Instrum. 60(7), 1545-1551, (July 1989).

4 B. Rodricks, R. Clarke, R. Smither, A. Fontaine, Rev. Sci. Instrum. 60 (8), 2586-2591,

(August 1989).

5 J. Hynecek, IEEE Trans. Electron Dev. 28, 483 (1981).

6 B . Rodricks, C. Brizard, Programmable CCD Imaging System For Synchrotron

Radiation Studies, submitted to NIM.

7j. Janesick, M. Blouke, Sky &Telescope, 238-242, (Sept. 1987).



8j.C. Campuzano, G. Jennings, L. Beaulaigue, B. Rodricks, C. Brizard, Soft X-ray

Spectro-microscopy, Proc. SPIElsl990 Int. Symposium on Optical and Optoelectronic

Applied Science and Engineering, San Diego, 1990.

9C. Brizard, B. Rodricks, Programmable CCD Imaging System, submitted to Optical

Engineering.

10j. Janesick, T. Elliott, F. Pool, Radiation Damage in Scientific Charge-Coupled

Devices, IEEE, 1988 Nuclear Science Symposium, Orlando, FL,11/9-11/88.

. Germer, SPIE 491, 434 (1984).

10



Table I. Performance characteristics of the three CCDs

Device TI4849 TC215 TH 7883

Phase

Frame Size

Readout Waveforms

Readout Noise

Sensitivity*

Saturation

Linearity

CTE

Pixel Size ((Am2)

Dynamic Range

Virtual

390x584

3

20 e-/pixel

1ADU

200,000 e-

< 0.5%

> 0.99996

22.4

4000

Virtual

1024x1024

8

60 e-/pixel

1ADU

60,000 e-

< 0.5%

> 0.99999

12

4000

Four

576x384

7

117 e-/pixel

1ADU

1,000,000 e

< 0.5%

> 0.9999

23

8000

* 1 ADU (analog to digital unit) above background



Figure captions:

Fig. 1: Architecture of the programmable imaging system.

Fig. 2: Schematic of the CCD detector.

Fig. 3: CCD detector: A) vertical height mounting assembly, B) water-cooled base, C) heat

sink, D) Peltier cooler, E) vacuum chamber, F) CCD chip

Fig. 3a: Demagnifying geometry: G) 50 mm/F 1.2 Lens, H) 200 mm/F 1.4 Lens, J) Fiber

optics taper, K).Phosphor.

Fig. 3b: Magnifying geometry: I) Bellows.

Fig. 4: Charge transfer efficiency vs. row.

Fig. 5: Linearity.
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ABSTRACT

The development of ultrahigh-brightness x-ray sources makes time-resolved x-ray
studies more and more feasible. Improvements in x-ray optics components are also critical
for obtaining the appropriate beam for a particular type of experiment. Moreover, fast
parallel detectors will be essential in order to exploit the combination of high intensity x-ray
sources and novel optics for time-resolved experiments. A CCD detector with a time
resolution of microseconds has been developed at the Advanced Photon Source (APS).
This detector is fully programmable using CAMAC electronics and a MicroVax computer.
The techniques of time-resolved x-ray studies, which include scattering, microradiography,
microtomography, strpboscopy.etc, can be applied to a range of phenomena (including
rapid thermal annealing, surface ordering, crystallization, and the kinetics of phase
transition) in order to understand these time-dependent microscopic processes. Some of
these applications will be illustrated by recent results performed at synchrotrons. New
powerful x-ray sources now under construction offer the opportunity to apply innovative
approaches in time-resolved work.

1. INTRODUCTION

The increasing availability of very high intensity x-ray beams generated by synchrotron
storage rings makes possible new kinds of structural kinetics studies.^] The facilities
being developed will provide powerful probes into time-dependent effects such as fast
phase transition kinetics, lattice relaxation, and other transient processes in materials. To
date, time scales for x-ray measurements have generally been greater than 1 second limiting
structural measurements to those changes that evolve slowly or can be frozen at the point of
interest. A case in point is the temperature driven first-order phase transition that has been
examined both above and below the transition temperature, but not through it. Another
important example is the relaxation of strain in superlattices and thin films.P] The two
major impediments to time-resolved x-ray scattering (TRXRS) have been the lack of both
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high brightness x-ray sources and fast position sensitive detectors. Progress has been
made in both of these areas with the advent of dedicated synchrotron radiation sources and
semiconductor-based position detectors.^] The future looks even more promising with the
construction of third generation synchrotrons like the 7-GeV Advanced Photon Source
(APS) at Argonne National Labratory, the 1.5-GeV Advanced Light Source (ALS) at
Lawerence Berkeley Laboratory, and the 6-GeV European Synchrotron Radiation Facility
(ESRF) in Grenoble.

2. CCD DETECTOR

This entirely new programmable CCD detector developed at the Advanced Photon Souce
(APS) has already been described in detail elsewhere.W The general system architecture is
shown in Fig. 1. The MicroVax m computer controls a CAMAC set of electronics that
possesses modules for read-out waveforms, data digitization, buffer memory and display,
all of which interact with a local LSI-11 microprocessor. The flexibility rsults from the
interaction between the LSI-11, the MicroVax, and all other modules. The communication
between the LSI-11 microprocessor and the electronic modules is done through flags called
look-at-me (LAM) signals.The waveforms used in order to read-out the CCD chip are
provided by programmable waveform generators. For a chip comprised of n rows and m
columns, the read-out consists in m serial transfers after each parallel transfer and this
sequence is repeated n times to read-out the whole chip. The waveform generator module
memories contain the information of the number of columns and the microprocessor
contains the information of the number of rows of the chip. Appropriate waveform trains
with m periods are sent out from the waveform generator in order to read-out one row of
the chip. The microprocessor allows this procedure to occur n times, after which it sends a
message to the MicroVax computer to inquire what needs to be done next. The CCD output

signal is preamplified by an on-chip amplifier (1 \lVfc) and, after further amplification,
digitized by a 12-bit ADC, and stored in a 12xlMb buffer memory. The KineticSystems
Corporation 2-channel transient recorder allows one to simultaneously digitize the data and
other parameters that may be varied (like temperature or pressure) during a time-resolved
experiment. The data can be directly viewed on a high resolution color video monitor
(1024x1024 pixels) through a high resolution display driver. This feature is extremely
convenient for on-line diagnostics during experiments. The data can also be transferred to
the MicroVax El computer hard disk.

The Peltier cooled CCD chip (-40°C) is physically placed on a customized PC board inside
a small vacuum chamber to prevent condensation on its sensitive front surface. Two
vacuum chamber front-ends are available. For visible imaging, the vacuum chamber is
composed of a quartz window on which lenses can be adapted. For direct x-ray imaging,
the vacuum chamber has a beryllium window.

The CCD used in the experiments described here is the Texas Instruments TI4849 "virtual
phase" chip,[5] consisting of 584 rows of pixels arranged in 390 columns. Each pixel is
22.4 jim^ with a full-well capacity of 2x10^ electrons. The virtual phase technology
requires only three waveforms. The parallel waveform transfers one row down the array
while the serial waveform takes each row of data from the serial register and transfers it
through an on-chip amplifier out of the device. Finally, the reset waveform resets the on-
chip amplifier after every serial transfer. Fig. 2 defines the primary waveforms and
transition timings, which are both programmable quantities.^]
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There are various modes of detector operation that are exploited at various stages of the
experiment. There are three primary modes of read-out and the integration time is
programmable for each. In the first mode, which is the full frame mode, the entire device is
active and is read-out after a preprogrammed integration period. In the second mode, an x-
ray mask is placed over the detector with a predefined number of rows being active. During
an experiment, this row slice acts as a linear detector where a few rows are summed in the
serial register and then read-out to the computer along with a time stamp. By summing over
a number of rows, the statistics can be improved with minimum reduction in speed. This is
because the parallel transfer time is much faster than the serial transfer. This mode gives a
time resolution of 20ms. The third mode uses an x-ray mask with one active row near the
top of the device. In this mode, the detector acts as a storage device where data is swept
down the rows by temporarily disabling the serial waveform and sending the parallel
waveform 584 times till the entire device is full and then, the entire frame is read to the

computer. This mode gives us a time resolution of 25 (is, but limits us to a maximum of
584 rows. All time-resolved experiments were performed under direct x-ray illumination.

3. TIME-RESOLVED X-RAY EXPERIMENTS

3.1 Minute-scale experiment

Some x-ray time-resolved experiments need to be performed on a time scale on the order of
a few minutes to have reasonably good statisitics. This is, for example, the case for
diffraction from amorphous metallic alloys!'] or its early crystallized products. Metallic
glasses, regardless of the way they are prepared, are not in configuration^ equilibrium but
are relaxing slowly by a homogeneous process towards an "ideal" metastable amorphous
state of lower energy. This system possesses the inherent possibility of transforming into a
more stable crystalline state. Understanding the micromechanisms of crystallization in order
to impede or control crystallization is therefore, a prerequisite for most applications. The
crystallization of the Fe-B system has been studied by several methods: differential
scanning calorimetry (DSC),f8] x-ray diffraction,^] Mossbauer spectroscopy.t^] and
scanning electron (SEM) and transmission electron (TEM) microscopyt^].

The CCD detector has been used to study the early stages of crystallization of Fe80B20
during in situ x-ray diffraction at the National Synchrotron Light Source (NSLS). The
details and analysis of this experiment are the subject of another publication. [12] f^e
double-crystal monochromator of the X6 beamline at NSLS was set at 7 KeV, below the
fluorescence edge of Fe. The Fe80B20 samples are resistively heated in a vacuum chamber
in order to prevent Fe oxidation. The two-dimensionality of the detector presents, in this
case, two main advantages. First, full diffraction patterns within a large field of view (a
few degrees) can be recorded on a one shot basis. Second, because of the geometry used to
study these polycrystalline samples, the diffracted peaks can be adjusted to be parallel to the
columns of the CCD chip, hence the rows can be summed. This technique allows one to
increase the statistics by a factor up to 1000 for a typical 1024 row CCD chip. This in situ

x-ray diffraction has shown the growth of three different phases (Fe3B, a-Fe, Fe2B)
during the crystallization process. Diffracted peaks corresponding to these three different
phases can be seen in Fig. 3. The peaks correspond to row sums. The main peal:



corresponds to the cubic a -Fe (110) and the tetragonal Fe3B (330), (112) reflections

(28=51.8 deg.). The smaller peak corresponds to the Fe3B (321) reflection (20=50.2
deg.). The amount of crystallized Fe3B doesn't change at 400 deg. C, but decreases at 500
deg. C and disappears at 600 deg. C (metastable phase). The intensities of the (321) and
(330), (112) Fe3B peaks are comparable (Table I). At 300 deg. C, the main peak is much

more intense than the (321) Fe3B peak. Both phases a-Fe and Fe3B appear in the same
range of temperature around 300 deg. C (eutectic crystallization). Then, the part of the
crystallized hypo-eutectoid alloy (a-Fe) keeps increasing from 300 deg. C to 600 deg. C.
For temperatures higher than 500 deg. C, the main peak presents a shoulder at an angle
0.4° higher than the peak maximum position. This additional peak is clearly visible for a
more advanced crystallization and corresponds to the primitive tetragonal Fe2B (211) peak.
The appearance of this Fe2B phase is clearly linked with the disappearance of the Fe3B
phase. The integrated intensity doesn't change much with temperature. On the other hand,
the maximum intensity increases significantly with temperature. From 300 to 600 deg. C,
the crystallized fraction doesn't increase much, but the grain size increases through

conglomeration. a-Fe coalesces and precipitates out of the matrix. This is in good
agreement with previous work.[13] The numerous small nuclei get transformed into larger
nuclei.
The high dynamic range of the detector enables one to look at very different intense peaks,
such as a-Fe and Fe2B, at the same time. An interesting experiment would be to perform a
similar in situ x-ray diffraction in order to study the crystallization of Fe75B25- At
temperatures less than 900 deg. C, this system decomposes only into Fe3B, so the kinetics
should be faster!14!

3.2 Millisecond-scale experiment

The energy dispersive beam characteristics, due to a tunable asymmetrically cut Ge(l 11)
curved crystal monochromator coupled to the CCD position sensitive detector, enables one
to obtain complete diffraction spectra with no moving parts.HS] This arrangement allows
one to study transient behavior as it occurs. Rapid thermal annealing experiments were
performed on strained molecular beam epitaxy (MBE) grown superlattices with a time
resolution of 100 milliseconds.!^] The strain relaxation during rapid thermal annealing
shows that the lattice of an as-grown quantum well structure is relieved cooperatively by a
series of sluggish discontinuous transitions. Well-defined metastable states of strain are
observed between the transitions.

3.3 Microsecond-scale experiment

As a final test of the detector, a diffraction experiment from Si(400) was performed
primarily to test the maximum speed at which it could be driven. Starting with a few
hundred microseconds, diffraction data were accumulated down to 25 microseconds. The
large capacitance of the CCD restricted the minimum gap between parallel transfers to 20
microseconds. Oscillations of the beam due to the vibrations of the Ge(l l l ) crystal when
the photon shutter was opened are observed on such "x-ray movies" performed on a
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microsecond time scaleJ^] j 0 d0 this fast experiment, we kept the photon shutter open
and used the safety shutter upstream to control the beam.

4. CONCLUSION

A new programmable CCD detector has been developed for imaging^ 18] time-resolved
experiments and other synchrotron applications. The versatility of this CAMAC-based
system allows one to use most commercially available CCD chips. Various CCD chips with
different formats and read-out waveforms have been successfully used. Various time-
resolved experiments have been performed using the three different modes of the CCD
detector. This device can monitor rapid thermal annealings, strain relaxations,
crystallization kinetics.etc.. by recording x-ray movies on time scales from minutes to a
few microseconds. The innovative technique used here opens new exciting fields for the
study of transient behaviors in matter.
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TABLE I: Diffracted peaks observed at an energy of 7 keV (classified with increasing
29).*

(hkl) I/Ii d(A) 29

321 lOO" 2.088 5O20

330,112 100 2.028 51.79

oc-Fe 110 100 2.0268 51.83

Fe2B 211 100 2.0129 52.21

fc-O P R I C K S



*The data are taken from the joint comittee on powder diffraction standards (JCPDS) 1983.
The column J/Ij provides the relative intensities for one compound. The strongest line in
the pattern has a ratio of 100. The parameter d(A) is the interplanar spacing. Note that the
Fe3B (330,112) and a-Fe (110) reflections coincide.
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Abstract

It has been suggested that for timing experiments, it might be advantageous to

arrange the bunches in the storage ring in an asymmetrical mode(^). In this paper, we

determine the counting losses from pulsed x-ray sources from basic probabilistic

arguments and from Poisson statistics. In particular the impact on single photon

counting losses of a variety of possible filling modes for the Advanced Photon Source

(APS) is examined. For bunches of equal current, a loss of 10% occurs whenever the

the count rate exceeds 21% of the bunch repetition rate. This changes slightly when

bunches containing unequal numbers of particles are considered. The results are

applied to several common detector/electronics systems.
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This paper deals with counting statistics and loss corrections for pulsed x-ray

sources such as the Advanced Photon Source (APS). The motivation for looking at this

problem came from the suggestion by one of the authors (DMM) that it might be

advantageous for timing experiments to arrange the bunches in the storage ring in an

asymmetrical mode(1). The question arose as to whether this asymmetric mode

would have deleterious effects on single photon counting losses. In this manuscript,

we derive the general expressions for counting losses for pulsed x-ray sources,

including the case of unequal bunch spacings. In particular, we will investigate the

counting statistics of different filling modes of the APS and the relationship between

the true mean count rate and the observed count rate and the effect of multiple

photon events. We are interested in single photon counting and will assume that our

detector and associated electronics is fast enough to resolve x-rays from individual

bunches (bunch spacings typically 10's to 100's of nanoseconds) but incapable of

temporally resolving multiple photons within a single bunch (bunch lengths typically

10's to 100's of picoseconds). This type of temporal response is typical of most

single photon detectors presently used at synchrotron radiation sources.

To derive the expressions for counting losses, we will follow an approach

similar to that of Batterman in his analysis of counting losses for CHESS(^)and use

notations here similar to that of Batterman. Therefore, in this work, the following



definitions will be employed:

N = the true mean number of counts per second arriving at the detector.

B = orbital frequency of the synchrotron

(B»1/xs; xs - orbital period = 3.683 us for the APS).

N 0 D = number of observed counts per second recorded by a detector with only a

low level discriminator only (i.e; multiple photons count only as one).

N n = number of observed counts per second produced by events with n

simultaneous photons.

We first consider the case of m equi-spaced and equi-particle bunches,

n one second, we see mB bunches. Since they are equal current bunches, the

probability that a detected photon came from any one particular bunch is just 1/mB.
ror later discussion, it is useful to formulate the problem in another way. We can

hink of the problem as the following. We have N balls in our hands and there are B

)ig boxes, each of which contains m small boxes so that we have a total of mB boxes.

Ne now randomly throw the balls into the boxes. Within each big box, there is an equal

probability that the ball falls into any of the m small boxes. Thus, the probability that

he first ball falls into any particular box is 1/mB. The probability that the first ball

ioes not fall into that box is (1 - 1/mB). Therefore, the probability that none of the

>alls fall into that box is: _

(1-1/mB)N.

Vfter all the balls have been thrown, the total number of empty boxes is:

mB(l-l/mB)N.

Since we are assuming that the detectors cannot temporally resolve multiple photons

rom each bunch (in this case, multiple balls in each box), the observed number of

)hotons N 0 D , is just the number of boxes with at least one ball, i.e.;

Nob=mB- mB(\ - \jmB)N.



Now, consider the probability of multiple photons from each bunch (i.e., multiple

balls in a box). Consider any one particular box. After all the balls have been thrown,

the probability that there are n balls in the box is:

n

The first term is the number of ways of choosing n balls from N, that is, choosing

which of the N balls actually fall into the box. The second term is the probability

that the n balls fall into the box while the final term is the probability that the rest

of the balls, N - n, do not fall into the box. Thus, the total number of boxes with n

balls is:

(5)

We now consider the case where the storage ring is run in an asymmetrical

mode where there are 19 bunches temporally close together, and one single bunch

opposite the 19 bunches. For the APS, If we fill adjacent RF buckets, the total

temporal length of the 19 bunches is 51 ns and for our purposes, we assume that the

detector cannot temporally resolve multiple photons coming from it. Thus, we treat

the system as having only 2 'groups', with the probability of a photon coming from one

group (the 19 bunches) being 19 times the probability of a photon coming from the

other group (the single bunch). A 'group' is thus defined as a set of any number of

bunches temporally close together such that the detector cannot temporally resolve

multiple photons coming from it. (Note that the situation is the same as if the ring

has only two symmetrically placed bunches, but with one bunch having 19 times the

number of particles as the other.) The problem can be thought of as follows:

(In one second), we have a total of B big boxes, each of which consists of 2 small



boxes labeled <x-| and 012- We have in our hands a total of N balls that we throw into

the boxes. Within each big box, the probability of a ball landing in an 04 box is 19/20

and the probability of a ball landing in an <X2 box is 1/20. What we want is the

distribution of the balls in the boxes after we have thrown all the balls. Following the

calculations for the equi-current and equi-spaced bunches shown above, the
probability of the first ball falling into a particular a-| box is a-|/B, where we have

used cc-| to denote both the box and the probability 19/20. The total number (after all

the balls have been thrown) of empty oĉ  boxes is therefore:

Similarly, the total number of empty o&2 boxes is:

B(l-a2/B)N. ( 7 )

Thus, the observed number of photons, NOb, (or the total number of boxes with at least

one ball) is:

Nob=2B-B (l-a2/B)N]
(8)

Now, we consider multiple photon events (or multiple balls in a box). The

probability that there are n balls in a particular 04 box is:

N-n

(9)

Again, the first term corresponds to the number of ways of choosing n balls from N t

the second term is the probability that n balls fall into a particular a-j box, and the

third term is the probability that the rest of the balls do not fall into that box. A

similar expression exists for 0C2 boxes. Thus, the total number of boxes with n balls

is

B
N

n B ) B) B )
(10)



In general, it is easy to see that if we operate the synchrotron ring with m

groups (not to be confused with bunches), and associate with each group a probability

m

of ctj for i « 1 to m v«=i J, then the observed photon rate NOb is:

N

i=lx — (11)

(Note that the ccfs depend on the total current within each group)

The rate for n-multiple photons, N* is:

B (12)

In the limit of B/<XJ » 1, equation (11) reduces to

i=l (13)

and in the limit of N » n and B/aj » 1, equation (12) reduces to

(14)

Notice that as expected, as w-»°°

Due to the random nature of the counts arriving at the detector, Poisson

statistics should apply. Poisson statistics also require that N » 1 and OCJ/B« 1. We



now show that the results in equations (13) and (14) are indeed consistent with

Poisson statistics. Consider a particular group (or a particular type of box) ctj. The

average number of photons coming from that group each time the group passes by is

ocjN/B. Thus, the Poisson probability distribution for n counts coming from this group

each time it passes by is:

B ) n\ ( 1 5 )

Since there are m different groups, each of which comes around B times per second,

the total number of events with n counts is:

nl (16)

which is equation (14) exactly. The probability that zero counts come from a

particular i-th group in one pass is e'a\N^. Therefore the probability that at least

one count comes from the group in one pass is 1- e"ai ^ . As there are m groups and

B passes per second, the total number of observed photons (again, assuming that

multiple photons only count as one) is:

( = 1 V ' (17)

which is identical to equation (13).

It is useful to compare the above expression for N 0 D with similar

expression for continuous x-ray sources. We shall only consider the case of equi-

current groups, i.e; CCJ = 1/m for m groups. For a uniform continuous source with

detector/electronics dead time of x^, the observed count rate is:(



Nob=N(l-Nrd) ( 1 8 )

for small count rates N t^ « 1. For synchrotron radiation, the time duration of a group

is usually much smaller than the inter-group time. Our assumption that the detector

and electronics can temporally resolve photons from different groups but not from

within the same group implies that:

time of one group < t j j < inter-group time

Assuming an average, approximately, x<j = 1/2mB, since the inter-group time is 1/mB.

For small count rates where CCJN/B « 1, equation (3) can be written as:

For equi-current groups, cq = 1/m, and substituting %$ into 1/2mB, we obtain

Nob=N(l-Nrd) ( 2 0 )

which is equation(18).

Figure 1 illustrates several possible filling modes of operation for the

APS. In the case of mode 1, which is a case considered above, the number of groups m

= 2, and a-\ = 19/20 and cc2 = 1/20. In mode 2, m = 2 and a-| = o.^ = 1/2. In the normal

operational mode, mode 3, m = 20 and aj = 1/20 for i = 1 to 20. In figure 2, we plot

N o b ^ ' n Percent as a function of N for the different modes of operation. It is

evident from the plot that in the asymmetrical mode of operation, mode 1, the losses

due to finite time constants is generally larger than that of the symmetrical mode 3,

especially at high true mean count rates (N). At low count rates (< 60000 cps), the

differences in the losses between the 3 different filling modes are small. In the

asymmetrical mode, the losses at N = 60000 counts per second is only 10%. In the

symmetrical modes 2 and 3, a loss of 10% occurs when N is about 21% of the group

repetition rate mB. Figures 3, 4 and 5 show the rates for single and multiple photon



events for each mode. Note that in figure 3, the first set of peaks at lower N js due to

the contributions from the 19 particle bunch group while the second set of peaks at

higher N is due the contribution from the single particle bunch group.

Table 1 lists observed count rates NOb for which NOb/^ = 0.9 for several

typical detectors. The numbers quoted are for each individual component. We see that

although the dead times of the detectors themselves are usually very small, when

they are connected to the electronics, the effective dead time is dominated by the

electronics. In cases where the dead times are larger than the intergroup times, we

have used equation (18) for computation. We note that in cases where %$ is less than

the group time, (for example in the case of plastic scintillators) the true value of NOb

is slightly higher than the number quoted because a fraction of multiple photon events

will be resolved. In practice, the electronic systems would usually saturate before

[these counts rates are achieved.

In summary, from basic probabilistic arguments, we have derived general

[expressions for counting losses for pulsed x-ray sources. We have shown that such

arguments are consistent with Poisson statistics. Differences in losses due to

several different possible operational modes have been discussed. In particular, we

conclude that although running the synchrotron in an asymmetrical mode generally

increases counting losses, the differences are significant only at high true mean

jcount rates, N > 60000 cps. In fact, for most detector electronics with dead times

larger than the ring frequency, there should be no observable differences.
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Figure Captions.

Figure 1.

Three possible filling modes for the APS. The orbital period is 3.683 \is. Using the

definitions defined in the text, for mode 1, m = 2, and a-| = 19/20 and aj = 1/20. For mode 2, m = 2,

and cci = c*2 = 1/2. In the normal operational mode of 20 equi-particle and equally spaced bunches,

m = 20 and CCJ = 1/20 for i = 1 to 20.

Figure 2.

Plot of Nob/W in percentage as a function of Nbar for the 3 modes depicted in figure 1.

Figure 3.

Single and multiple photon events (i.e; number of boxes with one, two, or three balls) as a function

of N for mode 1.

Figure 4.

Single and multiple photon events as a function of N for mode 2.

Figure 5.

Single and multiple photon events as a function of N for mode 3.



Table 1.

Observed count rates NOb for which NObw=0.9 for several typical detectors.



Table 1.

Component

Plastic
Scintillation
Detector
Nal
Detector
Si/Ge
Solid State
Detector +
Electronics

Typical
Dead
Time'

0.5ns

0.5ns

5\isec

Nobfor^- = 0.9

Model

1070000

55000

18000*

Mode 2

1070000

106000

18000*

Mode 3

1070000

200000*

18000*

*Computed using equation (18).
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ABSTRACT

In an attempt to develop a monochromator of synchrotron radiation (AE ~ 10-6 eV) using
grazing incidence anti-reflection (GIAR) principle, we made SnC>2 GIAR films on Pd (buffer layer)
/ C1-AI2O3 (substrate). Films are fabricated by magnetron sputtering technique and characterized
film thickness and interface roughness by x-ray diffraction technique using the conventional and
synchrotron radiation sources. We demonstrated the electronic scattering suppression of ~ 10-2 and
that the present system is feasible to achieve the required goals for monochromatization of
synchrotron radiation source for the energy range of 23.87 keV.

1. INTRODUCTION

The monochromatization of synchrotron radiation x-ray sources is usually accomplished by
Bragg scattering of single crystals, single- or multi- layer thin films in the range of 1 ~ 10-3 eV.
Use of resonant nuclear scattering of film materials containing with a low- lying (under 100 keV)
excited state suitable for the Mossbauer effect and grazing incidence anti-reflection (GIAR) to
suppress electronic Rayleigh reflection is the basic idea behind the design of ultra high resolution
nuclear Bragg monochromator (E = 106 - 10 -9 eV).

The idea of using synchrotron radiation for nuclear coherent scattering was first proposed
by Ruby1. The first successful demonstration of monochromatizing the synchrotron radiation to
the nano-eV level was performed using Yttrium Iron Garnet (YIG) single crystal containing 57Fe at
14.4 keV 2 Since then similar experiments have been performed by other groups using Fe2O3

 3 '5 ,
YIG single crystals 6 or FeBO3 7.

We developed and fabricated the monochromator system of SnO2 GIAR films on
palladium, Pd (buffer layer) / sapphire, CC-AI2O3 (substrate) using a magnetron sputtering
technique to apply to monochromators of hard x-ray (~ 23keV) synchrotron sources by 119Sn
nuclear resonant scattering. Films are characterized by x-ray diffraction of conventional and
synchrotron radiation sources, and demonstrated that the present system has the possibility to
achieve the required specification of suppression of electronic scattering - 10-3 to 10-4.



2. EXPERIMENTAL

Samples are prepared by UHV compatible magnetron sputtering system (Microscience)
equipped with heating capability of substrates during deposition and a load lock chamber. Base
pressure is - lx 1(F Torr or better attained by a turbo-molecular pump and a foreline mechanical
pump. Substrates are single crystal sapphires ((X-AI2O3) and quartz glasses with the size of- 13 x
13 mm and ~ 25 x 25 mm. They are baked after degreasing at ~ 500 C for - ] hour in the load lock
chamber under the vacuum of - 10-6 Torr to obtain atomically clean and smooth surface. SnC>2
films and Pd (or amorphous PdSi, a-Pd«oSi2o) are deposited by a ~ 38 mm diameter RF and DC
magnetron guns respectively. Oxide films (SnC>2) are sputtered in O2 atmosphere of Po2 = 0.5
mTorr with Ar partial pressure PAT = 0.5 mTorr. a-PdgoSi2o» on the other hand, are prepared
through the clustered guns which are simultaneously fired.The substrate and target distance is
varied in the range of 15 ~ 20 cm to achieve uniform thickness over the film area. Substrate
temperature (Tsub) during deposition is kept about 70 C for SnC>2 films and room temperature for
other films.

X-ray reflectivity measurements are carried out using in-house sealed x-ray tube
double-axes (for Cu-Ka, 8.03 keV) or triple-axis (for Mo-Kot, 17.48 keV) as well as the energy
of 23.87 keV using Si(220) double crystal monochromators at the beamiine X-18B of the National
Synchrotron Light Source, Brookhaven National Laboratory.

3. EXPERIMENTAL RESULTS

Design of SnO2 GIAR films for E - 24 keV source is considered. To achieve narrow band
synchrotron source in this energy range which correspond to II9Sn low lying nuclear excitation
energy, a SnO2 film on Pd (buffer layer) / O1-AI2O3 (substrate) as shown in Fig. 1 are designed,

based on GIAR principle for electronic scattering suppression while maintaining good reflectivity
for nuclear coherent radiation of 119Sn nudeus.Because SnC>2 (medium 1) has the lower electron

density Ne L= n (Z+ Af)|, Nei = 1.78 x 1024 than Pd (medium 2) Ne2 = 2.99 x 1024 cm-3, one can

;•.' medium 1

medium 2
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Fig. 1. Grazing-incidence geometry in an impedance-matched GIAR film of S11O2 on Pd/ CC-AI2O3.
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choose incidence angle <J> in such a way as <t>ct < (j>< <j>C2. where the critical angles <j)ci = 2.08 x
10-3. and (j)c2=2.7(Tx 10-3 radian for SnO2 and Pd respectively [<j>c = { r o ^ N e / t r } ' ^ , ro=2.82 x
10- '3 cm]. Therefore the incident beam can penetrate deeply into the top two layers according to 1 ±

=A./47t<))P", where l x is the perpendicular penetration depth, p' is imaeinary part of "refraction
factor" 9 p, Pj= [ l - (§c/ty)2+ i (X/2jt<}>2]A)2]i/2 and absorption length, 1A] = 13.8x10-3cm and 1A2 =
8.16x 10-3 cm for SnO? and Pd respectively. Applying Fresnel formula to two interfaces 0 -1 and 1 -
2, one gets the reflection amplitude, R (<j>) from a bilayer 8-9

R (((,)= (1)
1 + 2 l ? l

where Roi and Ri? are the reflection amplitudes at the medium interfaces 0-1 and 1-2, respectively,

Roi (40- (1 - P i ) / ( 1 + Pi ) (2)

( P i - P 2 ) / ( P i + p 2 ) (3)

It is then possible, in the limit of zero absorption, to suppress reflection from GIAR films with (i)
"impedance matching" condition Roi = R|2, >-e- P i 2 = P2» anc* (" ) a quarter wavelength condition,
e2ig]l] = - l , i.e. 2gjli = mrc (m being odd) and gi= 2n^\/X. Such two conditions that the
reflections at the interface 0 - 1 and at the interface 1 - 2 are equal of amplitude, and 180* out of
phase will be satisfied only for a particular set of incident angle §Q and the thickness 11 which is
given by

m7i
1, = (4)

4(<]>02-<t>cl2)I/2

The general case where photoabsorption is included yields the impedance matching condition,
R()l=R|2 e xP |-2gf'(<t>)lil. The inclusion of photoabsorption increases the angle <$>Q and the range
of thickness lj required to reach antireflection.

Fig. 2 (a) and (b) show the calculated and measured reflectivity versus incident angle <|> of
the SnCb/ Pd on 25x25mm2 sapphire substrate system for the energy 23.87 keV. Antireflection
occurs at <j>o = 3.3 mrad and l\ = 152 A with electronic suppression of ~ 10-7- The spectrum in Fig.
2 (b) was measured by the synchrotron source of 23.87 keV. From a fitting analysis, GIAR films
are characterized to be SnCb (141 A) / Pd (430 A) with total roughness ~40 A and observed
suppression at the angle 0o is estimated about 10-2. in real systems, reflectivity suppression due to
the cancellation of two reflected waves between top surfaces (i.e. SnCb/ air) and SnCb / Pd
interface is not complete mainly due to (i) nonuniformity of the first layer thickness (SnCbl. and
(ii) the roughness of the surface and the interface.

Variation of the film thickness over the large area can be minimized by oscillating substrates
over sputtering guns and also setting a substrate at appropriate distance from a target. When using
a clustered guns with ~ 15' tilting from vertical direction, larger substrate - target distance usually
resulted in better uniformity. This uniformity AD/D, where D being the film thickness is measured
by radiating x-ray (Cu-Ka) on the narrow region of ~ 2mm and scanning over the substrate area
and found to be less than 5 % at the optimum distance. Use of a larger size of target will help to get
smaller AD/D.

-etaj-
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Fig. 2. The calculated (a), and measured (b) reflectivity of SnO2 layer coated on Pd/ (X-AI2O3
using 23.87 keV radiation. The theoretical cancellation occurs li =152 A , (|)jo = 3.3 mrad and
electronic suppression ~ 2xlO-7- The GIAR film is SnCh (141 A) / Pd (430 A) / CC-AI2O3. The
experimental suppression is an order of 10"2.
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Characterization of roughness ai surfaces and interfaces are of great interest and of
importance for applications10.12.13. Surface roughness are measured by reflectivity using Cu-Ka x-
ray source in three systems as shown in Fig. 3. Reflectivity from (a) a-A^C^, (b) SnChJ (X-AI2O3,
and (c) Pd/ OC-AI2O3 are fitted with modified Fresnel reflection amplitude R'jj (<}>) = Rjj(((>) exp
(--gizgjz^ir). where Cjj defines roughness between the layers i and j J0. Estimated roughness for
SnO2 and Pd are 30 A and 50 A respectively. This roughness is comparable to the value obtained
in Fig. 2 (b). It is well known that sputtered metallic films tends to exhibit columnar growth which
may induce roughness at interfaces. Fig.4 shows reflectivity using Cu-Ka radiation from ~ 50 A
(a) and -90 A (b) thick SnO2 films on (X-AI2O3. Data agrees well to theoretical reflectivity with no
roughness. This result indicates that film growth of SnC>2 on sapphire is much smoother than
thicker one and be able to use as GIAR films. Main problems are from Pd films as is seen in
Fig. 5. which shows reflectivity from -50 A (a) and -90 A (b) of SnC«2 on Pd(1000A)/ OC-AI2O3.
Loss of reflectivity due to roughness is evident. To overcome much rougher surface problem, one
way to optimizing growth condition of Pd on CC-AI2O3 to minimize such columnar film growth.
Other alternative to reduce roughness is to amorphasize Pd by co-sputtering Si about 20 at% to
make Pd8()Si20 ar>d to prepare smoother surface. Preliminary experiments shows that amorphous
Pds()Si20 filrns are relatively easy to make using clustered guns. It is also worthwhile to use an
alloyed PdSi sputtering target to get smoother a-PdsoSi2O films.

4. SUMMARY

SnC>2 GIAR films are prepared by magnetron sputtering on Pd/ (X-AI2O3 to apply for
monochromators.in the synchrotron radiation source. Employing synchrotron source of 23.85 keV
of ' I9Sn nuclear resonance energy Electronic suppression is achieved to - 10-2 for as compared to
theoretical value- 2xlO-7at 3.3 mrad incident angle. Inhomogeneity of film thickness of SnCb and
interface roughness with Pd films are main obstacles to improve the performance in cancellation of
iwo reflected waves between top surface (i.e. SnO2/ air) and SnO2/ Pd interface.

From the suppression of electronic reflectivity point of view, this roughness, or height
distribution at the interface is not desirable. However, one should point out that a perfectly flat
interface is also of limited use due to extremely narrow acceptance angle of about 30 u,rad at 3.3
mrad. which is much narrower than current x-ray sources, with the exception of undulators.
Therefore, a smoother interface with few angstrom height distribution is an acceptable solution. To
introduce roughness in the controlled fashion, one can try to grow amorphous Pd substrate by
alloying it with Si. This will eliminate the columnar growth, and unidirectional growth , resulting
in a smoother interface.
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Fig. 4. Reflectivity measurement from the
SnO2 films of the thickness, (a) 49 A and (b)
88 A on a-AI2O3.Calculated curves without
roughness are also shown. This result
indicates that thin layer of SnO2 films directly
deposited on (X-AI2O3 are smooth enough for
the application to GIAR.
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Fig. 5. Reflectivity measurement from the
SnO2 films of the thickness, (a) 46 A and (b)
90 A on Pd (1000 A) / (X-AI2O3. Calculated
curves assuming no roughness at interfaces
are also shown. Deteriorated reflectivity
relative to the theory is caused mainly by
accumulated rougher Pd film surface .
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Abstract
n. SR INTENSITY INTERFEROMETER

This paper presents an approach for the measurement of the
particle beam size based on x-ray intensity interferometry. Two Fig.l presents a simplified scheme for an intensity intsr-
technically feasible schemes are proposed and analyzed. This ferometer.
type of interferometer will provide a resolution of a few tenths
of a micron for a positron beam that emits undulator radiation. i a i
The minimum required time for the measurement is about 30 ~? tt Radiation source
sec .

I INTRODUCTION

Intensity interferometry as introduced and developed by
RBrown and R.Twiss [1,2] has widespread application now in
different areas of physics [3,4], with one of the most
successful application in laser physics due to high spectral
power laser source [5]. The possibilities of intensity
interferometry in the x-ray region are discussed elsewhere [6],
but it appears useful to consider it again because of the
creation of third-generation synchrotron radiation (SR) sources.
The main goal of these sources is the utilization of the
radiation from special insertions devices providing high
spectral power in the x-ray wavelength region. Intensity
interferometry could be an adequate tool for the particle beam
diagnostics, as well as an instrument for the characterization of
the coherent properties of x-ray radiation. Some possibilities
for the use of intensity interferometry for synchrotron radiation
sources have already been discussed [7,8]. However, it is
essential to consider real technical schemes for applications in
sources that exist now and are under costruction. This paper
discusses an undulator at Advanced Photon Source as a source
for intensity interferometry.

Amplifier

Monochromator

Slits

Detector 1

Amplifier

Work sponsored by U.S. Department of Energy, BES-
Materials Sciences under Contract W-31-109-ENG-38

Correlator

Fig. 1 Intensity interferometer scheme: a-source size,,
L-distance source-detector, 1-distance between slits, X.-wave-
length, AX-wavelength bandwidth.

The signals from two "square law" detectors are amplified
and multiplied together in the linear mixer. The average value
of the product gives a measure of correlation in the
fluctuations. The main result of the Brown-Twiss effect
consists of the dependence of this product on the relative
position of the slits in front of the detectors: the correlation is
increased when slits are placed in the area coherently
illuminated by the source.

Two of the main characteristics of the experimental scheme
should be mentioned here: the coherent time of the source



and the resolving time TO of the correlator
which should be smaller than the reverse value of the amplifier
bandpass. The relation between these parameters defines what
kind of the experimental technique should be chosen for the
signal detection. In the case TO « Tcoh the counting
technique would be adequate, and if Tcoh « T0 the average
current from the detector should be measured [9].

Before starting the comparison of these two different
techniques we need to determine the optimum wavelength for
the measurements, selecting as a source the Advanced Photon
Source 7-Gev storage ring. The diffraction limit defines the
relation between the source size a and the angular diveregence 8
of the radiation:

8'

But from other side:

YVN

where N is the number of undulator periods and y is the
relativistic factor. As a result:

Aa-X-yVN

The spatial resolution of the beam size measurement does
not depend what kind of registration technique is used and can
expressed in the following form:

Ala2

It should be noted here that the approach considered in this
paper is valid if

and for APS:

For the APS undulator this condition is satisfied.

m CONCLUSION

The feasibility of intensity interferometry for the APS
undulator has been demonstrated. In addition, it has been
shown that both an acceptable time scale for measurements and
the spatial resolution are readily achievable.

Acknowledgement

The author is grateful to Dr. M. Zolotarev for fruitfull
discussions.

The wavelength practically defines the type of the
monochromator that can be used for the measurements. This is
the crystal type monochromator. Recently a significant step in
x-ray monochromatization was made by inventing of the
nuclear-Bragg scheme [10,11]. As a result, a level of
monochromatization of AXA-10"1 2 was achieved. Conse-
quently, the feasible coherent time now is about 10"7 sec.
This time is certainly larger than resolving time of the
contemporary registration instrumentation and the counting
technique is convenient. With the spectral flux from the APS
undulator [12] of about 1021 p/s the detector counting rate Nd
will be about Iff* c/s and a coincidence rate Nc-TcohN^ of
about 10 c/sec can be achieved. A beam size measurement
time of about 20-60 sec seems realistic.

In the case of the crystal monocromator utilization the
coherent time is equal 10 ' 1 5 sec for the 1 A wavelength
radiation. This value is much smaller than typical resolving
time for the amplifier, so the "current technique" should be
chosen. The time measurement T can be estimated as follows:
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Abstract
We propose to measure the transverse coherence of an x-ray beam, for the

first time, by Hanbury Brown intensity interferometry. Our approach is to use an
intensity interferometer adapted to the soft x-ray region. The X1 or X13 soft x-ray
undulator at the National Synchrotron Light Source will supply the partially
coherent x-rays. We are developing this technique to characterize the
coherence properties of x-ray beams from high brilliance insertion devices at
third-generation synchrotron light facilities such as the Advanced Photon
Source.

Introduction
Hanbury Brown and Twiss (HBT) intensity interferometry was first applied

optically to measurement of the angular sizes of stars [1,2]. It is potentially suited
to characterization of the coherence properties of x-ray beams produced by
high brilliance undulators [3-5]. The vertical phase space of undulator emission
approaches the diffraction limit at modern low-emittance storage rings,
therefore, determination of the source extent and shape is of considerable
interest for both x-ray and electron beam diagnostics, and for coherence-
dependent applications such as x-ray microfocusing [6] and holography [7].
HBT interferometry is particularly promising for x-ray source characterization
because it is capable of diffraction-limited resolution. Moreover, intensity
interferometry is much more tolerant of optical path-length mismatches and of
figure and surface finish imperfections in beamline optical elements than
amplitude interferometry.

* Currently at the European Synchrotron Radiation Facility, BP220,38043 Grenoble, France.



Intensity interferometry requires a spectrally brilliant source. The NSLS soft
x-ray undulator (SXU) beamlines, X1 and X13, are the most brilliant continuous
soft x-ray sources now operating [8,9] and thus are uniquely suited to a first
demonstration of this technique.

We intend to measure the transverse (spatial) coherence of the undulator
beam in the vertical plane using an intensity interferometer specifically adapted
to the x-ray region. Given the substantial spectral brilliance of the NSLS SXUs
(6-20 x 1016 photons/mm2/mrad2/s/0.1 % BW at a wavelength of 3.5 nm), we
calculate that intensity interferometry is feasible on time scales of several
minutes using an interferometer having a time resolution of a few nanoseconds.
In this paper we discuss our experimental approach, pertinent source
characteristics for the X1 SXU and third-generation undulators, and the
anticipated detector current and measurement time at the X1A beamline.

Experiment
In an HBT experiment two or more detectors are deployed approximately

within the coherence angle of the beam (see fig. 1). The incident intensities
recorded by the detectors are delivered to a correlator that resolves time-
averaged fluctuations in the detected signals. The intensity fluctuations occur
naturally on the scale of the coherence time tc = X,2/cAX of the beam. For
ordinary x-ray monochromators, tc is much smaller than electronically
achievable temporal resolution limits, so obtaining a statistically significant
result necessarily involves integrating the correlator output for many coherence
time intervals. To measure the beam's spatial coherence, one records the
number of excess time coincidences due to photon bunching versus the
number of random coincidences due to shot noise (background signal) over a
suitable integration period. This is repeated as the detector aperture separation
is increased until the detector apertures are separated by more than the
coherence width of the beam, at which point the excess coincidence rate
becomes lost in the background. A plot of the excess coincidences as a function
of detector separation gives the modulus of n12, the complex degree of
coherence of the beam, from which the source size can be found according to
the Van Cittert-Zernike theorem [10]. Provided the source distribution is
symmetrical, its shape is determined by taking the Fourier transform of |n12|.

Our approach is similar to the analog experiments made by Hanbury Brown
and Twiss with visible light [1]; a photon counting version of this experiment is
not workable in the x-ray region because of the high fluxes expected. The
interferometer we are building consists of a pair of translatable slits with
adjustable spacing, two fast analog x-ray detectors with broadband
preamplifiers, and a low-noise correlator. The slits define the effective detector
acceptance and transverse location. A fast linear multiplier followed by a low-
pass filter perform the correlation function. The temporal resolution of the
detectors, amplifiers, and correlator should be as short as possible to minimize
the measurement time.



Source Properties
The source degeneracy parameter and the beam coherence angle with

respect to its divergence determine the feasibility of this experiment. Table 1
gives the source dimensions for the X1 SXU. We will restrict our attention to the
vertical plane, because very little of the flux is coherent in the horizontal plane
(the electron beam dominates the horizontal phase space of the photon beam)
and the X1A beamline spherical grating monochromator disperses horizontally.
The vertical coherence width at the experiment is defined 23 m away by the
source, while the monochromator exit slit defines the horizontal coherence
width approximately 3 m away. The interferometer will therefore be oriented
such that it is insensitive to horizontal intensity fluctuations. Both the X1 and X13
SXU beams are spatially stabilized in two dimensions by beam position monitor
feedback control systems [9].

From table 1, it is clear that a significant fraction of the flux in the SXU beam
is coherent along the vertical axis. On the other hand, the SXU beam is
sufficiently naturally collimated vertically that its coherence angle is comparable
to the beam divergence making intensity correlations difficult to measure near
the beam's vertical angular extremities. Hence, it may be necessary to narrow
the coherence angle by increasing the horizontal to vertical coupling of the
stored electron beam, thereby widening its vertical extent.

The signal-to-noise ratio applicable to intensity interferometry depends
critically on the source degeneracy parameter 5, the number of photons emitted
per phase space volume per coherence interval [11,12]. For optical lasers 5 is
huge. By contrast, it is usually less than unity even for the most brilliant x-ray
sources. For undulators, the source degeneracy parameter can be calculated
via

• »8f (1)

where B is the spectral brilliance (expressed in units of photons per unit time
per source size, area and bandwidth), X is the wavelength, and tc is specified
for the same bandwidth as B (e.g., 0.1%). Eq. 1 characterizes the source
irrespective of the interferometer acceptance. But, the strongly differing vertical
and horizontal coherence properties of modern undulator sources suggest an
alternative treatment. Assuming the interferometer accepts the entire horizontal
extent as well as the vertically coherent portion of the beam, the effective
vertical degeneracy parameter

j
= 1.67x10"18 B[smm2mrad20.1%BW]"1

x £x[mm] £x< [mrad] X2[nm] (2)



is the relevant figure of merit, where £x and £x> are the horizontal source size

and divergence. By contrast to 5 which is proportional to X3, 8y « \2. As a
result, the effective vertical degeneracies of hard x-ray relative to soft x-ray
undulators vary much less than the respective source degeneracy parameters,
which may span five or more orders of magnitude. Table 2 compares 8y for the
X1 SXU with high brilliance x-ray sources under construction.

Horizontal size 2^

Vertical size Iy

Horizontal divergence 2X-

Vertical divergence 2y

Horizontal coherence angle £2X

Vertical coherence angle i iy

390

20

250

70

3

56

um

urn

lirad

l̂ rad

jarad

[irad

Table 1. Source properties of the NSLS X1 soft x-ray undulator for a
wavelength of 3.5 nm. The beam sizes and divergences shown are the intrinsic
(diffraction-limited) values summed in quadrature with those of the electron
beam. For a one-dimensional source, that part of the beam with at least 84%
coherence is contained within an angle Q, - X /TC£, where E is the source size.

Source

NSLS SXU
ELETTRA U2

ALS U3.9, U5.0, U8.0
ESRF U5.5, U3.5
APS U-A, U-C

Brilliance

2 x 1017

3 x 1018

3 x 1018

2 x 1018

2 x 1018

X

2
2
1

0.1
0.1

(nm)

- 5
- 5
-10
- 1
- 1

0.13-0.8
0.19-1.2
0.08 - 8.0

0.0003 - 0.03
0.0003 - 0.03

Table 2. Estimated effective vertical degeneracy parameters for high brilliance
undulator sources at various synchrotron radiation facilities [9, 13-16] . Source
brilliance is given for the machine design current in units of
photons/s/mm2/mrad2/0.1% BW.



The Interferometer
The footprint of the SXU beam at the experiment only occupies a few square

millimeters; the interferometer must be compact to accomodate its small size.
One way to effect compactness is to select two parallel rays from the incident x-
ray beam with slits, then separate them with a slender wedge-shaped mirror
operating at grazing incidence. After the two beams have diverged sufficiently
they can be sensed by detectors of larger dimensions. Our interferometer
design is illustrated schematically in fig. 2.

We will use an array of pairs of slits with various spacings. Slits that are 20-
50 urn high by 1 mm across sample the beam's vertical coherence width (1.3
mm) with enough spatial resolution to map its extent, yet accept the full
horizontal breadth of the beam. The straightness and parallelism of the slits
need only be accurate to a few mrad. Each slit pair is selected by translating the
array with a linear manipulator. The slit array can be produced by laser-drilling
a thin metal substrate; the substrate should be thick enough to isolate the two
beams effectively.

The detectors are low-impedance, high-current microchannel plates
(MCPs) chosen for short time resolution and wide dynamic range. The time
response of the MCPs is minimized by using low resistance gold anodes, and
their soft x-ray quantum efficiency is enhanced by coating the photocathodes
with a thin layer of Csl or Cul. The interferometer must be operated in a UHV
environment to protect the MCPs from contamination and shorting; UHV also
minimizes x-ray absorption in the beam path.

The interferometer circuitry will be optimized for speed. We feel that a time
resolution of 3 ns is a reasonable objective using commercial electronics. For
best performance the correlator should contribute minimal noise and DC drift. A
configuration designed to accomplish this using synchronous (i.e. lock-in)
detection is diagrammed in fig. 3. Standard NIM modules perform the duties of
the major functional blocks. An RF double-balanced mixer serves as the
multiplier. This circuit essentially emulates that built by HBT [17] with the benefit
of modern electronics. However in addition to greater throughput, the hardware
we have selected has lower noise, better stability, and is more easily
reconfigurable.

The signal-to-noise ratio can be further optimized by taking advantage of the
strict time structure of the source. Undulator radiation arrives in pulses on time
scales of 108 s, reflecting the bunched nature of the electron beam. By ignoring
random coincidences that occur between bunches it is possible to reduce the
noise background significantly. This can be accomplished by gating the
interferometer detectors and synchronizing the correlator to the bunch arrival
time, which is phase-locked to the storage ring RF cavity frequency.



Predictions for the count rate
Based on the x-ray flux measured at the X1A beamline [9], we can predict

the mean detector current and minimum integration time necessary to obtain an
adequate signal-to-noise ratio. The SXU typically produces a spatially coherent
spectral flux of 2 x 1011 photons/s/0.1% BW at X=3.5 nm, or about 2 x 103

photons/s/Hz. A pair of 20 urn x 1 mm slits at the end of the beamline accepts
6 x 10"7 mm2mrad2; the slits sample approximately 1 /64th of the vertically
coherent area. Accounting for these geometrical factors and a beamline
efficiency of 6%, the interferometer detectors together receive a flux of about 4 x
109photons/s. Conservatively estimating the combined mirror and detector
efficiency to be 1 % at this wavelength, we find the detected current No in each

MCP is 6 x 109 photoelectrons/s. This is comparable to the currents obtained by
Hanbury Brown and Twiss [17] using photomultiplier tubes in the optical region,
lending confidence to our obtaining good results with soft x-rays.

A lower bound on the measurement time T may be estimated [5] via

T » *oCVc)"2 (3)

where x0 is the interferometer time resolution. A monochromaticity of X/AK =

1000 at X = 3.5 nm is easily achievable at X1 A, corresponding to tc = 12 fs.

Inserting No = 6 x 109 s*1 and x0 = 3 ns into eq. 3 admits T » 1 s. An integration

time of 10-20 minutes allows ample margin for detector and correlator noise.

Conclusion
Currently, we are assembling the components for the HBT interferometer

and will begin testing the completed device in early 1992. Successful extension
of this technique to the x-ray region will significantly augment our ability to
characterize the coherence properties of high brilliance undulator beams. This
technique is potentially valuable as a diagnostic tool for x-ray and electron
beam characterization at third-generation synchrotron radiation facilities such
as the Advanced Photon Source.
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Figure Captions

Fig. 1. Optical geometry for measuring the spatial coherence of an undulator
beam by HBT intensity interferometry. The monochromator is presumed to
be a standard undulator beamline component. The interferometer (slits and
detectors) is aligned to the monochromatized beam; the correlator electronics
are located nearby.

Fig. 2. Lateral view of the intensity interferometer (schematic, not to scale).
Partially coherent x-ray beam enters slits at top. X-rays passing through the slits
are deflected at grazing incidence by a narrow wedge-shaped mirror, and
detected by MCPs situated to each side of the optical axis. The MCP output
signals are collected by coaxial 50 O anodes, preamplified, then transmitted by
shielded cable to the correlator.

Fig. 3. Block diagram of the HBT correlator. The first two mixers (at left) chop
the detector output signals with square-wave envelopes supplied by local
oscillators at frequencies fi * f2. The fast mixer (center) performs the correlation
operation and the linear gates (at right) demodulate the correlator output at the
two chopping frequencies.Time-correlated events are recorded by a counter
following the low-pass filters at the end of the signal chain.
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SPECIFICATION OF A PROTOTYPE ZONE PLATE FOR FOCUSING HARD X-RAYS

W.B. Yun. J. Chrzas and PJ. Viccaro

A zone plate capable of focusing hard x-rays to less than 1 pm spot size is designed and

specified. This design is based on the state-of-art fabrication technology available today.*

This zone plate consists of Cu/AI layers sputtered alternatively on a round stainless steel

core. Parameters of this zone plate (see Fig. 1) are given below:

stainless steel core diameter a 100pm

zone plate focal length / 30cm (E=8Kev)

zone plate diameter d 160pm (i.e. total deposition is 30pm)

zone plate material Cu/AI

zone plate thickness t 13.5pm

where the focal length / is given for 8Kev x-rays and the thickness is optimized for focusing

efficiency for the same x-ray energy, a and d can be translated and presented by zone index

k and associated zone width £i2* using zone plate equation

R\ ~ fkX,

where R^ is the radius of the fcth zone.

Considerations in the specification

1. Spatial resolution: this zone plate is designed in such a way that it could be used to obtain

about 0.3 micron spatial resolution with a 10 micron source pinhole located at about 10

meters away from it. This requires that the smallest zone width be less than 0.3pm and

that the focal length be less than 30cm. The zone plate can be characterized by measuring

intensity distribution at the primary and higher order foci. Difference in the measured

intensity distribution from those calculated for a perfect zone plate yields information about

the registry of all the zones fabricated. The ratio of the integrated intensities at the higher

order foci to that at the primary focus gives information about the aspect ratio of Al and

Cu layers.



2. Material selection: Cu/AI has been shown to be suitable sputtering materials for producing

zone plate with smooth and uniform layers. X-rays transmitting through the core of a

zone plate are not focused and contributes to the background at the focus. It is therefore

necessary to reduce this transmission. In addition the core on which the zone plate is to be

fabricated has to be circular and its surface smooth. Stainless steel core appears as good

choice for x-ray energies between the K-edge absorption of Fe and Cu. which are 7.1 Kev and

8.9Kev. respectively. The transmission through the 13.5fim stainless core is shown in Fig.2

(solid line). For comparison, transmission through a 13.5 ixm Cu film is also shown in this

figure (dotted line). Note that the transmission through the stainless core is appreciably

smaller than that through the Cu film for x-ray energies between 7.1 Kev and 8.9Kev.

3. Focusing efficiency: The difference in the refractive indices between Al and Cu and relative

low attenuation of both materials for x-ray energy greater than 7.lkev provide also a good

opportunities to utilize the relative phase delay of x-rays in transmission through the two

materials to increase the focusing efficiency. Effective use of the phase effect requires the

zone plate to be made with proper thickness such that the relative phase shift between a

Cu zone and its neighboring Al zones are nn. where n is odd integer 1,3 The thickness

for n-K phase shift is equal to n times of that for n = 1. Since the absorption of x-rays in

transmitting through a zone plate increases with the thickness of the zone plate, maximum

focusing efficiency is obtained for the zone plate thickness such that n = 1. This thickness

is dependent on the energy of x-rays to be focused and can be calculated exactly. For 8

Kev x-rays it is Z.85fj.m. It is however difficult at the present time to produce a zone plate

of this thickness. We therefore choose the thickness to be 13.5 micron (corresponding to

n = 3), which is practically feasible at the present time. The foucsing efficiency of this

zone plate is calculated to be 25% for 8 Kev x-rays.

1. R. M. Bionta et al. "8 Kev x-ray zone plates". SPIE Proc. Vol. 1160. ed. R. B. Hoover,

12(1989)..
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ABSTRACT

Spatial resolution and focusing efficiency are two important properties of a zone plate in

x-ray focusing applications. A genera! expression of the zone plate equation describing its

zone registration is derived from the interference of spherical waves emited from two mutually

coherent point sources. An analytical expression of the focusing efficiency in terms of the

zone plate thickness and x-ray refractive indices of the zones is also derived. Validity condition

for using this expression is considered. Thickness required for obtaining adequate focusing

efFiciency is calculated as a function of x-ray energy for several representative materials. The

spatial resolution of a finite thickness zone plate is worse than that of an infinetly thin zone

plate, which is approximately equal to the smallest zone width of the zone plate. The effect

of the finite thickness on the spatial resolution is considered.
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Focusing of electromagnetic wave by a Fresnel zone plate was demonstrated approximately

100 years ago by Soret.1 A Fresnel zone plate consists of concentric zones with alternative

optical refractive indexes. The distribution of the zones in the zone plate alters an incident

wavefront in such a way that the beam emerging from the zones interferes constructively at

the focus of the zone plate. The wavefront alteration is obtained by either attenuation or

phase change of the incident wave by neighboring zones. The spatial resolution of the zone

plate is approximately equal to its smallest zone width.

In recent years x-ray microfocusing using Fresnel zone plates as focusing elements has

made significant progress.^'^ Soft x-ray microscopy using zone plates has obtained spatial

resolution better than 500A.^ and Living biological samples were imaged at that resolution.

The zone plates were produced either by electron microscope4 or deep UV interferometry

based lithographic techniques. In these techniques, a zone plate pattern is written on a

high resolution electron or photon sensitive resist and the pattern is subsequently transferred

lithographically into a zone plate.

A soft x-ray version of the interferometry technique was shown theoretically capable

of producing high resolution zone plates by recording the interference patterns of its two

different diffraction orders of coarser zone plates.** The lithographic process involved in these

techniques, however, is limited to producing zone plates with a small aspect ratio, which is

defined as the ratio of the zone plate thickness to the smallest zone width. As a consequence,

the use of the high resolution zone plates made by this lithographic based technique is limited

to the soft x-ray spectrum regime (wavelength longer than 10A).
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To produce zone plates with a large enough aspect ratio for hard x-ray focusing appli-

cations, a sputter slicing technique has been developed''0. A zone plate produced by this

technique can in fact have any designed aspect ratio. While a thick zone plate is necessary to

obtain adequate focusing efficiency for hard x-ray focusing applications, the finite thickness of

the zone plate also results in a decrease of the spatial resolution predicted for an infinite thin

zone plate. In this work the thickness of a zone plate required for focusing x-rays of energy

0.1-100Kev is calculated, and the effect of the finite thickness of the zone plate on its spatial

resolution is determined.

Hologram of Two Mutually Coherent Point Sources As A Zone Plate

The intensity distribution of the interference pattern of two spherical waves of the same

frequency with fixed phase relationship emitted from point sources is well established . The

two point sources and their associated spherical waves are said to be mutually coherent. The

intensity distribution of the interference pattern formed by a spherical wave emitting from a

point source S\ and a mutually coherent spherical wave converging to a point source (i.e.. a

virtual point source) S2. see Fig. 1. is

r2)-<f>)} (l)

where r\ and r2 are the amplitudes of the vectors r\ and r2. k = 2TT/A is the wave number

and <f> the relative phase delay of source S2 vvith respect to source S\. In deriving this

expression we have assumed that the two point sources have identical amplitudes at the point

of interest. Note that the intensity distribution can also be uniquely specified by the phase of

the interference field k (rj + r2) — <j>. The interference pattern is azimuthally symmetrical about

the axis passing through the point sources S\ and 52. It is therefore sufficient to describe the

intensity distribution in a plane passing through the symmetry axis. i.e. XY plane in figure 1
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A record of the interference pattern between Si and S2 on a thin planar medium (e.g.

film) is a 2-dimensional hologram. Depending on the nature of the recording medium, the

recorded information can be either the intensity or phase distribution of the interference field

or combination of the two. The spherical wave converging to 52 used in recording the hologram

is reconstructed by illuminating the hologram with the spherical wave emerging from S\. In

the reconstruction process the hologram converts part of the incident wave into the spherical

wave being reconstructed by absorption, if the intensity was recorded in the hologram, or

introduction of phase change, if the phase distribution was recorded, or the combination of

two. Effectively the hologram in the reconstruction process acts as a focusing device in

focusing the radiation emitting from the point source S\ to the point £2- It is shown later in

this section that the hologram is a generalized zone plate. The principle of zone plate focusing

is identical to the reconstruction of the converging spherical wave by the hologram. This

principle is valid for the full electromagnetic spectrum, including the the visible light spectrum

regime as well as the x-ray spectrum regime.

The intensity variation given by Eq.l between two nodes or antinodes of the interference

field is a cosine function. It is therefore sufficient to describe the distribution of the nodes

and the antinodes for describing the interference pattern. The condition for formation of the

antinodes in the interference pattern is

k (ri + ri) — <f> = 2m'ir

or

r, + r 2 = TO'A + - 2 , (2)

where m' > 0 is an integer. Similarly the condition for formation of the nodes is

n + r8 = (m' + 1/2) A + ^ (3)
2?r
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Eqs. (2) and Eq. (3) can be combined into one form

n + r2 = ( m" + - ) A/2, (4)
\ "7

with m" being an integer. 1 2. 3 Eq. (2) and Eq. (3) are now presented with m" being

even and odd integers, respectively.

For given A. <j> and m". the right hand side of Eq. (4) is a constant. The expression of

Eq. (4) is then identical to the definition of an ellipse. For a given pair of A and <j>. Eq. (4)

indicates that the antinodes and the nodes of the interference pattern form a set of ellipses,

each specified by a m" value. Si and 52 are the common foci of all the ellipses. The major

axis of an ellipse specified by a m" value 2a'^ is

i\

(5)

The difference between the major axises of two neighboring ellipses, one associated with a

node and the other with antinode. is A/2. The same quantity for two neighboring ellipsoids

associated with two nodes or two antinodes is equal to A.

The condition for an ellipse to be physically allowed requires its major axis to be longer

than the distance between two foci 2c. i.e. am« > c in our case (see Fig.2). The smallest m"

value TU'Q which satisfies that condition is found from Eq. (5). mf} > 4c/A — (f>/ir. The lower

and upper limits of the half major axis of the corresponding ellipse cm» are

c<am , , <c+A/4 .

Define m = m" — m,Q, Eq. (5) can be rewritten as

flm = a0 + mA/4, (6)
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where a0 = am». The definition m = m" - m j has a clear physical meaning and its value is

the index of the physically allowed ellipses counted outward with m = 0 being the first. An

increment in m by 1 represents a change from an ellipse associated with a node to the one

associated with an antinode. or another way around.

Using the notation in Fig. 2. the equation of an ellipse specified by m is

where bm is the half minor axis of the ellipse

^ (7)

where A = a2, — c2. bo = \/A is the half minor axis of the ellipse with the half major axis

The lower and upper limits of bo is

0 < b0 = \/A < cA/2 + A2/16.

The position of an ellipse specified by m along the Y axis in a plane between S\ and

(see Fig.2) is

m ( A + a

where / = c - x is the distance between the plane of interest and 52. Eq. (8) becomes

y2
m = A + amomA/2 + (mA)2 /16 (86)

for f = c. and

yl » fmX + (mA)2 /4 + A ( ^ + ^ ) (8c)

for f/c << 1 and mA/c < < 1. For the latter case ao =* c is used and all terms containing

f/c or mX/c are neglected. The accuracy of Eq. (8c) is better than 1% for f/c < 0.1 and

mX/c < 0.1.
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The expression of t/^ in Eq. (8c) for A = 0 is identical to that describing the zone

positions of a zone plate of an infinite conjugate demagnification g. where the conjugate

demagnification. g, is defined as the ratio of the distance between the source and the zone

plate to that between the zone plate and the focusing plane, i.e.. from fig.2. g ~ (2c- f) /f.

An example of infinite conjugate demagnification is that the zone plate is illuminated by a

plane wave, which is equivalent to c = oo.

The dependence of y\ on m\ is identical in the Eqs. (8b) and Eq. (8c) except for their

different multiplication factors. This difference and also the different multiplication factors of

the (mA)2 term in the two expressions result from their different conjugate demagnifications.

in Eq. (8a). g — 1 for Eq. (8b) and g » 1 for Eq. (8c). Eq. (8a) is therefore a general

expression of the zone plate equation, m is the zone index of the zone plate. The effective

focal length of the generalized zone plate is

fe = c 11 - 'C ~J> J / 2 . (9)

fe ~ / for / « c and fe = c/2 for / = c.

For mX « f, the 2nd term in both Eqs. (8b) and Eq. (8c) is dominant and the two

equations become identical when other terms in the two expressions are neglected. Under this

condition, the positions of the zones of the zone plate is

yl a femX. (10)

The zone plate specified by Eq. (10) can be used to obtain any conjugate demagnification.

According to Young , Eq. (10) approximates well Eqs. (8b) and Eq. (8c) without primary

spherical aberration for m < mmax = (2/e/A)1' . The corresponding numerical aperture of

the zone plate is1 1

- 'A

4> (11)
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and the spatial resolution"

Ay = 0 . 6 1 - ^ - a 0.61 (/eA
3/2)1/4 . (12)

Note that Ay increases much more quickly with A than it does with fe. Fig.3 shows Ay

calculated using Eq. (12) as a function of A for several / values. The figure shows that fairly

high spatial resolution can be obtained from a zone plate characterized by Eq. (10) and of

reasonable focal length for x-rays of energy greater than IKev. Thereafter in this work we

assume that zone plate equation is given by Eq. (10) unless otherwise specified.

Focusing Efficiency of a Zone Plate

It is necessary that a zone plate has adequate thickness to modify the incident wave

front to obtain focusing. The zone plate described by Eq. (10) has a periodicity of 2/A in

r2 = i 2 + y2 space. This fact is used to expand the transmittance function of the zone plate

t (r) in Fourier series of the form

(13)
JV=-oo

where N = integers and

*{ra;-N/f) =exp[-jkNr*/2f]

is the Vander Lugt function . ^ (r2;—N/f) is periodic function in r2 space and the period

is 2/X/N. i}> (r2; —N/f) presents a spherical wave converging to a point distance f/N away

from the zone plate, which is the Nth order focus of the zone plate. The Fourier transform

coefficients CV is
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The wavefront of an incident illumination beam is altered by the zone plate. The ampli-

tude of the emerging wavefront a (r) from the zone plate illuminated by an incident wave of

amplitude A (r) may also be expanded in the same form of Fourier expansion as in Eq. (13)

«M= £ C'N4(r2;-N/f). (15)
JV=-oo

where
f2/A

( 2 ) ( 2 ) r 2 . (16)

The fraction of the incident beam intensity delivered to the Nth order focus is proportional

to \C'Nf.

CN = C'N when the incident beam is a monochromatic plane wave of unit amplitude

and incident on the zone plate along its axis. Adopting the definition of focusing efficiency

as percentage of incident radiation delivered to the Nth order focus of a zone plate. ' the

focusing efficiency of Nth order diffraction of the zone plate T)N is

riff = \CN\2. (17)

A special case is when t (r2) = cos (wr2ffX). In this case Cjy = 0 except for N = 0 and

N = ±1*4 Another special case is when t (r2) is square wave function in r2 space, i.e.. the

trartsmittance is constant within each zone and changes abruptly at the boundaries with its

neighboring zones. Most x-ray zone plates produced have transmittance function close to the

square wave form, t (r2) of a zone plate with square wave zone profile may be expressed as

t (r2) = exp (-ikd) { (18)
[ exp \{i62 - fa) kd], fX < r2 < 2/A.

where d is the thickness of the zone plate. n\ = 1 - 6\ - ip\ and n% = 1 — 62 — fa are the

x-ray refractive indexes of two neighboring zones, respectively.
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Substituting the expression of t (r2) in Eq. (18) into Eq. (14) we have

CN = — ^ [exp {kd {jSi ~ ft)) - exp {kd {362 - P2))\, (19)

where

f 2, N =odd :
r^ = (1 - (-1)*) = I (20)

I 0, N =even.

Using Eq. (17) we have
I ,„ ,2 W + 72 - 2-71-yacoa (*rf (fc - * ) ) ) , N =odd :

UN = { ( 5 (21)
N =even.

where 71 = exp (-kdfii) and 72 = exp (—

Eq. (21) is a general expression of focusing efficiency of a zone plate with square wave

zone profile as a function of the zone plate thickness d and the refractive indexes n\ and 712.

which are dependent on the materials from which the zones are made and x-ray energy used.

Note that both the real and imaginary parts of the refractive indexes are contributing to the

focusing. The contribution from the real parts of the refractive indexes results from phase

alteration of the incident wave in their way passing through the zone plate. The contribution

from the imaginary parts of the refractive indexes results from amplitude alteration of the

incident wave by attenuation. Optimization in focusing efficiency can be obtained by selecting

proper combination of n\. ni and d.

For a given pair of n\ and 712. the thickness of a zone plate necessary to introduce

adequate phase change or attenuation for focusing can be determined using Eq. (21). Two

cases are considered here for simplicity. In the first case it is assumed that 6\ — 62 = 0. i.e..

no phase shift is considered and wave front modification is accomplished by absorption. This

type of zone plate is referred as amplitude zone plate. In this case Eq. (21) becomes, for AT =

odd integers.
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For f32 = 0 (i.e.. one material being vacuum or air) the equation above becomes

Furthermore for ktfa — oo and thus 71 = 0, Eq. (22b) yields the well known focusing

efficiencies of an amplitude zone plate. 77 # = 1 / (ATTT) .

We now define the thickness da at which 71 = 0.05 as a measure of thickness required

for obtaining adequate focusing efficiency The focusing efficiency at this thickness is 90% of

that when 71 = 0 or kdfii = 00, i.e.. 7?# = 0.9/ [Nirj2. From the definition of 71. we have

where D = l/2fc/?i is the linear absorption length of the material from which the zone plate

is fabricated.

In the second case the absorption is assumed to be negligible (/?i = #2 = 0 ) and the

focusing results from the phase modulation of the incident x-ray wave by the zone plate. This

type of zone plate is known as phase zone plate. In this case Eq. (21) becomes

TIN = - ^ ~ 2 (1 - COS {kd (62 - Si))) . (22c)

The argument of the cosine function in Eq. (22c) kd (62 — 6\) is the relative phase change of

x-rays in passing through two neighboring zones in the zone plate, rfjf is strongly dependent

on the relative phase change (see Eq. (22c)). For a given pair of 61 and 62. the focusing

efficiency 77^ changes between 0 and 4/ (JW)2 with d increasing. The minimum focusing

efficiency 77./V = 0 is obtained when kd (62 — 61) = Mir with M being 0 and an even integer.

The maximum focusing efficiency is obtained when kd(62 — £1) = MTT with M being an odd

integer. Note that maximum focusing efficiency obtainable from a phase zone plate is 4 times

of that from an amplitude zone plate. The thickness of a phase plate required for obtaining

the maximum focusing efficiency is

h * (23!
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where M is an odd integer and dl
p = dp(M = l ) .

The minimum thickness of a phase plate do required to obtain focusing efficiency equal

to T)N = 1 / (Nn)2, which is the maximum focusing efficiency obtainable from an amplitude

zone plate, is given by (1 — cos [kdo {62 — 5i))) = 0.5. Solution of this equation yields

da. dp and do are calculated as a function of x-ray energy for Si and Au using Eqs. (22)

through Eq. (24). The »sults are shown in Fig. 4 and 5. respectively. Si and Au are selected

as representative materials here because they are the material of choice in microstructure

fabrication. From Fig.4 and 5 we see that da < do is true for both materials in the x-ray

energy range calculated. Therefore zone plates fabricated from Si or Au are essentially phase

plates.

We have implicitly assumed in the forgoing discussion that x-ray propagation direction

was not significantly altered inside the zone plate on its way passing through the zone plate.

In another words, the increase of of x-ray beam size emerging from a zone due to diffraction

is substantially smaller than the beam size entering the same zone. Large diffraction angle,

approximately equal to A/A. is obtained at the outmost zone of the zone plate, since the

spatial resolution A is roughly equal to the smallest zone width. The validity condition of our

foregoing discussion thus can be expressed as

dX ,—
— << A, or A » VdX. (25)

Fig. 3 shows JdpX as a function of x-ray energy for Si and Au. This figure essentially shows

the lower limit of the validity condition at which the analysis for focusing efficiency is valid.

The limit to maximum numerical aperture obtainable due to the finite thickness is discussed

in next section.
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The Finite Thickness Effect of a Zone Plate on Its Spatial Resolution

The numerical aperture N. A. of an infinitely thin zone plate is given by Eq. (11) and the

corresponding spatial resolution by Eq. (12). A zone plate of finite thickness can be viewed

as a stack of infinitely thin zone plates. All the thin zone plates hava the same focal length

and each contribute partially to the overall focusing. The focusing planes of any two thin

zone plates do not coincide and the separation between them is the same as the separation

between the two thin zone plates. Fig. 6 shows two such thin zone plates, with one located

at the front surface and another at the end surface of the zone plate. Their focusing planes

are also shown in that figure. The beam size at the focusing plane Pi of the thin zone plate

at the end surface of the zone plate is approximately

A' = sin {6) d = N.A.d. (26)

The increase in beam size due to the finite thickness of the zone plate is. using Eq. (12)

and Eq. (26).

Setting this increase to be equal or less than A / 4 . solution of the equation above yields the

maximum numerical aperture obtainable from the zone plate

N.A. < (**

and the spatial resolution

A' = N.A.d=l-d\) .

For hard x-ray applications d in the equation above may be replaced by dp
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Fig.3 shows (dpX) ' as a function of x-ray energy calculated for Si and Au. A ' for M = 1 is

(5/4)1 / 2 = 1.18 times of that shown in Fig.3. Note from Eq. (27) that the spatial resolution

of a zone plate decreases with its thickness increasing. For a phase zone plate of thickness

p. the decrease in the spatial resolution is proportional to \[M.

Summary

It is necessary that a zone plate has sufficient thickness to modify the incident wave to

obtain adequate focusing efficiency. The finite thickness of a zone plate results in a decrease

of the spatial resolution predicted from an infinitely thin zone plate.
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Figure Captions:

Fig.l Schematic illustration of interference of two spherical waves: one emerging from the point

source Sj . and second converging to the point 52.

Fig.2 The antinodes and the nodes of the interference of two spherical waves form a set of

ellipses. The distribution of the antinodes and the nodes in a plane perpendicular to the

axsis conecting the two point sources gives the expression of a generalized zone plate.

Fig.3 Spatial resolution obtainable from a zone plate specified by Eq. (10) as a function of x-ray

energy calculated for several / values (solid line). The / values are tabled in the figure.

The doted and dashed lines are the spatial resolution obtainable from a phase plate of

thickness dp calculated for Si and Au, respectively.

Fig.4 da, dp and do calculated as a function of x-ray energy for Si. da < do indicates that a

zone plate fabricated from Si is a phase plate.

Fig.5 The same as that in Fig.4 but for Au.

Fig.6 Schematic illustration of the effect of finite thickness zone plate on its spatial resolution.
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Coherent hard x-ray beams with a flux exceeding 10^ photons/second with a
bandwidth of 0.1% will be provided by the undulator at the third generation
synchrotron radiation sources such as APS, ESRF, and Spring-8. The availability of
such high flux coherent x-ray beams offers excellent opportunities for extending the
coherence-based techniques developed in the visible and soft x-ray part of the
electromagnetic spectrum to the hard x-rays. These x-ray techniques (e.g.,
diffraction limited microfocusing, holography, interferometry, phase contrast
imaging and signal enhancement), may offer substantial advantages over non-
coherence-based x-ray techniques currently used. For example, the signal
enhancement technique may be used to enhance an anomalous x-ray or magnetic x-
ray scattering signal by several orders of magnitude. Coherent x-rays can be focused
to a very small (diffraction-limited) spot size, thus allowing high spatial resolution
microprobes to be constructed. The paper will discuss the feasibility of the extension
of some coherence-based techniques to the hard x-ray range and the significant
progress that has been made in the development of diffraction-limited focusing
optics. Specific experimental results for a transmission Fresnel phase zone plate
that can focus 8.2 keV x-rays to a spot size of about 2 microns will be briefly
discussed. The comparison of measured focusing efficiency of the zone plate with
that calculated will be made. Some specific applications of zone plates as coherent x-
ray optics will be discussed.



Introduction

A radiation source with adequate coherent power offers the unique capability of

studying both the amplitude and the phase distribution of a signal wave by detecting

its interference with another mutually coherent wave whose wavefront is known. *•

Techniques based on this coherence property have made a significant impact in

science and technology, as well as in our daily life with the invention of the optical

laser and the development of necessary coherent optics. The construction of the third

generation synchrotron x-ray sources worldwide (such as the Advanced Photon

Source) will provide many orders of more coherent x ray flux than that from

currently available the most brilliant x-ray sources.2 The prospect of such high

power coherent x-ray sources opens up excellent opportunities for extending the

coherence-based techniques developed in the visible part of the electromagnetic

spectrum to the x-ray spectral regime. Concurrently, rapid advances in the last

decade in microfabrication technology, high precision surface finishing, crystal

growth, controlled layer deposition, and precision metrology have made it possible to

overcome some stringent requirements for making coherent x-ray optics.^ Those

advances have allowed for extraordinarily rapid development in soft x-ray

holography, micro-imaging, micro-analysis, and microspectroscopy. "

With the availability of the high coherent x-ray flux that will be provided by the third

generation synchrotron sources, it becomes increasingly important to develop

coherent x-ray optics for hard x-ray applications to extend the experiments currently

conducted in the soft x-ray regime to the hard x-ray regime. Such an extension will

provide excellent new capabilities that are not available in the soft x-ray regime,

such as increased absorption length and increased fluorescence yield. In addition to

this extension, some coherence-based techniques that have not yet been applied to the



x-ray spectral region can be developed, e.g., coherence-based signal enhancement,

which is well developed in the visible light region. The principle of this technique is

that the interference intensity of two mutually coherent beams can be many orders of

magnitude larger than that of the signal itself. The dependence of interference on

polarization can be used to enhance or depress certain polarization components of

the signal wave by adjusting the polarization and phase of a mutually coherent

reference beam. This signal enhancement principle can be applied to a broad range

of x-ray techniques. For example, an x-ray scattering signal from the magnetic

moment of a scattering system may be enhanced by several orders of magnitude.

Such an enhancement could greatly increase the usefulness of magnetic x-ray

scattering for materials research. Successful implementation of those coherence-

based techniques requires that suitable coherent x-ray optics be developed. In this

paper, we shall limit our discussion to Fresnel zone plates for hard x-ray

applications and their applications as coherent x-ray optics.

Fresnel zone plates

Fresnel zone plates have been known more than 100 years.''' Their use as an

important microfocusing device in the x-ray spectral region (0.5 A < X < 100 A) was

established in recent years. A Fresnel zone plate consists of circular zones of

materials having alternating optical refractive indexes. Geometrical configuration

of the zones in a zone plate is similar to that cf interference fringes of a hologram of

two mutually coherent point sources.8 The radial position Rg of the K th zone is

given by R}$ = KfX + K^X^/4, where X is the wavelength of radiation and/ the focal

length of the zone plate. The equation can be approximated as

(1)



without spherical aberration if the maximum zone index Kmax satisfies Kmax <

(2flA)H2 .9 This condition is easily met by most x-ray zone plates fabricated thus far

and Eq. (1) will be used as the zone plate equation in this paper.

The transmittance of a zone plate described by Eq. (1), which characterizes the

modification to the wave front of an incident beam, is periodic in r^ = x% + y% space,

and the period is 2 fX. The transmittance function of the zone plate T(r), therefore

can be expanded in a Fourier series of the form *0

Ny (2)

where y(r,-Nif) - exp{ - j Niafi j'fXJ represents a spherical wave converging to the Nth-

order focus of the zone plate, and j =j-I.

The focusing efficiency of a zone plate, defined as the percentage of radiation

delivered to the nth order focus, is equal to the absolute square of the Fourier

transform coefficient CN = 1/2 fX\T(r) exp(-jNnr2 I fXJdr. For a zone plate with a

square zone profile and thickness d, the focusing efficiency of the Nth order focus T|N

i N = 0

(Y1
2+Y22-2YiY2c o s { 2 7 c d ( 5 2"5 l ) / X } / ( N 7 c ) 2 N = odd (3)

0 otherwise,
where ŷ  = exp(- 2 it d Pi / X)> and Pi and 8i are imaginary and real parts of the
refractive indexes of two neighboring zones nj = 1 - 6i - JPi, i = 1, 2.

Figure 1 shows the focusing efficiency of the first order focus (N = 1) calculated using

Eq. (3) as a function of x-ray energy and thickness of a zone plate consisting of



alternating Cu and Al zones. Note that focusing efficiency better than 10% may be

obtained for the x-ray energies calculated, and focusing efficiency as high as 40%

may be obtained for the high-energy end of the x-ray spectrum if the thickness of the

zone plate is properly made.

Currently, there are essentially two types of microfabrication techniques developed

for producing Fresnel zone plates for x-ray applications: the lithography-based

techniques^ and the sputtering/slicing techniques.13 The lithorgraphy-based

fabrication techniques use an either electron beam writer or deep UV holography to

generate a zone plate pattern and, subsequently, transfer the pattern into a zone

plate. The techniques have been used for producing zone plates of spatial resolution

as small as 450 Angstroms.14 The usage of these zone plates has been limited to x-

rays of energies less than 1 keV, as their thickness is generally too small to modify

the wave front of a hard x-ray beam to achieve an adequate focusing effect.

Currently, it seems possible to fabricate microstructures of 5:1 aspect ratio, which is

defined as the ratio of the thickness of the microstructure to the smallest feature size

in the microstructure. It is, therefore, in principle possible to use the lithography-

based technique to produce a zone plate of a spatial resolution about 0.2 micron for x-

rays of energies up to 20 keV (see Fig. 2), as the spatial resolution of the zone plate is

roughly equal to the smallest zone width. The sputtering/slicing technique was

primarily developed for hard x-ray focusing applications. While fairly thick zone

plates can be fabricated by this technique for focusing high energy x-rays, it is not

easy to make thin zone plates for applications for low energy x-rays due to the

grinding/polishing process involved. It is reasonable to expect that the development

of the two types of fabrication techniques will eventually overlap and, thus, zone

plates applicable to a large x-ray energy range can be fabricated.



Recently a zone plate consisting of alternating Al and Cu zones fabricated by Dr. R.

Bionta and his group using the sputtering/slicing technique was characterized

using a synchrotron bending magnet source.15 The primary focal length of the zone

plate is 40 cm for 8.0 keV x-rays. Both spatial resolution for focusing 8.2 keV x-rays

and focusing efficiency as a function of x-ray energy were measured. The measured

focusing efficiency is shown in Fig. 3. The focusing properties of the first, second,

and third order foci were studied. The focus spot size of the third order focus is less

than 2 x 4 micron, as evidenced by the gold grid image obtained (see Fig. 4). The spot

sizes of the second and first order focus are about 1.5 and 3 times that of the third

order focus, respectively. The focal spot size of the first order focus is significantly

larger than the smallest zone width (0.19 micron) of the zone plate primarily because

of inadequate spatial coherence in the illumination beam. The focal spot size is

mainly determined by the geometric demagnification of the x-ray source size at the

storage ring and the full width half maximum 300 x 700 microns, which is

essentially the electron beam size at the bending magnet point. Our experimental

setup corresponds to a demagnification factor of about 55 and, thus, the demagnified

image of the source at the third order focus would be 1.8 x 4.2 microns, in agreement

with the measured results. The fact that the measured focal spot size is comparable

to that calculated from simple geometric demagnification of the source indicates that

the zone plate can focus x-rays to a spot much less than 2 x 4 microns.

Some applications as coherent x-ray optics

Fresnel zone plates are among the most important coherent x-ray optics to be used in

coherence-based x-ray techniques. The symmetry about the focusing axis of a

focused beam and the lack of spherical aberration (as discussed in the last section)

may make zone plates the optics of choice for producing a high quality spherical x-



ray wave. This wave-front-shaping capability is very useful in coherence-based x-ray

techniques, e.g., x-ray holography and interferometry. This capability was, in fact,

used in a Fourier transform holography technique using soft x-rays emitted from a

low energy x-ray undulator.16 The technique can be extended to the hard x-rays

region with the hard x-ray undulators to be installed on the third generation storage

rings that are under construction worldwide.

The wave-front-shaping capability may also be used to manipulate the wave front of a

coherent x-ray beam. A coherent plane wave can be focused to a small spatial area at

the expense of increased beam divergence. This is useful for applications where a

small sample needs to be illuminated by a large amount of coherent photons while

large divergence in the illumination beam is aceptable. Combination of a short focal

length and a long focal length zone plates can be used to built a beam expander, just

as two lenses are used in visible ligth region to increase or decrease a beam size.

The wavefront of a coherent wave is well defined and thus diffraction-limited

focusing can be obtained with diffraction-limited optics. The high coherent flux from

the third generation x-ray sources permits one to focus x-rays to a small spot with a

large flux of x-ray photons at the focal point. Thus, high spatial resolution

microprobes can be constructed. The x-ray wavelength is about 3 orders of

magnitude shorter than that of visible light, and so samples can be imaged or probed

with a spatial resolution far better than that obtainable with visible light. The

combination of the small focal spot, the moderate x-ray interaction cross section with

matter, the contrast mechanism using absorption edges, and elemental sensitivity

(labeled by characteristic fluorescence x rays) will provide excellent opportunities in

structural and materials analysis. For example, x-ray phase contrast microscopy

similar to that in the visible light regime can also be developed by properly using a



phase shifter.-^ In the x-ray spectral region, the real part of the atomic scattering

factor is generally larger than its imaginary counterpart. As a consequence, phase

contrast arising from elemental composition and their spatial distribution in a

sample may provide a better contrast for imaging than absorption-based contrast.

This phase contrast can be further enhanced by interfering with a coherent reference

beam. The increase in contrast not only increases the signal-to-noise ratio, but also

reduces the radiation damage to the sample, which is of great importance in

biological applications where radiation damage is a serious concern.^
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Figure Captions

Fig. 1 The focusing efficiency of the first order focus (N = 1) calculated using
expression (4) as a function of x-ray energy and thickness of a zone plate
consisting of alternating Cu and Al zones.

Fig. 2 The focusing efficiency of the first order focus (N = 1) calculated using
expression (4) as a function of x-ray energy and thickness of a free-standing fold
zone plate.

Fig. 3 Measured focusing efficiency of a Al/Cu zone plate as a function of x-ray
energy. The solid line is calculated focusing efficiency using expression (4)
assuming that the zone plate thickness is 18 micron.

Fig. 4 X-ray transmission image of a square gold grid (6 micron wires on a 25
micron spacing). The image was obtained by scanning the grid across the third
order focus of the zone plate and the x-ray energy was 8.2 keV. Each pixel
presents a 1 micron step in the scan.
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Spatial resolution in depth-controlled surface sensitive
X-ray techniques

W.B. Yun and P.J. Viccaro
Argonr.e Sational Laboratory. Adxanced Photon Source. 970tt S. Cuss Ave.. Argonne. 1L 60439. USA

The spatial resolution along the surface normal and the toiul depth probed are two important parameters in
depth-controlled surface sensitive X-ray technique!) .'mploying grazing incidence geometry. The two parameters are
analyzed in terms of optical properties (refractive indices) of the media involved and parameters of the incident X-ray
beam: beam divergence. X-ray energy, and spectral bandwidth. We derive analytical expressions of the required beam
divergence and spectral bandwidth of ;he incident beam us a function of the two parameters. Sample calculations are made
for X-ray energies between I). 1 and tffl) keV and tor loliu Be. Cu and Au. representing material matrices consisting of low.
medium and high atomic number elements. A brief discussion on obtaining :he required beam divergence and spectral
bandwidth from present X-ray sources and optics is given.

1. Introduction

When X-rays are incident from an optically
diiute medium (e.g., air) onto an optically dense
medium (e.g.. condensed matter) at grazing
angle, the depth that the refracted X-ray beam
penetrates into the optically dense medium can
be as small as several tens of angstroms. The
shallow penetration depth combined with the
properties of X-ray interaction with matter, for
example, nonvacuum requirement and elemental
sensitivity, provide unique opportunities for
studying surfaces and interfaces. X-ray tech-
niques employing grazing incidence geometry
have been used in recent years in structural
studies of surfaces and interfaces [1-10]. and in
concentration profile measurement of elements
and molecules near a surface or interface [11-
13]. In these experiments, a colli mated X-ray
beam is incident from air onto a flat interface
with condensed matter at a small grazing angle
a. The depth probed near the interface by these
X-ray techniques is experimentally controlled
from tens to thousands of angstroms by selecting
the incidence angle and the energy of the inci-
dent X-rays. This capability was used recently in
obtaining the absolute amount of metal ion ad-

sorbed to a Langmuir monolayer [12], in depth
profiling of oxide thin films [5] and in studying
order-disorder phase transition in an epitaxially
grown Cu-Au film [9]. The spatial resolution
along the surface normal and the total depth
probed in such an experiment are determined by
the refractive indices of the two media and the
parameters of the incident X-ray beam (e.g..
X-ray energy, spectral bandwidth and beam di-
vergence). In this work we present a theoretical
study on the requirement of the incident X-ray
beam parameters in terms of the desired spatial
resolution and the total depth that is probed.
Results for three systems representing material
matrices consisting of low. medium and" high
atomic number elements are presented.

2. Intensity distribution of the refracted
X-ray beam

When a collimated X-ray beam is incident
from air or vacuum onto an interface with con-
densed matter at an angle a. the intensity of the
refracted X-ray beam at distance z from the
interlace hz. a) can be completely specified by

»3 50 £, I"1'I - Elsevier ."Kx-n B.V. (Nnrih-Hulljiidi
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the refracted X-ray intensity at the interface /((>.
a) and the e-fold penetration depth D(a).

Hz. a ) = /(0. a ) e - ; Dial
(1)

/(0. a) can be derived for small a from Fresnel
formulae [13]

1(0. a ) - (2)

where Re(P) and lm(P) are the real and imagi-
nary parts of P- (a1 -25 - i2/9)' :. and S and 0
are the real and imaginary parts of the refractive
index of the condensed matter n = 1 - 5 - i/3. S
and /3 are determined by the wavelength of the
incident X-rays A. the mean electron density pc .
and the linear extinction length D(90°) of the
medium [14]

and 0 = — (3)

where re = 2.S2 x 10~l?cm is the classical elec-
tron radius. In the X-ray spectral regime, the
refractive index of the condensed matter is less
than unity, which is the refractive index of a
vacuum. Vacuum is therefore optically denser
than condensed matter.

The intensity distribution of the refracted
beam is characterized by the penetration depth
D(a). as can be seen from eq. (1). D(a) is
defined as the distance from the interface at
which the refracted X-ray beam decays to l .e of
that at the interface. It can be derived in several
different ways [13. 15. 16]

1
=

(4a)

where k = 2TT A is the wave number, and oc =
V 25 the critical angle for total reflection.

Figure 1 shows the e-fold penetration depth as
a function of a calculated using eq. (4u) at S and
14 keV X-rays for beryllium, copper and gold,
representing material matrices consisting of low.
medium and hisih atomic number elements. The

AU U-*kt\X_I

,-'"' AU [SkeV] 2

o.c 3.: s.3 5.o i i .:
Incidence Ar.gle [tnrad]

'.S3

Fig. 1. X-ray penetration depth as a function of incidence
angle calculated at 8 and HkeV for beryllium, copper and
gold. Note that for each material matrix the change of
penetration depth is largest in the critical angle region for the
same amount of energy change or incidence angle change.

dependence of the penetration depth D(a) on a
for a given material at a fixed X-ray energy can
be divided into three regions: (i) A low angle
region (a < ac) in which the penetration depth
increases slowly with increasing a: the small
penetration depth in this region results from the
strong coupling of the incident X-ray wave and
that scattered elastically by the electrons in a
thin layer near the interface of about one e-fold
penetration length thick [15], a phenomenon
complementary to the optical total internal re-
flection; (ii) a high nngle region (a>ac) in
which the penetration depth increases linearly
with sin a. The finite penetration depth results
mainly from photoelectron absorption; (iii) a
critical angle region (a = ac) in which the pene-
tration depth increases quickly with o. In this
region the coupling between the scattered and
incident X-ray waves decreases gradually with
increasing a. while photoelectron absorption
gradually takes over in limiting the penetration
depth.

Figure 2 shows the calculated normalized X-
ray intensity I{;. a)'I,, as a function of a for
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0.0 1.0 2.0 "3.0
Normalized Incidence Angle [a/ctc]

Fig. 2. Normalized X-ray intensity of the refracted beam as a
function of incidence angle calculated tor Cu and 8keV
X-rays at various distance A from the interface: h = 0 ( ).
A * 0(0) ( ). 2O(0) (----) , 40(0) ( ). 8OI0)
( ). where O(0) = 17.58 A is the penetration depth at
zero incidence angle.

8 keV X-rays at the interface z = 0 and various
depth from the interface. The calculation is per-
formed for solid Cu of a mass density 8.92 g/cm3.

3. Requirement of incident X-ray beam
parameters

The spatial resolution along the surface nor-
mal and the total depth probed are two im-
portant parameters in a depth-controlled surface
sensitive X-ray experiment. These two parame-
ters are dependent on the optical property of the
material under study and the incident beam pa-
rameters, for example, X-ray energy, beam di-
vergence, and spectral bandwidth. This depen-
dence is investigated here by analyzing the pene-
tration depth as a function of X-ray energy and
angle of incidence.

The dependence of the penetration depth on
the X-ray energy and the angle of incidence are
distinctly different in the three angular regions.
In the low angle region (a; - a" > 2/3), the ex-
pression of the penetration depth becomes

The penetration depth in this angular region is
virtually independent of o for small a and in-
creases only slightly as a approaches oc. The
critical angle ac = V2S is proportional to the
wavelength A (see eq. (3)). Thus the penetration
depth at a = 0 (D(a - 0) = 1 !2kae * l /2*V2l)
is virtually independent of the wavelength of the
incident X-rays but dependent on the mean elec-
tron density' of the sample pt. The value of
D{a = 0) ranges from about 10 A for materials
containing mainly heavy elements (e.g..
platinum) to about 100 A for those containing
mainly low atomic number elements [13]. Figure
3 shows the e-fold penetration depth calculated
for Cu as a function of incident X-ray energy for
several incidence angles smaller than ac. Note
from fig. 3 that (1) the penetration depths for the
incidence angles calculated are essentially in-
dependent of the X-ray energy, except at the
absorption edges and for X-ray energies less than
1 keV. The increase of the penetration depth in

0.1

Energy [keV]

25 - az).
(4b)

Fig. 3. e-fold penetration depth D[a) calculated for Cu at
incidence angle a * 0 ( ). 0.5a,. ( — ) . O.Su. ( ).
The dotted line corresponding to 01*)) calculated assuming
that "he effective scattering electron per Cu atom is the same
as its atomic number (Z * 29). Note thut this approximation
is fairly good for X-ray energies greater than t keV. The
peaks in these curves result from (he decrease of effective
mean electron density p, at absorption edges of Cu.
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the low energy reaion (<1 keV) and at absorp-
tion edges results from the decrease, of effective
mean electron density p t : (2) the penetration
depth at a - O.Sa. increases by only 50°£ of that
at a = 0. Therefore in the low angle region and
in the X-ray energy range calculated (0.1-
100 keV). the penetration depth is essentially-
constant and thus large beam divergence and
spectral bandwidth can be used without degrad-
ing the spatial resolution.

In the high angle region a' - a\>2$. the
expression for D(a) becomes

D(a) = \ 'o :-o;D(90°)

£>(90°)a . (4c)

The penetration depth D(a) in the high angle
region increases linearly with a for a much larger
than ae. The linearity between D(a) and a in the
high angle region originates with the geometrical
projection of the X-ray linear absorption length
D(90°) along the sample surface normal. The
increment in penetration depth due to a beam
divergence Aa in the incident beam is given by
D{a)-la. The dependence of penetration depth
on X-ray energy for a given material can be
estimated using an empirical expression of
£>(90c) when the contribution to the attenuation
of the extinction length is neglected [17j

r.4A'Zm. (5)

where / may van between 2.5 and 3.0. m = 4. A
is constant between absorption edges for a given
element. The increment in penetration depth
due to finite spectral bandwidth AA can be esti-
mated using eq. (5)

AD(a)=-jD(a)AA/A.

From fig. 1 it is clear that the X-ray energy of
the incident beam determines the depth that can
be probed. The change in penetration depth due
to divergence and spectral bandwidth of the
incident beam is generally much smaller than
that in the critical angle region, when the slope
dD{a) 6a is substantially larger than chat in

both the low and high angle regions (see fig. 1).
The change in penetration depth due to a finite
spectral bandwidth is also largest in the critical
angle region.

In the critical angle region \a2 - a]\ < 2j3. the
penetration depth changes rapidly with X-ray
energy and incidence angle. By expanding the
expression of D{a) (eq. (4a)) in power of
(a'-a') (2/J) and taking only the first order
term we obtain

where

(6)

(7)

is the e-fold penetration depth at the critical
angle ac. The angle am at which the slope
dD(a)/da obtains maximum value is found by
setting the second order derivative of D(a).
expressed in eq. (4a), equal to zero,

am = ac for jS =0 . which can be seen from eq.
(4a). The slope dD(a)/'da_at ac is very close to
that at crm for small 0. '\ 28. which is true for
most materials in the X-ray regime (0.1-
100 keV). Thus it is generally adequate to use the
slope dD(a).'da at ac to evaluate the increment
in the penetration depth due to finite beam
divergence and spectral bandwidth of the inci-
dent beam.

The change in penetration depth dD(ac) re-
sulting from finite divergence of la and finite
monochromaticity AA/A of the incident beam
may be expressed as

where AD(ac)
A and AD(Sc)

a represents the con-
tributions from finite Aa and AA.A. respectively.

From eq. (6) we obtain

V25
2/3

D(ac)Aa (R)
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and

(9)

lD(ae) is. in fact, a measure of the spatial
resolution obtainable in a depth-controlled ex-
periment. Setting ADfaJ* = lD{ac)

a = AZ>(a.).
and introducing a parameter.

eqs. (S) and (9) can be written as

28
la-7) -

and

A A = e _
A *

(10)

(11)

respectively. The value of ij is the ratio of the
spatial resolution to be obtained in an experi-
ment AD to the penetration depth at the critical
angle D{a.). Expression of eqs. (10) and (11) is
valid for 17*0.5 which is set by the validity
condition of the expansion \a2 - a\\ < 2)3.

Equations (10) and (11) are expressions of the
required divergence and the spectral bandwidth,
of the incident beam to obtain the spatial resolu:

tion of AD(a). which is measured by TJ in units
of D(ac). The required angular divergence and
spectral bandwidth of the incident beam are
linearly proportional to the spatial resolution AZ>
sought in an experiment. In figs. 4-6 the angular
divergence and spectral bandwidth required to
obtain 77 = 0.5 are shown as a function of X-ray
energy for Be. Cu and Au. respectively.

4. Discussion

The requirements of the incident X-ray beam
in a depth-controlled surface sensitive experi-
ment are determined by the spatial resolution
along the surface normal and the depth that is
probed. In a typical experiment, the depth de-

Energy [keV]

Fig. 4. X-ray penetration depth D{a) calculated for Be (part
A) at o-0( ). a*a.( ) and ZM90)sina£ ( -—) .
which gives an approximate upper limit of depth that can be
probed near critical angle. Pan B shows the beam divergence
( ) and the spectral bandwidth ( ) required to obtain
0.5D(a:) penetration depth control (spatial resolution) along
the surface normal when the incidence angle a * scanned
acros- at. The spatial resolution will improve linearly when
both the beam divergence and the spectral bandwidth of the
incident beam decreases.

pendent information is probed by scanning the
incidence angle a across the critical angle a..
The total depth probed increases with increasing
X-ray energy of the incident beam, as can be
seen from eqs. (4c) and (5). The spatial resolu-
tion, however, decreases with increasing X-ray
energy (see eqs. (7) and (5)). Therefore, there is
a trade-off between spatial resolution and total
depth probed. In experiments where fluores-
cence signal is recorded, such as in the near total
external fluorescence technique [12]. the energy
of the incident X-ray photons has to be large
enough to excite the elements of which the
fluorescence signal is to be detected. Proper
selection of the X-ray energy of the incident



204 W.B. Yun.P.J. Viccaro ! Spatial resolution in depth-controlled surface sensitive X-rays

< =

A -

; , I ; •,

0.1 10. IX .
Energy [keV]

Fig. 5. Same as for fig. 4 but calculated for copper.

beam is therefore important in a depth con-
trolled experiment. The divergence and spectral
bandwidth are then determined by the spatial
resolution sought in the experiment.

The spectral bandwidth shown in figs. 4-6 can
be obtained using various monochromators avail-
able today. The divergence required, however, is
relatively stringent. Small beam divergence can
be obtained by either using an X-ray source with
small emission angle, such as a synchrotron X-
ray source, or using collimation optics for
sources with large divergence angle, such as
conventional X-ray tube sources. The divergence
of an X-ray beam from a synchrotron X-ray
source is adequate for most applications except
when (1) the X-ray energy is large, and (2) the
material matrix consists of mainly low atomic
number elements. The divergence of an X-ray
beam generated from a bending magnet or wig-
gler X-ray source is roughly equal to l/1957£"r,
where Et is the electron energy in the storage
ring in units of GeV. For E, = 1 GeV. the beam
divergence is about 0.5 mrad. Note that the

Pi -L-

' : H i l l I I i i • ; l ! l

. - i\ I : l l l ' IJ i i ! . III! I I "̂i

C.I 1. 10.
Energy [fceV]

200.

Fig. 6. Same as tor fig. 4 but calculated for gold.

beam divergence decreases with £ r . The beam
divergence of the incident beam can be reduced
to the rocking width of the monochromator by
properly arranging monochromator crystals. The
beam diveraence of the principle harmonic of
undulator radiation is a fraction of the diver-
gence of bending magnet or wiggler radiation.
Thus undulator radiation from a high energy
storage ring is generally more suited for depth-
controlied surface sensitive X-ray techniques.
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Experimental Characterization of Fresnel Zone Plate

for Hard X-Ray Applications
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Advanced Photon Source, Argonne National Laboratory, Argonne, IL 60439
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ABSTRACT

A series of experimental measurements was conducted for the characterization of a
transmission circular zone plate. The zone plate (ZP), with a primary focal length of 40cm
for 8keV photons, was illuminated by monochromatized synchrotron x-rays. Focusing
efficiency of the ZP was measured as a function of x-ray energy between 5-1 IkeV, from
which the ZP thickness was determined. Focal spot sizes at thfc 1 s t , 2n(*, and 3r<* order focus
were measured, and they agreed very well with the calculated values. Images of a 1000
mesh/inch gold grid were also obtained at the three focal planes. The grid scans indicated
that the spatial resolution is about 2 microns in the image obtained at the third order focus.

1. INTRODUCTION

With the advent of the third generation synchrotron sources such as the Advanced
Photon Source,1 there are increasing interests in developing microscopy in the hard x-ray
region. Hard x-rays for materials research offer advantages, such as access to high Z
materials, increased fluorescence yield, and lower absorption, that are not available in the
soft x-ray regime. Previous efforts in this area have utilized microprobcs based on
multilayer reflective optics^ and transmission amplitude zone plates.^ We present here the
first characterization result of a scanning microscope based on a transmission phase zone
plate (ZP) in the hard x-ray region. Phase ZP is distinct from amplitude ZP in that it has: i)
higher focusing efficiency, ii) much lower zeroth order background, iii) less heat load on
the ZP. Our measurement demonstrates focusing efficiency and spatial resolution better than
those previously obtained.

2. EXPERIMENTAL

Table 1 summarizes the parameters of the phase-modulating ZP used in the experiment.
The fabrication process has been reported elsewhere.4 Briefly, the ZP was designed with a
nominal focal length of 40cm for 8keV x-rays. The ZP is 320u,m in diameter with a 97u.m
diameter stainless steel core in the center. Only 9% of the total active area is occupied by the
stainless steel stop. The ZP consists of alternating zones of Al and Cu. The zone width
decreases gradually from 0.6u.m near the stainless steel core to 0.19u.m on the outer edge.
Beyond the outer edge are high Z solders to define the ZP area. To maximize the focusing
efficiency at 8kcV, the ZP was sliced to a thickness of « 15|im. This would introduce a relative
3 7i phase shift to the 8keV photons transmitted between the Al and the Cu zones.



Table 1. ZP Parameters NSLS
Si (111)

Materials
Primary focal length
Zone plate diameter
S.S. core diameter
Thickness
Inner zone width
Outer zone width
No. of zones

Al/Cu
40cm (@8keV)
320 jun
97 nm
15-20 am
0.6 |icn
0.19 jim
- 3 7 5

OSA

22m 0.4m

Fig. 1. Schematic of experimental setup.
OSA - Order Selecting Aperture.

The ZP characterization was performed at beamline X-18B of NSLS (Fig. 1). A double
crystal system monochromatized the bending magnet radiation to a bandpass of a few
electron Volts that were incident on the ZP. At the focus of the ZP, a sample was mounted on
an X-Y scanning stage behind which was a scintillation counter to detect the x-ray
transmission. Both the sample stage and the detector rested on a translation stage that moved
them along the beam direction to reach focal planes of different orders. An order-selecting
aperture of either 20u.ni or 40(im in diameter was placed in front of the sample to remove
spurious x-rays from unwanted orders.

3. RESULTS

Focusing efficiency (///fl) is defined as the flux ratio of the n t n order focus of the ZP
relative to the incident beam. Theoretically, the focusing efficiency of an ideal amplitude ZP
with rectangular zone profile is limited to a maximum of 1/n2 = 10% at the first order focus,
while a phase-shifting ZP could be 4 times mote efficient.5 Even when absorption is taken
into account, a 3JC phase ZP (like ours) could still achieve an efficiency as high as 28% at the
first order.6 Fig. 2 shows the focusing efficiency of our ZP measured between 5-llkeV. A
peak efficiency of more than 20% was obtained at about 8.8keV. The secondary maxima at
6.6keV of about 13% is due to a 5JI phase shift to the incident beam. At « 9keV, the efficiency
curve is abruptly truncated by the Cu K-edge absorption. The efficiency increases again
above the Cu edge as the Cu becomes less absorbing. By fitting calculations6 to this set of
measurements, the thickness of the ZP can be determined. The ZP thickness was found to be
about 18u.m.

Because a ZP system is symmetric about the focusing axis, it can be well-corrected for
geometric aberrations,7 meaning that the focal spot can be an exact demagnification of the
source until the diffraction limit is reached. In the experiment, the FWHM electron source
size at NSLS was about 0.7mm horizontally and 0.3mm vertically. Since the ZP was located at
22m from the source, a demagnification ratio of 55 is expected for the first order. This led to a
calculated focal spot of 12.7(H)x5.5(V)u.m2 at the first order focus. To experimentally measure
the spatial resolution, a 20um pinhole and a 1000 mesh/inch Au grid were scanned in the
focal planes. The gric consisted of Au wires, 6u.m wide with 25u.m periodicity. Fig. 3 shows an
x-ray transmission picture of the grid at the third order focal plane. Each pixel corresponds
to a lu,m step size and the darker areas are the individual wires. Note the sharpness of the
opening area and the wire imaged by the x-ray microscope. From these images, we estimate
that a spot size of less than 2x4u.m2 is achieved. Another important aspect is the contrast of
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Fig. 2. Focusing efficiency of the first order focus. The calculation is based on an Al/Cu ZP,
18jim thick.

the image. Despite the fact that the Au wire is only - 3u.m thick and the x-rays are partially
transmitted through the Au, a 2.5:1 contrast ratio is obtained between the clear and dark area
in the image. The contrast will increase if x-ray fluorescence is detected from another mesh
of suitable material, for instance Ni.

Table 2 summarizes the spot size of the first three orders measured at 8.2keV. All the
measured spot sizes agree well with those calculated from geometric optics. Another
important criterion for a microprobe is the peak-to-background ratio. At the first order
focal : plane, we have measured the background as being less than 10% of the peak intensity.
All of these results indicate that using the phase ZP's, the prospects are high for developing
submicron microscopy in the hard x-ray region. Higher spatial resolution may be attained
by using a ZP with shorter focal length, by aperturing the source size, by increasing the
source distance, or a combination of these techniques.

4. SUMMARY

We have characterized a scanning microscope based on ? 3n phase-shifting ZP in the
hard x-ray regime. A focusing efficiency of about 20% at the first order focus (hv=8.8kcV)
was obtained. Using the third order focus, spatial resolution of about 2u,m was obtained in the
vertical direction (hv=8.2keV). The ZP was simple to install and align. It seems submicron
resolution is achievable, providing new opportunities in microimaging, microanalysis,
microdiffraction, and microspectroscopy.

La\



Table 2. Focal Spot Size (V)x(H)um

>rder
1 s t

2nd
3rd

Measured
7x12
4x6
2x4

Calculated
5.5 x 12.7
2.7 x 6.4
1.8 x 4.2

25 jim

Fig. 3. Transmission image of a lOOOmesh/inch Au
grid obtained at the third order focus (hv=8.2keV).
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Material Considerations for
HardX-Ray Zone Plates*

J. Chrzas. W. B. Yun, B. Lai and D. Legnini
Advanced Photon Source

Argonne National Laboratory
Argonne, IL 60439

Recent advances in sputtering techniques have led to the
development of transmission optics in the hard x-ray regime (5
- 20 keV). These zone plates are fabricated by a sputtering,
slicing, and thinning technique, and are made from two
different materials. The focusing property of the zone plate is
derived from the constructive interference from adjacent
zones, which results from the phase shifting properties of the
materials. This paper will discuss the material selection
process based upon the complex index of refraction of the
constituent materials. The criteria for the selection of material
pairs is the optimization of the focusing efficiency for a given
energy range. The question of zone plate thickness as related
to the focusing efficiency of the optic will be addressed.
Fabrication artifacts will also be discussed as they pertain to
the focusing efficiency and resolution of the zone plate.
Variations in the material concentration profiles will be
examined in an attempt to improve focusing efficiency and
resolution. Finally, a compariertr> of different fabrication
techniques, lithographic and sputtering, will be discussed.

* This work supported by the U.S. Department of Energy,
Office of Basic Energy Sciences, Division of Material Sciences,
under contract no. W-31-109-ENG-38.

69

7th National Conf. on SRI, 10/28-31/91, Baton Rouge, LA (abstract).



Phase Zone Plate Based
Scanning X-Ray Microscope*

D. Legnini. W. Yun, B. Lai and J. Chrzas
Advanced Photon Source

Argonne National Laboratory
Argonne, IL 60439

A scanning microscope capable of investigating materials in
the x-ray region from 5-25 keV with a spatial resolution on the
order of 1 urn has been constructed and experimentally
demonstrated. A phase zone plate is used as a focusing
element concentrating photons at a series of diffraction orders
spaced along the optical axis. A sample is positioned at one of
these focal planes and raster scanned across the small focal
spot for imaging or micro-analysis. Use and characterization
of the microscope requires precise alignment of the zone plate
and its optical axis along the x-ray beam direction. Also
needed are accurate, reproducible positioning of an order
selection aperture and sample. Operation at different focal
orders involves large translations of sample and aperture
along the optical axis as well as adjustment of the aperture to
sample 'Hstance. A motion control, data acquisition, and
display system has been developed to meet these requirements
of sample and detector positioning. Design considerations and
results obtained from use of the microscope for imaging at first
through fourth order focal planes are discussed.

* This work supported by the U.S. Department of Energy,
Office of Basic Energy Sciences, Division of Material Sciences,
under contract no. W-31-109-ENG-38.

70

7th National Conf. on SRI, 10/28-31/91, Baton Rouge, LA (abstract).



RADIATION SAFETY,
INTERLOCKS,

AND
PERSONNEL SAFETY



71
LS Note LS-139
H. J. Moe
June 1989

Dose Estimates for the 1104 m APS Storage Ring

1.0 Introduction

The estimated dose equivalent rates outside the shielded
storage ring, and the estimated annual dose equivalent to
members of the public due to direct radiation and skyshine
from the ring, have been recalculated. The previous
estimates found in LS-84 (MOE 87) and cited in the 1987
Conceptual Design Report of the APS (ANL 87) required
revision because of changes in the ring circumference and in
the proposed location of the ring with respect to the nearest
site boundary. The values assumed for the neutron quality
factors were also overestimated (by a factor of 2) in the
previous computation, and the correct values have been used
for this estimate.

The methodology used to compute dose and dose rate from the
storage ring is the same as that used in LS-90 (MOE 87a).
The calculations assumed 80 cm thick walls of ordinary
concrete (or the shielding equivalent of this) and a roof
thickness of 1 meter of ordinary concrete. The circumference
of the ring was increased to 1104 m, and the closest distance
to the boundary was taken as 140 m. The recalculation of the
skyshine component used the same methodology as that used in
LS-84.

2.0 Direct Radiation

The folio ng assumptions were used in the recalculation of
the dire./ adiation component:

Beam Current - 0.3 A
Circumference - 1104 m
Positron Energy - 7 GeV
Mean Lifetime of Beam - 10 h
Shielding - 1 m normal concrete on the roof, 0.8 m of

normal concrete on the sides
Total Beam Energy - 7728 J
Shortest Distance to Dose Point - 1.3 m

The shielding on the outer side of the tunnel (experimental
area side) is in the form of a ratchet but for computational
purposes is considered circular. The calculations should be
conservative, because the distance from the positron orbit- to
the outside of the shielding wall does vary around the
ratchet but the minimum value has been assumed for the entire



perimeter.

To estimate the losses around the ring, the following
expression, adapted from Swanson et al. (SWA 85), was used to
estimate the variation with angle of the bremsstrahiung dose
at 1 m due to positron interactions in the vacuum chamber:

-( QB/6 ) - 0B/21 -3B/110
H/W = 16.7E 2 1/2 + 833(10 ) + 25(10 ),

o

in which H is in mrem, W is in joules, E is the positron
o

energy in MeV, OB is the bremsstrahiung angle in degrees and

0 E = 100 MeV deg. The first term on the right side of
1/2 o

the expression accounts for the highly peaked forward
component of the bremsstrahiung radiation. Figure 1
illustrates the geometry for the continuous loss, assuming
uniform interactions in the vacuum chamber around the
circumference. As indicated in the figure, 8B is the angle
between the forward direction of the positron beam at Q and
the line segment QP to the dose point P. For a positron
striking the vacuum chamber at point Q, the bremsstrahiung
dose (mrem/J) at P will be

-( yu x)
H e ' BREM

H
BREM 2

W (QP)

in which H/W is evaluated for the appropriate angle 0B, x is
the slant shield thickness (cm) at that angle, and u, is

-1 ' BREM
the attenuation coefficient (cm ) for the given shield
material.

Isotropic emission is assumed for the two neutron components,
the giant resonance neutrons (GRN) and the high energy
neutrons (HEN). Their dose contributions (mrem/J) to the
point P are given by

-( u x) -{to x)
0.63 e ' GRN 0.075 e ' HEN

H = and H = .
GRN 2 HEN 2

(QP) (QP)



For the calculations using normal concrete, u , Ix , and
' BREM ' GRN
_ 1

M were taken as 0.048, 0.059, and 0.02 cm ,
' HEN
respectively.

When the contribution from each of the individual components
o o

is integrated over all angl*ss( 0 <= 0 <= 360, see Figure 1
for & ), the result is the cumulative contribution from each
component at the point P due to a uniformly distributed loss
around the ring (mrem deg/J). For a total stored energy of
7728 J and a mean lifetime of 10 h, the energy loss rate is
1.357 J/h deg. Multiplying each of the integrated
contributions by the energy loss rate and summing the results
gives the total dose rate at the dose point P (mrem/h).

The total dose rate at various distances from the positron
orbit is shown in Figure 2. Table 1 lists the annual dose
equivalent from direct radiation at various distances from
the positron orbit for an assumed operation time of 8000 h.
These data are also plotted in Figure 3.

TABLE 1
Annual Dose Equivalent

(Direct Radiation for 8000 h Operation)

Distance, m

1.3
2
10
20
50
100
150
200
500
1000
1500
2000
5000

mrem/v

400.6
261.3
49.6
23.4
8.0
3.3
1.8
1.2
0.27
7.8E-02
3.7E-02
2.1E-02
3.6E-03



3.0 Skyshine

The skyshine contribution from scattered neutron radiation
was estimated using the following assumptions:

12 12 +
Positrons lost in 10 h - 0.63 (6.9 x 10 ) = 4.36 x 10 e
Safety Factor - 3, since equation is good only to a factor

of 3
Neutron Fluence - 80% fast neutrons (1-2 MeV) and 20% high

energy neutrons (100-400 MeV) at the dose
point

Quality Factor - Values were obtained from Figure 3 of DOE
Order 5480.11 (DOE 88, Section 9.f.(5))

Fluence Rate to Dose Equivalent Rate Conversion Factor -

1 * 2

(p = 7.8 n/cm s/mrem/h for 1-2 MeV n

I 2

(p = 4.6 n/cm s/mrem/h for 100-400 MeV n
7 2

Avg. (p = 0.8(7.8) + 0.2(4.6) = 7.16~ 7.2 n/cm s/mrem/h

The source term for the neutron skyshine component was
computed from the yield 0.12 n/e, obtained from Bathow et al.

(BAT 67) for 6.3 GeV e~~:
12 _ .02(100)

O.T2(n/e)4.36 x 10 (e) e 6
Q r = 1.97 x 10 n/s

4
3.6 x 10 (s)

for an assumed 10 h mean lifetime. This source strength was
6

conservatively increased by a factor of 3, giving 5.91 x 10 .

An expression for the skyshine contribution from a well-
shielded accelerator (RIN 75) was used to estimate the
skyshint; dose equivalent:

a Q e

2

41V r
in which a and A are constants, (p(r) is the fluence rate



(n/cm s), Q is the source strength (n/s) and r is the
distance to the dose point (cm). Values of the constants a
and A quoted from measurements at DESY by Rindi and Thomas
(RIN 75) were used in the computation. The values chosen

4
(a = 7 and A = 3.3 x 10 cm) give the largest fluence rate
values for the DESY measurements.

2
Using the conversion factor 7.2 n/cm s/mrem/h, the dose

equivalent rate H becomes

_ (r/3.3 x 10 )
5 e

H = 4.57 x 10 (mrem/h),

in which r is expressed in cm. Table 2 contains the
estimates of the annual skyshine dose contribution at various
distances from the positron orbit, assuming 8000 h of
operation. Figure 3 shows the annual dose data of Table 2
plotted along with the annual dose data from direct
radiation.

TABLE 2
Annual Dose Equivalent

(Skyshine Radiation for 8000 h Operation)

Distance, m mrem/y

100
150
200
300
400
500
1000
1500
2000
3000
4000
5000

27.0
10.3
5.0

6
.68

0.32
1 .77E-02
1 .73E-03
2.13E-04
4.58E-06
1.24E-07
3.85E-09

1 ,
0.
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4.0 Remarks

From Figure 2, it is seen that the ALARA design criterion of
< 0.5 mrem/h for occupational exposure (DOE 88, Section
9.j.(b)) is met at the distance of closest approach (1.3 m).
The dose rate at this location is 0.05 mrem/h. From Figure
3, it is seen that the projected total annual dose equivalent
JLt the new assumed boundary (140 m from the positron orbit)
is about 14.2 mrem/y. This comprises ~ 2 mrem/y from direct
radiation and 12.2 mrem/y from skyshine. The total annual
dose is only slightly higher than the estimate in LS-84 (** 10
mrem/y), as the dose increase due to moving closer to the
boundary is almost offset by the correction in the neutron
quality factor. The estimated total annual dose of 14.2 mrem
meets the criterion of Draft DOE Order 5400.XX (DOE 88a),
which limits annual dose to the public to 100 mrem/y.
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Geometry for Component Doses due to
Continuous Loss around the Storage Ring
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DOSE ESTIMATES FOR THE HEAVY CONCRETE

RATCHET HALL CONFIGURATION

1.0 Ratchet Wall Geometry Change

During the 1987 meeting of the APS User's Subcommittee on Conventional

Facilities, we were urged to study changes in shield-wall geometry for the

storage ring so as to provide an increased portion of the photon beam outside

that shield. The shield-wall position, with respect to the source point, is a

geometric function of the thickness of the wall, the clearance between the

photon beam inside the wall (front-end area), and the corresponding clearance

outside the wall. The relationship of any of these three dimensions and the

resulting movement of the ratchet portion of the wall (and thus the portion of

the beam line outside the shield) is about one-to-eleven, so that for each

inch given up in clearance or wall thickness, eleven inches of beam-line

length is exposed. Unfortunately, the two clearances were already considered

minimal, and the shield-wall thickness determines the radiation dose received

on the operating floor and is not really a "free parameter."

The first change made in geometry was to consider the use of heavy

concrete for the wall construction. (The inner wall and roof are still

considered to be normal concrete.) A thickness of 0.56 m was chosen, since

that provided the same shield quality as the former 0.8-m normal concrete

wall. The ratchet thickness itself was left at 0.8 m for several reasons:

the wall encloses a lead/concrete plug of 0.8 m total length; there is only a

one-to-one relationship between this dimension and the beam-line length

exposed; and the 0.8-m length will prove to be important in consideration of

the forward-angle bremsstrahlung radiation.

The changes to the clearances were made in such a way as to maintain the

CDR-87 clearances only in areas where front-end devices- were expected to

occur. The front-end-to-wall clearance of 0.8 m was then reduced to 0.5 m,

while the wall ran parallel to the next upstream beam line (outside the

shield) at a 0.5-m clearance. The wall then runs parallel to the front-end at



a 0.5-m clearance until the upstream beam-line clearance is reduced to

0.2 m. At this point the outside surface of the ratchet face is placed and

the above sequence is repeated with the front end beyond that ratchet face.

In this way, the front-end areas retain their clearance of 0.8 m, and the

initial beam-line clearance is maintained at 0.2 m. The 0.5-m clearance

inside the tunnel occurs where there are no front-end components. The 0.5-m

clearance outside the tunnel occurs where there is free access to the opposite

side of the beam line.

The above thickness choice and geometry changes did not, however, take

into account the increased radiation dose received on the outside of the

shield due to the wall's closer approach to the storage-ring orbit. It is the

purpose of this note to determine the resulting doses and to see if wall

thickness or geometry changes are needed to provide adequate shielding for the

experimental floor.

2.0 Ratchet Shielding Calculations

A review of the shielding estimated for the ratchet section of the

storage-ring wall has been carried out. Initially, the wall shielding was

computed to be 80 cm of normal concrete and the distance of closest approach

was taken as 3 m, yielding a calculated dose of about 67 rarem for the case of

a single point loss of the entire beam. Modification of the wall structure,

relocation of the front-end components, and the substitution of high density

concrete for normal concrete with an accompanying reduction in the shield

thickness, have made such a review prudent. Moreover, the distance of closest

approach has also become smaller, so that the possibility of an individual

receiving significantly more than 100 mrem in a single dump required

investigation. A third factor affecting the dose is that the corner of the

ratchet nearest the positron beam orbit has been truncated in order to provide

.more room (see Figure 1). This has resulted in a minimum shield thickness of

56 cm of high density concrete in this region, as well as the shortest

distance from an assumed point beam-loss to the dose point.

For this review, a number of beam-loss points (A, B, C, D, E, and F in

the figure) at 1-m intervals in the vicinity of the ratchet-like sections of

the shielding were investigated. Since the wall sections differ in the BM and

ID sections, the calculations were performed for each of these sections.



Figure 1. General ratchet-wall dimensions

The forward-directed bremsstrahlung radiation varies in intensity with

the angle of emission with respect to the positron beam direction. The

forward intensity for the bremsstrahlung was estimated using an expression

adapted from Swanson (SWA 85). This expression is:

6, ,„ -9^/21 - V 1 1 0 .

HBREM
) + 25 (10 B'

ty

in which Fy is in (mrem*m /J) at 1 m, EQ is the positron energy in MeV, QQ

is the bremsstrahlung emission angle with respect to the original positron

beam direction in degrees, and 6^/2^0 = ^ 0 MeV*deg. The first term of the

expression accounts for the intense, highly-peaked, forward component of the

bremsstrahlung, and the two remaining terms express the contribution as a

function of 63• For each of the points in the figure, a number of values for

the parameter 9g were used to determine the dose outside the shield. If the

resultant dose outside of the shielding exceeded 100 rarem, a separate

calculation to determine the distance outside the shield at which the dose

dropped to 100 rarem was performed.

Calculations for 7-GeV positrons were based on the assumption of 0.1 A of

current in the ring and no additional local lead shielding placed around the



ring. The attenuation lengths in high-density concrete (density - 3.7 g/cm3)

for bremsstrahlung (BREM), giant resonance neutrons (GRN), and high-energy

neutrons (HEN) were taken as 50, 45 and 125 g/cm , respectively. These

quantities represent composite parameter values obtained from the literature

(ALS 73, BAT 67, DIN 77, FAS 84 and TES 79). The dose-conversion factors for

giant-resonance neutrons and high-energy neutrons are those previously used,

namely 0.63 and 0.075 mrem*m2/J, respectively. The GRN and HEN components are

assumed to be emitted almost isotropically, whereas the bremsstrahlung

component has the angular dependence given above. The expressions for the

dose contributed by each component, at the outside of the shield wall, are:

H B R E M ! (r + x)'

HGRN

_ 370(x)

0.63 W e

(r +

- 370(x)

0.075 W e 1 2 5

• " ' (r + x ) 2

in which FH is evaluated for the appropriate angle, W - 2.2 x

1012e+(7000 MeV/e+)(1.6 x 10"13J/MeV) - 2464 J, x (m) is the slant shield

thickness for the angle 8g, and r is the distance from the relevant point to

the inside shield wall in m.

Figures 2 and 3 show the results of the calculation, indicating the

distance to the points outside of the shielding at which the dose is

100 mrem. These are shown as lines from the relevant loss point (A, B, C, D,

E and F) to the dose point at the appropriate angle, 6g. These results were

obtained by increasing the value of r in the above equations, while holding x

constant, and solving iteratively for the total distance at which the dose

becomes <100 mrem. As seen from the figures, the dose is generally <100 mrem

for the majority of the situations investigated. For the few instances in

which the dose exceeds 100 mrem, the distance at which the dose drops to



Figure 2. Section through wall in BM ratchet area.

Figure 3. Section through wall in ID ratchet area.



100 mrem is generally <20 cm from the outside of the wall. One exception, as

shown in Figure 2, is for a point loss at 0 in the figure, considering a BM

ratchet face. For this case, the dose is 167 mrem on the outside of the

shield and drops to 100 mrem at 44 cm from the shield. None of these

conditions is deemed to-represent a serious hazard potential to personnel, and

no additional shielding for the operational current of 0.1 A is recommended.

In addition, the setting up of exclusion zones in the areas outside of the

shielding at which the dose may slightly exceed 100 mrem seems unnecessary.

Additional calculations were performed for the case in which the current

is 0.3 A, and local lead shielding (7.62 cm) of the storage ring in these

areas is provided. The results of these calculations indicate that with the

addition of 3 inches of lead as local shielding of the storage ring, all doses

outside of the shielding are reduced to below the administrative goal of

100 mrem. The highest dose rate occurring outside of the shielding under

these conditions is about 81 mrem.

3.0 Suamary

The recalculation of the estimated doses due to a beam loss at a single

point in the storage-ring system indicates that the redesigned shielding

geometry, using heavy concrete for the ratchet walls, is generally adequate

for the parameters of no local lead shielding and an operating current of

0.1 A. For operation at 0.3 A, additional local lead shielding of 3 inches of

lead will assure that all doses outside the ratchet wall shield from a beam

loss at a given point will be <100 mrem.
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PHOTON

A Program for Synchrotron Radiation Dose Calculations

The computer program PHOTON was obtained from Brookhaven
National Laboratory (courtesy D. Chapman. NSLS), and has now been installed
at APS VAX. In the following a brief description of the program and how to
access to it is described with an example. A detailed manual for the program is
also available (1).

The program is developed to calculate the transmitted and scattered
spectra of the synchrotron radiation, as it passes through series of filters. The
source can be a bending magnet or a wiggler. This can be generated for any
bending magnet or a wiggler source by varying ring energy, the critical energy
and opening angles of the radiation beam. Monochromatic beams to white
radiation can be treated. Filter materials can be pure elements or composites.
The absorption cross-sections of all elements for covering 10"2 to 10^ keV are
now included in a table (2). which can be accessed by giving the atomic
symbol.

The program has been checked at NSLS (3), and it has been found
that it overestimates the scattered radiation dose by a factor of 2 to 10. It is
claimed in the manual that the reason for this overestimate is understood.
Neverthless, as a safety precaution, no correction has been made.

The program specifically calculates the following:

1. transmitted power as a function of energy and vertical opening
distance,

2. vertically integrated transmitted spectrum,
3. total coherent and incoherent (Compton) scattered spectrum

form a filter,
4. absorbed power as a function of the vertical opening distance,
5. total absorbed power, and
6. dose in a medium exposed to direct or filtered beam.



5 SET DEF (PUBLIC.PHOTON)

S «DEFIJJE_MAPPER_COMMAND

* R PHOTON

Program PHOTON - updated January 27, 1989

WHAT INPUT FILE NAME?

PB_FIlTEa.DAT

WHAT OUTPUT FILE NAME?

PB_FILTER.OOT

WHAT PLOT FILE NAME?

PBJPILTER.PLT

PARAMETER PRINT_ABSORPTION_COEFF WAS NOT SET; DEFAULT VALUE - .FALSE.

PARAMETER PRINT_TRAN5_POWER KAS NOT SET; DEFAULT VALUE - .FALSE.

PARAMETER PRINT_POWER_SPECTRUM HAS NOT SET; DEFAULT VALUE - .FALSE.

PARAMETER PRINT_SCATT£RED_SPECTRUM HAS NOT SET; DEFAULT VALUE - .FALSE.

PARAMETER PRINT_ABSORBED_PCWER MAS NOT SET; DEFAULT VALUE - .FALSE.

PARAMETER BANDWIDTH_FOR_PLOTS HAS NOT SET; DEFAULT VALUE - 0.100000

PARAMETER PLOT_ON_SAME_SCAL£ HAS NOT SET; DEFAULT VALUE - .FALSE.

SYNCHROTRON SPECTRUM CALCULATED

absorption-cross sections calculated

absorption-cross sections calculated

absorption-cross sections calculated

absorption-cross sections calculated

absorptior.-cross sections calculated

absorption-cross sections calculated

absorption-cross sections calculated

absorption-cross sections calculated

absorption-cross sections calculated

absorption-cross sections calculated

absorption-cross sections calculated

ABSORBER.DAT read In OK

Composite ICRU4 absorption-cross sections calculated

Composite STEEL absorption-cross sections calculated

FILTER - Transmission through filter PB being calculated

PLOT TRANSMITTED SPECTRUM THROUGH FILTER

FILTER - Transmission through filter CU being calculated

PLOT TRANSMITTED SPECTRUM THROUGH FILTER

FILTER - Transmission through filter C being calculated

FILTER - Transmission through filter BE being calculated

PLOT TRANSMITTED SPECTRUM THROUGH FILTER

NICK - Absorbed Surface Dose in ICRU4 being calculated

FILTER - Transmission through filter SI being calculated

WALL - Transmission through wall STEEL being calculated

WALL - Transmission through wall PB being calculated

WHOM -' Absorbed Surface Dose In ICRU4 being calculated

WALL - Transmission through wall STEEL being calculated

WHOM - Absorbed Surface Dose in ICRU4 being calculated

PHOTON STOP

Element

Element

Element

Element

Element

Element

Element

Element

Element

Element

Element

H
BE
C
N

O

SI

AR
MS

FE

CU

PB



s re >3_FII.TER.I»T

START_FARAMETER5

N«fflER_0F_6AW»_KI_STEK

100

HUH3ER_0F_ENE*«_STEM

100

.10

?R1HT_ENERGV_ST£K

10

PR1NT_TRANS_S»ECT«W

HIMIMUM_ENER«_INJ<£V

1 . 0

HWIMDM_E.NERCY_IH_KEV

200.0

DELTA_GM*W_tSI_IHJtAD

0.02

RINC_ENERS]f_IH_M£V

2500.0

CRITICAL_EN£R«I_I!MCEV

20.71

HCKBER_OF_r0IXS

(.0

VERTICM,_«IS_lOC_«aXS

t
CURREHT_FORJ(IOIS

500.0

KORIZONTAL_HMDjrOll_niOTS

S.O

EMDJPAMMETERS

START_ELEME»TS

BE

C

SI

PB

CU

H

K>

AR

FE

0

N

ENO_ELEHEHTS

START_CCMPOSITES

ICR04

H

.1000

c
.1490

K

.0350

o
.7160

ENO_IC8U4

STEEL

FE

.9954

C

.0006

MM

.0040

END_STE£L

ENDjCOMPOSITES

STA8T_FILTERS

PB

run1

CU

0.2540 1.92000 1.00000 10000.00000 7.50

nor
c
0.39100 2.10000 1.00000 12510.00000 40.00

BE

o.soaoo 1.14100 l.ooooo 12910.00000 40.00

PLOT

NICK

5,500,5,45

ICMJ4

END_MICX

SI

50 .0 , 2 . 3 3 , 1 .0 , 23000.0, 40 .0

1000.0

STEEL

C.35.7.S
IS

(.35,11.4

ENDJtAU

WKM

5.500

ICMJ4

EMD_MWM

VALL

1000.0

STEEL

0.7.1

EXDJfAU.

WiCH

5,500

ICKJ4

ENDJKHOH



* TY PB_FILTER.COT

E M N EMAX DGPSI

1.000 200.000 0.020

ELEN EC POLES

2500.000 20.780 C.000

VERTICALLY INTEGRATED POWER IN W/aradh-BA

1.S127S

MATERIAL and CODE NO

ICRU4 12

MATERIAL and

STEEL

HTRL

CODE

» 3

13

FILT

NO

1

CCDE NO

MASS

DENS*THICK

CM/CM2

0.02896 I

SOURCE

DIST

KM
10000.00

SLIT
HT/2
Kl

7.50

JCWER FRACTION FCWER

ABSORB ABSORB LETT

W/andh-nA tabs /F ine W/mradh-«*

1 .31 0.614 O.S975

ENERGY(tuV),!TCM3ER OF TRANSMITTED rHOTCNS/xcc-«V-azadH-aA

1.00 O.OOOEMJO 20.90 0.123E+10 40.80 0.1B7E+10 (0.70 0.713E+09

80.60 0.246E+09 100.50 O.751E-f0S 120.40 0.274E+08 140.30 0.989E+07

160.20 0.3S8E+07 180.10 0.130E+07 200.00 0.472E+06

HTRL

CODE NO

CO

MASS SOURCE

DENS'THICX DIST

CM/CM2 MM

0.22657 10000.00

SLIT PCWER FRACTION JOHER

HT/2 ABSORB A3S0RS LZtT

m w/mxadh-9A Pabj/Pinc W/«radh-cA

7.SO 0.311 0.521 0.2721

ENERGY (!(«V),lrcM9ER OF TRANSMITTEO PHOTCNS/Me-lV-mradH-mA

1.00 0.000E+00 20.90 0.144E+07 40.80 O.S71E+0S 60.70 0.50SE+09

80.60 0.208E+09 100.SO 0.679E*08 120.40 0.255E+08 140.30 0.S36E+07

160.20 0.342E-f07 180.10 0.125E+07 200.00 0.456E+06

MTRL FILT KASS SOURCE SLIT

CCDE NO DENS'THICK DIST HT/2

(B1/CM2 KM >H

C 3 0.08211 12510.00 40.00

PCWER FRACTION PCWER

A3S0R3 ABSORB LEFT

W/nradh-sA P a t * / P l n c W/aradh-mA

O.985E-O3 0.362E-02 0.2614

ENERGY (leeV), NUMBER OF TRANS>aTTED PHCTCNS/s«e-eV-aradH-nA

1.00 O.OCOE+00 20.90 0.139S+07 40.90 0.660E+09 60.70

80.60 - 0.205E+05 ICO.50 0.670E+08 120.40 0.252E+05 140.30

160.20 0.338E+07 180.10 O.123E+07 200.00 0.451E+06

0.499E+09

0.926E+07

HTRL

CCOE

BE

FILT

NO

4

MASS

DENS'THICK

CM/CM2

0.09388 :

SCORCS

DIST

KM

L2810.00

SLIT

HT/2

» I

40.00

PCWER FRACTION PCWER

ABSORB ABSORB LEFT

W/aradh-mA Pafcj/Pinc W/aiadh-nA

0.741E-03 0.276E-02 0.2640

ENERGY (keV), NUMBER OF TRANSMITTED PKCTCNS/sec-eV-nradH-mA

1.00 O.OOOEfOO 20.90 0.136E+07 40.80 0.649E+09 60.70 0.490Et09

80.60 0.202E+09 100.50 O.S62E+O8 120.40 0.249E+08 140.30 0.91SE4-07

160.20 0.334E+07 180.10 0.122E+07 200.00 0.447E+06

ABSORPTION MEDIUM

ICRU4

Energy ikeV) Surfac* 0os« ( r a d » / s « c - « v - m l l l l a m p - m l l H r a d h o r l i )



through a filter 12.8100 meters fron tht source point

1.00000 O.O00O0OE+00 20.9000 0.567758E-04 40.8000 0.756172E-02 6
0.7000 0.435863E-02
80.S000 0.197S50E-02 100.S00 0.801527E-03 120.400 0.374203E-03 1

40.300 0.167078S-03

160.200 0.723681E-04 190.100 0.306770E-04 200.000 O.127995E-04

All following doses are calculated for 500.000 milllarrpi and S.00000
horizontal milliradians
through the last fi lter 12.8100 meters from the source point

TOTAL MAXIMUM DOSE

1: xads/sec 2: nrads/hr 3: urads/yr

0.77408E+06 0.27848E+13 0.24411E+17

HTRL FILT MASS SCORCE S U T PCWER FRACTION PCWER
COOE NO DESS'THICS DIST KT/2 A3S0S3 A3SQRB LEFT

GM/CM2 KM Hi W/nradh-mA Pabs/Plnc W/raradh-reA
SI 5 11.£5000 23000.00 40.00 0.226 0.556 0.12102-01

ENERGY(keV),NCMBER OF TRANSMITTED PKOTONS/sec-eV-nradK-mA
1.00 0.000E+00 20.90 O.278E-13 40.80 0.290E+06 60.70 0.139Et08

80.60 0.162E+0S 100.50 O.S16S+07 120.40 0.3S5E+07 140.30 0.163E+07
160.20 0.661E+06 180.10 0.262E+06 200.00 0.1O2E+06

HALL MATERIAL STEEL of thickness 6.35000 s a and density 7.80000 ga/c
n*«3
at a distance of 1.00000 neters from the scatter point

ENERCY (keV), TRANSMITTED PHOI0NS/sec-ev-ca**2-ffiA-aradh
1.00 O.OOOE+00 20.90 0.0OOE4O0 40.80 0.812E-04 60.70 O.446E+O1

80.60 0.260E+02 100.50 0.189E+02 120.40 0.609E+01 140.30 0.128E+01
160.20 0.197E+00 180.10 0.226E-01 200.00 0.191E-02

WALL MATERIAL PS of th ickness 6.35000 ins and dens i ty 11.4000 cs/c
B««3
at a distance of 1.00000 meters frca the scatter point

EMSR«(XeV), TRANSMITTED PHOT0HS/sec-ev-ca**2-!rA-aradh

1.00 O.00QE+00 20.90 O.OOOE+CO 40.80 0.000E+00 60.70 0.607E-14

80.60 O.147E-O5 100.50 0.1S6E-15 120.40 0.796E-10 140.30 0.488S-07

160.20 O.914E-O6 180.10 O.226S-0S 200.00 0.1S0E-05

A3SCRPTI0N MEDIUM

1CRU4

Er.ergy (keV) Surface Dose (rat!s/sec-ev-.iillllair.p-3illirad!-.ori2)
through the wall l.COOCO mecers frcn the scatter point
1.00000 O.OCOOCOE+CO 20.9000 O.OOCCOOE+00 40.8000 O.OOCOCOEtOO 6

0.7000 0.175680E-24

80.6000 0.46592SE-16 100.500 0.613024E-26 120.400 0.389025E-20 1

40.300 0.289432S-17

160.200 0.643161E-16 180.100 0.1847B1E-15 200.000 0.139276E-15

All following doses are calculated for 500.000 milliards and 5.00000

horizontal milliradians

through the wall 1.00000 meters from the scatter point

TOTAL HAXIHEM DOSE

1: rads/sec 2: mrads/hr 3: mrads/yr

0.23401E-07 0.84186E-01 737.98

MALL MATERIAL STEEL of thickness O.OOOOOOE+00 ira and density 7.a0000

m"3

at a distance of 1.00000 meters from the scatter point



ENERGY(K«V), TRANSMITTED rHOT0WS/MC-«v-a»**2-SA-«radh
1.00 0.000E+00 20 .90 0.111E+01 40 .10 0.153E+04 ( 0 . 7 0 0.151E+04

80 .60 O.455E+O3 100.SO 0.11SE+03 120.40 0.22fE+02 140 .30 0.3CCE+01
160.20 0.480E+00 110 .10 O.498E-O1 200.00 0.391C-02

ABSORPTION MEDIUM

ICRU4

Energy (kcV) Surface Dos* { r a d s / s e e - c v - B i l l l a i n p - a d l l i r a d h o r i z )

through the wall 1.00000 m t t i s f ro* the s c a t t e r point

1.00000 O.OOOOOOEtOO 20.9000 0.1499S9E-09 40.8000 0.57MC7E-07 C

0.7000 0.438267E-07

80.6000 0.144S98E-07 100.500 0.451C31E-08 120.400 U.110717E-08 1

40.300 0.217112E-09

160.200 0.337678E-10 180.100 0.406326E-11 200.00C 0.3I3J85E-12

Al l fo l lowing doses are ca lculated for 500.000 mllll»JH)« and 5.00000

horizontal Ml l l l rad ians

through the wal l 1.00000 a e t e r i Iron the s c a t t e r point

TOTAL MAXIMUM DOSE

1: rads/sec 2: nrads/hr 3: arads/yr

6.0473 0.21755E+08 0.19071E+12

CALCUIATICH FOR ALL FILTERS COMPLETED

'??, \Kir /Q ~ /StTuP ^TEK.
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Thursday, October 17,1991

TO: G. K. Shenoy, D. M. Mills, P. J. Viccaro, T. Kuzay

FROM: E. Alp, S. Davey, R. Dejus, D. Haeffner, K Mohanty

SUBJECT: Radiation Shielding for APS Beamlines
- /

Following our previous memo dated March 13,1991 (enclosed), we
have been charged to revisit the shielding issue for APS beamlines on Oct.
11,1991. The committee, as indicated above, have been provided with some new
input by the new members, as well as some new calculations done by R. Dejus.
As a result, we made some new considerations . These are:

1. OCCUPANCY FACTORS

Our previous radiaton dose calculations were done with the
assumption that the exposure will be 24 hours, 365 days per year. The committe
have looked at the guidelines as described in DOE Order 5480.11
and decided to reduce the exposure durations for a person to 40 hours/week.

2. MAXIMUM ALLOWED DOSE LIMIT :

This limit has now been reduced from 5 Reins/year to 1 Rem/year.
The current official limit is 1.5 Rems/year, and the committe believes that this
number will further be reduced to 1 Rem/year in the near future . It should be
noted that for X-rays the unit Rad and Rem are approximately the same.

3. DISTANCE BETWEEN WALLS AND PERSONEL

The human tisse used in the PHOTON calculations is now being
placed 1 foot away from the pipes and hutches, consistent with the guidelines
described in DOE Order 5480.11

4. NEW HUTCH CONCEPTS

The committe believes that it is acceptable to give different
considerations for each side of the hutch walls. For example, the top of the hutch
should not be considered as same as the backwall of the hutch, directly facing the
beam.



5. BENDING MAGNET VERSUS WIGGLER RADIATION

A new set of calculations have been made for BM radiation, and it is
clear that the shielding requirements are not the same for ID beamlines.

The results of all these deliberations are summarized in Table 1.

We will continue our efforts of establishing guidelines for shielding
calculations, and constructing meaningful "worst case scenarios" to ensure
safety of users at APS. It is also the intention of this committee to study the
apporoximations made in PHOTON code, and improve the code, if necessary.
This memo should not be taken as a basis for final design.



TABLE 1. The required shielding for ID and BM Experimental Stations and
Transport Lines

ID

BM

White beam Hutch
White beam Transport
Monochromatic Hutch

Monochromatic Transport

White beam Hutch
White beam Transport
Monochromatic Hutch
Monochromatic Transport

Stainless Steel

1/8"
1/8"
1/8"

1/8"

1/8"
1/8"
1/8"
1/4"

Lead

1/2"
1/2"
1/8"
1/4"
1/2"
1/8"

5/64"
1/8"
—
...

Notes

Top
Sides
Backwall

/eea



Argonne National Laboratory
October 16,1991

Shielding of Bending Magnet Beam Lines and Hutches
at the Advanced Photon Source.

I have repeated some of the "wiggler" calculations for the bending magnet beam
line. Again, the PHOTON program was used to estimate the radiation level. The radiation
from the bending magnet was calculated using the following parameters: critical energy of
19.5 keV, 1 pole, the range from 1 - 500 keV examined for the white beam and 20,50, and
88 keV photons examined for three monochromatic beams, distance is 45 m away from the
source (does not depend on this distance as long as all radiation is taking into account by
integrating over the full vertical extent of the beam). The storage ring energy was 7.0 GeV
and the current was held at 100 mA in all calculations. Note: the results are presented using
a horizontal opening angle of 1.0 mrad and if the actual beam size is wider than this, the
levels must be multiplied by the corresponding width of the the beam in mrad. The
radiation levels presented do no include the effect of limited occupancy and must therefore
explicitly be adjusted in order to take this into account. As a guideline we may use 0.5
mrad/h which is calculated from the allowed 1,000 mrad/y divided by 2,000 working
hours/year. However, since the scenarios described below are extreme cases that usually
occurs during a limited time period, a more realistic value for a short time exposure would
be 5 to 10 mrad/h. The beam lines are discussed in the scenarios A thru D and the hutches
under scenarios E thru H.

SCENARIO A:

A 6" diameter beam pipe has been accidentally ventilated and is filled with air at
atmospheric pressure. Thus, the scattered radiation comes from the air in the beam pipe
and we have assumed, as before, that an "air-pocket" of 1.0 m length properly represents
this scenario. Does a beam pipe with no lead provide sufficient protection? The radiation
levels just outside the beam pipe are listed in Table I as a function of the steel wall
thickness. It is clear that the dose rates are too high for any reasonable steel wall thickness.

TABLE I.

Dose rates calculated from compton scattered photons
from an air-pocket of 1.0 m length for variable thickness of the steel wall

(no Pb, and 76.2 mm away from the scatterer).

Steel wall thickness (mm) Dose rate mrad/h

3.175 (1/8") 93,000
17.70 (1/2") 2,700
25.40 (1") 103



SCENARIO B;

The calculations for scenario A were repeated for a distance I1 away from the beam
pipe since this represents a more realistic case. All other parameters were held the same as
in A. The results are summarized in Table II. The calculated dose rate for 1" of steel is
now at an acceptable level.

TABLE H.

Dose rates calculated from compton scattered photons
from an air-pocket of 1.0 m length for variable thickness of the steel wall

(no Pb, and 381 mm away from the scattercr).

Steel wall thickness (mm) Dose rate mrad/h

3.175 (1/8") 3,700
12.70 (1/2") 109
25.40 (1") 4

SCENARIO C:

Someone has forgot a steel wrench inside the beam pipe; i.e., the scattering object
is now block of steel of thickness 1.0 cm. The radiation was calculated at 1' from the beam
pipe (same as in B) for a 1" thick steel pipe. The dose rate now increased from 4 mrad/h
(scenario B) to 129 mrad/h. Thus, we have to introduce lead to reduce the dose rate : ir-
acceptable level. The dose rates for this scenario with varying lead tbicV""*s but a fix-^
steel wall thickness (1/8") are listed in Table m.

TABLE IE.

Dose rates calculated from compton scattered photons from a steel object(wrench)
with thickness 1.0 cm. The steel wall thickness is 1/8" and the dose rates are
calculated 381 mm away from the scatterer as a function of the lead thickness.

Lead wall thickness (mm) Dose rate mrad/h

1.0 2,600
2.0 190
3.0 16
4.0 1.6
5.0 0.17
6.0 0.02
6.35 (1/4") 0.01

Thus, it seems that we need approximately 3 mm lead to reduce the dose rate to an
acceptable level. The 3 mm lead wall should be compared with the value calculated for the
wiggler A beam line where it was suggested that 12.70 mm (1/2") was needed for adequate



protection. However, that value was obtained using the 1.0 m "air-pocket" as the
scattering object, whereas here we used the wrench which is a stronger scatterer.

SCENARIO D:

This case is for three monochromatic beams at 20 keV, 50 keV, and 88 keV
(87.990 - 88.000 keV) with a bandpass of 2 eV, 5 eV, and 10 eV, respectively, using the
1.0 cm thick steel wrench as a scatterer without any lead shielding around the beam pipe.
The dose rates as a function of the steel wall thickness are summarized in Table IV. The 20
keV photons made negligible contribution to the scattering and was omitted from the table.

TABLE IV.

Dose rates calculated from compton scattered photons from a steel object
(wrench) with thickness 1.0 cm. The dose rates are calculated 381 mm

away from the scatterer as a function of the steel wall thickness with no Pb.

Steel wall thickness Dose rate @ 50 keV: mrad/h Dose rate @ 88 keV: mrad/h

3.175 (1/8") 1.1 16
6.35 (1/4") 0.008 4.9
12.70 (1/2") - 0.45
25.40 (1") - 0.004

Thus, the lead shielding is not be necessary for the monochromatic beam line since the steel
pipe alone (1/8" thickness) provides adequate protection.

SCENARIO E:

The white beam is scattered from a 1.0 cm thick steel object in the hutch. The
distance from the scattering object to the wall is 2.0 m and the radiation is detected just
outside the hutch wall. The wall is made of stainless steel (1/8") in addition to a sheet of
lead. The calculated dose rates are listed in Table V for variable thickness of lead. The
calculations indicate that 2.0 mm of lead is sufficient in this case.

TABLE V.

Dose rates calculated from compton scattered photons from a steel object
(wrench) with thickness 1.0 cm. The dose rates are calculated 2000.0 mm

away from the scatterer as a function of the lead thickness. Steel wall 1/8".

Lead thickness (mm) Dose rate mrad/h

1.0 95
2.0 6.7
3.0 0.59
3.175 (1/8") 039



SCENARIO F:

Same scenario as E but for a monochromatic beam at 88 keV. Using a steel wall of
1/8" thickness gives a dose rate of 0.59 mrad/h. By eliminating the absorbing material
completely the dose rate increases to 2.0 mrad/h. Thus, neither steel nor lead is needed in
this case.

SCENARIO G:

Someone stands in the direct white beam (here assumed beam size 4.5 cm x 1.0
cm). This scenario also represents a case when the primary beam hits the back wall of the
hutch. The results are given in Table V.

TABLE V.

Dose rates calculated from being exposed to the direct white beam
behind variable thickness of a lead (beam stop). No stainless steel.

Lead thickness (mm) Dose rate mrad/h

25.4 (1") 14
30.0 3.1
35.0 0.69
40.0 0.17
45.0 0.046
50.80 (2") 0.011

Using only lead as shielding material, we need approximately 30 mm to reduce the dose
rate below approximately 10 mrad/h.

SCENARIO H:

Same scenario as F but for a monochromatic beam of 88 keV with a bandpass of 10
eV. Using a steel wall of 1/8" thickness the dose rates a function of the lead thickness are
shown in Table VI.
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MONOCHROMATIC BEAM PIPE SHIELDING AT APS

Monochromatization of x-rays is typically achieved by Bragg diffraction from
perfect single crystals like Si. The energy bandpass of a double crystal
monochromator placed in (+ - ) geometry is given by :

AE = E cot0B.A0

where E is the incident energy in eV, ©B is the Bragg angle, and A0 is the
angular acceptance of the crystal for a particular diffraction planes. The
following calculation is based on 10 eV bandpass, eventhough the actual
Darwin width of the crystals at high energies is much narrower.

The weakest point for Pb-based shielding is 88 keV, right below the K
absorption edge of Pb. Therefore, we have constructed the following worst
case scenarios:

1. The source is Wiggler A, with 20 poles, 32.6 keV critical energy,
working at 100 mA

2. Experiment is being done at 11 keV, using Si (111) crystals.
3. The 8th order reflection for 88 keV photons from Si (888) planes

is incident on the beampipes, or directly on the Hutch wall.

Scenario A : The beampipe is full of air
Scenario B : There is a steel piece inside the beampipe
Scenario C : The beam hits the backside of the hutch wall
Scenario D : The beam scatters from air inside the hutch

BEAMPIPES:

Scenario A:

A 6" diameter beam pipe of 1/8" stainless steel wall thickness, 29 m long, at
45 m away from the source point is full of air at atmospheric pressure. The
radiation outside of the pipe as a function of Pb thickness is given below :

Pb fmm)

0.0
1.0
2.0
3.0
4.0
5.0

Rads/vear

53037.0
6496.0

806.0
99.0
12.0

1.5



Scenario B :

A 6" diameter beam pipe of 1/8" stainless steel wall thickness, 20 m long, at
45 m away from the source point hits a steel wrench of 10 mm thickness. The
radiation outside of the pipe as a function of Pb thickness is given below :

Pb fmm) Rads/year

5.0 29.0
6.0 3.7

CONCLUSION for BEAMPIPES

It seems that Pb shielding of 1/4" thickness may be necessary for proper
shielding of monochromatic beampipes.

HUTCHES:

Scenario C :

An experimental hutch, 5 m wide, at 45 m from the source point. The
monochromatic beam of 88 keV photons hitbche wall directly. The hutch wall is
1/8" stainless ateel and Pb with the following thickness :

Pb fmm) Rads/year

12.7 0.0342

Scenario D :

An experimental hutch, 5 m wide, at 45 m from the source point. The hutch
is full of air, and scattering of monochromatic 88 keV photons is calculated from
air molecules. The hutch wall is 1/8" stainless ateel and Pb with the following
thickness :

Pb fmm) Rads/year

3.0 0.144
4.0 0.018
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