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Foreword

A praisefor cold neutrons

The spallation neutron source SINQ at PSI is the first continuous spallation
neutron source with comprehensive instrumentation for neutron scattering
experiments. The big advantage of SINQ over a reactor is that, because it
produces less gamma radiation per neutron, a cold neutron moderator is heated
less. It can therefore be installed at the position of the highest neutron flux. Cold
neutrons can be transported by neutron guides over large distances essentially
without loss, and a considerable reduction of unwanted background in the
measurement is achieved. For this reason the use of cold neutrons has been
particularly emphasised at SINQ. The first generation of neutron scattering
instruments include different types of "classical" diffractometers and
spectrometers for which state-of-the-art components neutron optical devices,
linear and area detectors, etc.) have been implemented to make them
competitive with corresponding instruments at high-flux neutron sources. For an
overview of the SINQ instrument suite we refer to the internet III

Breaking the intimate connection between intensity and resolution b non-
conventional techniques

Any instrument for neutron scattering is designed such as to cover a particular
part of the dynamical range which is a multiparameter space determined by the
momentum transfer, the energy transfer, the resolution in the momentum space,
the resolution in the energy space, and polarlsation options. By using
conventional techniques an improvement of the resolution can only be achieved
at the expense of the neutron flux. For the second generation of instruments at
SI`NQ which is presently being realised or in the planning state, we have made
use of non-conventional experimental techniques (a prominent example is the
neutron spin-echo technique) to a large extent with the aim to overcome this
problem (i.e., to increase the neutron flux at the sample position as well as to
improve the energy resolution at the same time). Typical examples are the time-
of-flight spectrometer FOCUS (first generation) 13] and the backscattering
spectrometer MARS (second generation) [I].

Neutron scatteringfrom moving crystals

Among the above mentioned non-conventional experimental techniques
neutron scattering from moving crystals appears to be extremely promising,



!Once it combines the advantages both in flux and resolution. Some suggestions
have already been described in the literature 46], but these ideas have never
been realised so far. Neutrons with initial wavenumber ki up-scattered from a
moving crystal experience the Doppler effect, i.e., the wavenumber of the
scattered neutrons is shifted to kf=ki+Ak where Ak is proportional to the velocity
Of the moving crystal 6 This has two important consequences. Firstly, the

i)3Rntensity of the scattered neutrons is expected to increase by a factor (k�k [4].
For example, if neutrons with wavenumber ki=1.5A-' (corresponding to the
maximurn of te flux distribution at the SINQ neutron guides) are accelerated to
kf=3.3 V, then the intensity is raised by a factor of IO. Suc a Doppler shift can
be realised by a crystal moving with a velocity of about I 00 ms-' which is ust
,,within the limits of standard technology. Secondly, the accelerated neutrons
retain roughly the wavenumber spread of the initial neutrons, i.e., te relative
wavenumber resolution dk/k of the accelerated neutrons is improved and
unparalleled energy resolution properties (e.g., comparable to optical
Spectroscopes) can be achieved in the cold (and thermal) neutron range by this
]-,Ind of phase-space transformation (PST).

Towards novel classes of neutron spectroscopic experiments: I

Standard methods such as backscattering and spin-echo provide energy
resolutions from �teV to neV. These techniques, however, are essentially
restricted to quasielastic and low-energy inelastic scattering. For neutron
Spectroscopy involving energy transfers above I meV, where both triple-axis
-and tme-of-flight instruments are comm I

only used, the presently available
energy resolutions are typically of the order of a few tenths of a meV and thus
hardly competitive for example with optical techniques. A PST spectrometer
Will contribute to an order of magnitude improvement of the energy resolution in
Cold (and thermal) neutron spectroscopy and thereby allow novel classes of
(,Experiments. On the one hand the intrinsic widths of inelastic lines associated
with any kind of excitations can be measured with higher precision, on the other
hand a series of inelastic lines occurring within a small energy interval can be
(-ompletely resolved. Both achievements as well as the intensity gain factor (due
to phase-space compression) will be highly beneficial to significantly improve
the quality of neutron spectroscopic work in many areas of science. The use of a
PST spectrometer is evident for the study of magnetic and vibrational
1.Xcitations in novel complex materials in the fields of magnetism,
Superconductivity, earth sciences and materials sciences 7].



Up-scattering of cold neutrons by phase-space transformation

Wolfgang Henggeler performed a feasibility study for a PST instrument
(PASTIS) to be implemented at a cold neutron guide at SINQ. The results and
conclusions of this study carried out in 1998 are summarised in part I of the
present report. The study was based on both analytical calculations and Monte-
Carlo simulations to model a real PST with all the features which may have a
detrimental effect on both intensity and resolution. In particular, the effect of a
velocity gradient along the monochrornator crystal moving at the circumference
of a rotating wheel was investigated in detail, and possible solutions are
suggested to counterbalance the worsening of the resolution properties of a PST
due to this effect. Among these solutions, the use of a gradient crystal whose d-
spacing gradient is matched to the velocity gradient, has to be discarded,
because a d-spacing gradient of a few (over a crystal width of a few cm)
would be needed which is unrealistically high. However, a (small) tilting of the
monochromator with respect to the velocity direction turned out to be a quite
promising solution. In conclusion, the study convincingly demonstrated that a
PST instrument, operating at a cold neutron guide to deliver thermal neutrons by
up-scattering, is considerably superior to a conventional time-of-flight
spectrometer installed at a thermal beam port concerning resolution for
configurations with comparable flux.

A renaissance of ultra-cold neutron sources

Wolfgang Henggeler's study gained increased interest in view of some recent
developments in the production of ultra-cold neutrons (UCN). By using both
advanced cooling by solid deuterium 891 and a proper pumping option 101
ultra-cold neutron densities beyond Pucn- 105 CM-3 can be expected (at third-
generation neutron sources, e.g., the ESS pr ject) which means an intensity gain
in the order of 103 compared to the best presently existing UCN source at the

CM-3ILL Grenoble, where the density is about 70 Such high densities are
associated with a high phase-space density which can be transformed by a
proper phase-space transformer producing highly monochromatic cold (and
perhaps) thermal neutron beams. The related monochromaticity is given by
Vucn/v where Vucn-5 ms-1 and v denotes the velocity to which the neutrons are
accelerated. The related intensity is Vucn-V in a continuous mode of operation of a
PST. With V_105 cm/s such monochromatic beams could exhibit an intenisty of
_1010 CM-2S-1 which is about three orders of magnitude beyond the present
perfon-nance of instruments at the high-flux neutron source at the ILL Grenoble.



A sun over the PSI SUNS

UCN based instruments for neutron scattering are also timely because of the
pr 'ect SUNS (Spallation Ultra-cold Neutron Source) which is under
,Construction at PSI [I 1]. The essential elements of SUNS are a proton beam
'with highest intensity (proton beam current >2mA) a heavy-element spallation

3target a large moderator and converter system of about 4 M heavy water, and
3.30 dM of solid deuterium cooled to 6 K for the production of ultra-cold

neutrons of energy <250 neV. Operating SUNS in a pulsed mode (pulse duration
1:)f a few seconds, pulse repetition approximately every 800 s) results in an
equilibrium between the produced and re-absorbed UCNs the storage volume

M3 ise to an av -3- 103 CM-3, I is
1:)f about 2 , giving ri erage UCN density pc, which 
;almost two orders of magnitude above the density of the UCN source at ILL
Irlorenoble SUNS is expected to be operational in 2005/2006.

Up-scattering of ultra-cold neutrons b phase-space transformation

Of course, there are some basic differences between a PST instrument coupled
-lo cold neutrons and that coupled to an UCN source. A feasibility study of the
latter has been performed recently by Martin Boehm whose results and
Conclusions are summarlsed in part 11 of the present report. The study was
based on both analytical calculations and Monte-Carlo simulations - similar to
the work described in part 1. The conclusions of the study are highly promising:
a PST instrument coupled to PSI's ultra-cold neutron source is expected to
deliver cold monochromatic neutron beams with energy resolution 6E/E-0.3%
and intensity 1_107 CM-2S-1, thus out-performing the presently best tme-of-flight
spectrometers IN5 and IN6 at the ILL Grenoble by a factor of 3 in resolution
and two orders of magnitude in intensity.

Towards novel classes of neutron spectroscopic experiments: H

Finally I should mention that an enhancement of the monochromatic neutron
flux by two to three orders of magnitude through phase-space transformation is
Just miraculous when we compare it with the moderate enhancement of the
neutron flux by a factor of 4 from the very first research reactor (in Chalk River,
Canada) to the presently most intense neutron source (ILL Grenoble). Only in
the field of synchrotron X-ray sources flux enhancements of several orders of
magnitude are usually reported. Thus there are good arguments to believe that
the techniques described in this report (i.e., cold source or UCN source plus
-phase-space transformer) will revolutionise the wole field of cold (and perhaps
thermal) neutron spectroscopy for condensed matter research.



A final remark

Both reports - part I by Wolfgang Henggeler and part 11 by Martin Boehm -
serve as a comprehensive basis for the realisation of a PST instrument coupled
either to cold or ultra-cold neutrons, respectively. This publication accidentally
coincides wth the 2001h birthday of the Austrian physicist C.A. Doppler 12]
who discovered the principle (i.e., the effect denoted later by his name) giving
rise to the phase-space transformation described in the present work.
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1. Introduction

The concept of a phase-space transformer (PST) has first been proposed by
Schelten and Alefeld [1]. The idea is to scatter neutrons from a movinazn

monochromator. The resulting acceleration of the neutrons results in an intensity
gain. In Fig. 1 a schematic representation of this transformation in k-space is
given.

kf Ak

Q/2

Ak

T1

0

Fig. 1: Schematic representation of the phase space transformation in k-space, with Ak[A-']
= 1.588-v[kn-1/s].

The k-space volume of the neutrons before and after the transformation is the

same, i.e. the phase space density (PSD) remains constant under the
transformation. Because the phase space density is higher for lower moderator

temperatures and for lower neutron energies, this can lead to a considerable

2



increase in intensity. In the following we calculate how high this intensity
increase could be in an "ideal" case. We will show later that there are some

constraints which prevent to build an "Ideal" PST.

The intensity distribution of neutrons in a moderator of temperature T is given
by

dN = p(k)d3k

where

3 h2k2-ff h
p(k) e 2 kBT

V-jt (mk B T) 3 2 (2)

is the phase space density. From Eq. 2) it can be seen that the PSD is indeed
higherfor lower energies. If we compare a thermal and a cold neutron source,
the PSD ratio for the two maxima of the flux distribution is given by

Ptherrn / Pcold = (Tcold / Ttherm )3/2 (3)

i.e., the PSD in the flux maxima is higherfor lower moderator temperatures.
For SINQ, where the cold source is optimized, the flux gain should even be
higher than calculated from Eq. 3). The flux distributions at SINQ at a thermal
beam port (HRPT monochromator) and at a cold neutron guide (IRNR15),
deduced from the measured flux distributions 2 and extrapolated for a Pb
nruet are shown in Fig. 2 For the calculations the phase space density as well as
the dvergencies of the beams is needed. For the then-nal beam port we assume
that the solid angle of the divergency (1.73- 10-4 sr) is constant over the complete
energy range, because it is defined by geometry. For the cold neutron guide the
divergency is defined by the supermirror guide, which is approximately

]2(.5.23 l0-'4.[A sr. A comparison of the PSD of the two beams is given in Fig.
3. If we have a PST with a velocity v=1000 m/s, the transformation shifts the

PSD of the cold source by 31 A (see Fig. 3 The resulting ratio of the
neutron flux of the PST and the flux at the thermal beam port is shown in Fig. 4.
It can be seen that theoretically gain factors in flux of at least an order of
magnitude are possible over a wide range of k-values.

3
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Fig. 2 Neutron intensity at SINQ at a thermal beam port (HRPT) and at a cold neutron
gui'de (I RNR15).
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Fig. 3 Phase space density at a thermal beam port (HRPT) and at a cold neutron guide
(IRNR15). The line marked with PST indicates the phase space density transformed
by a PST with v=1000 m/s.
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Fi- 4 Theoretical intensity gain for a PST with v=1000 m/s. The x-axis denotes the

wavevector after the transformation. On top, the corresponding d-spacings of the
monochromators are indicated.

However, there are some constraints which may not allow to build an "ideal"
13ST:

- One property of the PST is to transform a beam with large divergency into a

beam with a smaller one (see Fig. 1), i.e., the PST can accept a much more
divergent beam than a usual monochromator. However, if the instrument is
installed at a neutron guide, the neutron beam has a limited divergence and
therefore the instrument cannot accept the full k-space volume.

- For a moving monochromator there is a velocity gradient along the crystal.
Therefore, te neutrons at different positions of the monochromator are
differently transformed. This leads to a worsening of the energy resolution,
without improving the intensity, i.e., the intensity per wavevector is
decreased. If the PST is in backscattering position, this effect is rather
dramatic, because it worsens the resolution by more than an order of
magnitude. There are two possible ways to compensate for this effect. One
can make use of a so-called "gradient crystal" whose d-spacing gradient is

5



matched to the velocity gradient. At present this solution does not seem to be
realistic, because the d-gradient should be of the order of I . The other

ibility s to decrease the scattering angle, i.e., to avoid the backscattering
geometry. This worsens of course the energy resolution of the
monochrornator, which counterbalances the effect of the velocity gradient.
Moreover, for lower scattering angles, the effect of the velocity gradient
becomes less dramatic, since with increasing velocity we have a decreasing
energy of neutrons that are accepted by the PST. This effect will be discussed
in more detail later.

Obviously there are various parameters that influence the resolution and the
intensity of a PST. Therefore, in order to build the best suited instrument and to
optimize the parameters, it is essential to have analytical expressions for these
quantities. However, to obtain analytic expressions for a real PST is not an easy
task, since the monochrornator is moving and therefore both scattering angles
and positions with respect to the neutron guide are time-dependent.
Nevertheless, with the help of some approximations we can obtain analytic
expressions for resolution, intensity and pulse-width of a PST, which are very
close to a real PST. In fact, the reliability of these calculations have been
checked by Monte-Carlo simulations.

2. The phase-space transformer (PST): Resolution, Intensity

In this chapter we will show how analytic expressions for resolution, intensity
and pulse-width of a PST can be obtained. In a first step we will calculate
resolution and intensity of a "virtual" PST, i.e., we take a snapshot of a PST
which moves with a constant velocity. This calculation already gives the peak
flux of the PST and the resolution defined by the monochromator. In a second
step, we include the velocity gradient, which worsenes the resolution. In
combination, these two quantities give the energy-resolution of the PST. In the
final step, the time-dependence is included, which defines the pulse-width of the
beam. Because these calculations contain some approximations, they are
checked with Monte-Carlo (MC) simulations. The MC simulations are
introduced in chapter 2 1. It will be shown that there is good agreement between
the analytic expressions and the MC simulations.

6



2. 1. The Monte-Carlo calculation of a PST

For the MC simulations we assumed that the instrument will be installed at the
c�u'de IRNR15 which has a wdth of 3 cm and a height of 12 cm. However,

since all the supermirror coated guides at SINQ have similar flux properties, the

particular choice of the guide is not essential. Furthermore, since a second
instrument besides PASTIS may be installed at the same guide, we consider
only half of the height of the beam. Therefore, a guide cross-section of 3 x 6 CM2

was considered for the present calculations.

The spectral distribution at the cold moderator surface was calculated by three

Maxwellian distributions, as described in Ref. 2], extrapolated for a Pb target.
The flux distribution at the instrument position, after a curved supermirror guide

(R=2408 m, L=20 m) and a flat supermirror guide (R=O, L=2000 m) obtained
from the MC simulations is plotted in Fig. 5. This flux distribution was also
used as a starting point for the analytical calculation of the intensity of the PST.

8 lo,

7 '

6 10'

5 1 O'

4 10'

3 10'

2 1 0"
L

I I L

0 1 , I I I

0 1 2 3 4 5
Wavevector [A-]

Fig. 5: Flux distribution at the PST instrument position.

The simulation program considered in detail dimensions, velocity and mosaicity
of the PST crystal monochromator. For each neutron with given position, angletl
of incidence and wavelength, the program randomly chose the vertical
orientation of the crystallite involved in the Bragg reflection, with a distribution

7



respecting the vertical mosaicity of the crystal. These parameters were sufficient
to determine the horizontal orientation of the crystallite the
reflection. The reflectivity of the crystal was calculated via the Bacon-Lowde
equation 3]. Additionally, vertical and horizontal collimations before and after
the PST were included in the simulation. For each neutron, the position in real
space was monitored in order to determine the exact velocity of the crystallite at
the position where the neutron hits the monochromator crystal. As a result, the
energy spectra, angular- tme- and position-distribution at the sample position
was obtained. In Fig. 6 we show the resulting distribution in kx-ky-space

(scattering plane) for a PST moving with v=1000 m/s for d=1.278 A Cu-220)
and 0=80'. The velocity gradient was suppressed for clarity of the picture. Fig.
8 shows both the spectral and the time distribution of neutrons resulting from the
simulation.

5

3

0<
L j

2

0
-0.3 -0.2 -0. 1 0 0.1 0.2 0.3

0[A-']X

Fig.6: MC-simulationforaPSTwithv=1000m/sford=1.278,k(Cu-220)andO=80'.The
velocity gradient is suppressed for clarity.
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Fla 7 Spectral distribution of a PST with v=1000 m/s, d=1.278 A, 0=30' a mosaicity of
0.2', and an outgoing horizontal collimation of 1'.
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Fla. 8: Time distribution of a PST with v=1000 m/s, d=1.278 0=30' a mosaicity of 02',
and an outgoing horizontal collimation of '.
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2.2. The "virtual" PST

We consider a monochromator crystal which moves with velocity v (no
gradient), but stays at one position, i.e., we take a snapshot of the PST at the
t me where the scattering law is best fulfilled. Thi is corresponds exactly to the
situation displayed in Fig. 1. For a given angle of the incoming neutrons, a

given d-spacing and a given Ak[ A-I]=1.588*v[km/s], all the other parameters of:-n
the scattering process can be expressed analytically:

kjsin0=z/d-Ak ->ki (4)

k72=k,2+Ak2+2kjAksin0 ->F (5)

kisinO=k sinO -Ak ->O (6)

kf 2=k72+Ak2+2k7 Aksin�7 ->kf (7)

kj- sin 0'= k sin 0 + Ak ->0, (8)

Let us illustrate these formulae for some examples. In Fig. 9 we show the
dependence of E = 2.072k?, = 2.072j2 2

1 and Ef = 2.072kf as a function of
d-spacing for constant 0=900 and v=1000 m/s. In Fig. 10 the same parameters
are shown for fixed d=1.278 A Cu-220) and v=1000 rn/s for various angles .
In Fig. I I finally we show the velocity dependence of E, and Ef for
constant =90' and d= 1278 OA.

80
70 0=90' V I 00nils

60

50 % Ef
40

30

20 E

10

0
0.5 1 1.5 2

d-spacin,-

Fig. 9 Eil E, and Ef as a function of d-spacing for fixed 0=90' and v=1000 /s.
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In addition to the parameters indicated in Fig. 1, we will use the following

parameters:

CCO, PO: horizontal and vertical divergencies of incoming beam.

cc,, P,: horizontal and vertical divergencies of outgoing beam.

TI: mosaicity of the monochromator crystal.

The resolution and intensity functions of a monochromator are well known 4],

thus we will not repeat these calculations. For the PST, we have to transform the

divergencies of the beam into the moving system. We use the parameters

C(OM PM: horizontal and vertical divergencies of the incoming beam in the

moving system.

CCIM PM: horizontal and vertical divergencies of the outgoing beam in the

moving system.



For the transformation the following approximations hold:

k i sin kf sin ki kf
c(O = o =- , aim =Cc, =- , Pom = Po - ,PIM =t (9)

k sin k sin O' k k

With these expressions, which are exact for 11 << aolccl the resolution in the
moving system can be calculated as

2 2 2 2 2 2 2
cc (M cc Im + aOm 11 aM 1

cot g(a) 2 I 0)k cc 2 + cc + 42
Om im

To transform the resolution of the moving system we make use of the expression

kf = T2 + Ak 2 + 2TAk sin

bkf
If we put Tsin = / d, we obtain

6K k f

and therefore

2 2 2 2 2 2 2
K2 a Om cc Im + aOm Tl + a mll

8k f - cot g(�) 2 2 (12)
k f a Om a m 42

If there is no collimation installed before the monochromator crystal, ao is given
by the divergency of the beam in the guide, which is 0.3[']-k[A .

In Fig. 12 we compare the analytic calculations with the MC simulations, which
shows almost perfect agreement.

The intensity of the "virtual" PST can be calculated by using the expression

I act Ak Ak AkZRM(,n.F-c with (13)
A X YX Y z

a 3y Flux of the neutron guide
A cm2 sec -3X Y z A

1 2



Ak Ak Ak Incoming wavevector-band reaching the sample -3]Y Z A

1� Mono: Reflectivity of the monochromator crystal

: Sample size [CM2 ]

sin(O)/sin(O') is a correction term due to the fact that the angles of the

incoming and outgoing beams are not equal. Therefore, the outgoing beam area

wiHI be larger than the incoming one, which reduces the intensity per unit area.

However, the total intensity of the beam will not be reduced by this factor.

Therefore, we replace F sin(O)/sin(O') by F, which is ust the size of the

incomin- beam. If in the following we will talk about intensity per cm 2 we

always mean the intensity per CM2 of the incoming beam. The total intensity of

the outgoing beam is then 'ust given by the intensity per CM2. 18 CM2

1.2

nalytic calculation
Monte-Carlo

(U 0.8

0.6

0.4(U

0.2

0
20 30 40 50 60 70

0

Fl-. 12: Comparison of the analytic calculations of the resolution for a "virtual" PST with the
Monte-Carlo simulations, for d=1.278 A, v=1000 m/s, no collimation before the
monochromator crystal, a horizontal collimation of 60' after the monochromator, and
crystal mosaicity of 18'.

In our ca%.,, a 3y i.3 iven by the flux corresponding to the energy of the
akxak YA Z

incomin neutrons, i.e.,

a 3y a(i I 1

A A A k;X Y Z ki 0 I

13



where acy is the flux in the neutron guide at ki, and yo and denote the
A ki

horizontal and vertical dvergencies of the uide. Because Ak Ak
I 9 YAkZis

constant under the transformation, we can express it by the parameters of the
moving system

Ak Ak Ak 2 aT 3Y Z cot(6)A�A5�A_'::;

3 CCOM la IMT] POMPIMk cot(O) (15)
VF c 2 �m+ �afm �+4 Y2 2M 2 4 (�)y 2

0 Im

Finally we obtain

acy I K3 ccomcclmll
cot(()

A y0y, k 2 + cc2 + 4 2
ki 4UOM IM (16)

POMPIM -sin(O) RMonoF
OM r 2 (,,q2 sn((Y

OM 4 sin

4 106

3.5 106 analytic calculation

Monte-Carlo
106

3

106
2.5

j 1062

con 1.5 106

1 106

105
5

0
20 30 40 50 60 70

0

Fig. 13: Comparison of analytic and Monte-Carlo calculations for the intensity of a "virtual"
PST with d=1.278 A and v=1000 m/s. No collimation before the monochromator
crystal was assumed. The horizontal collimation after the monochromator is 60', the
mosaicity of the crystal is 18'.
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Let us again check these expressions with the MC simulations for such a
virtual" PST. Fig. 13 shows the good agreement between the analytical

calculations and the MC simulations.

In the next step we will introduce the velocity gradient of the PST. Here we
have to make an approximation which, however, is well founded. We can think
of the PST crystal as a sum of crystals which are moving with different
velocities. The differences of the velocities are rather small (at most of the order
of 3 for a crystal of 6 cm width), and therefore the resolution due to the
mosalcity of the monochromator only varies by a few percent along the crystal

'dth. Therefore we can
wi rite

Al, A f + A f (17)

k f PST kf crystal kf Gradient

where A f is given by Eq. (I 2 thus akf can be calculated by

k f crystal kf Gradient
using the expression

2 Yd Ak 2
kf + 4Ak Yd (18)

sin 

We then expand this expression in terms of Ak:

k 2 = Ak 2 + Ak * Yd 4 2 + T 2 (19)

f sin 2 s1n2 dsino

The derivative of Eq. 19) is given by

- akf - I_ 2Ak + Yd 4 - 2 (20)
a(Ak) 2k f sin 2 sin 2 

We finally obtain

akf I 2Ak 2
+yd(4 - a(Ak 2 )

k 2k2 sin2 sin2 
f Gradient f

W
�I(Ak) is given by a(Ak)[A-' = 1.588 - - v[km/s] where W denotes the width

R
of the PST crystal and R the radius of the rotating PST wheel. To illustrate this
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we plot in Fig. 14 (aEf )Gradient as a function of for various widths W of the

PST crystal. Remarkably, (aE,)Gradient vanishes nearly for a particular value of

0 25'), which means that in this situation the unwanted effect of worsening
the resolution due to the velocity gradient is cancelled! What is the reason for
that? In Fig. 15 we show kf as a function of v for different values of 0. One can
see that there are regions where Ef has a broad minimum which is determined by

Ak = Y2d 2 - 4 in2 ) (22)

or

JT
-sin0 = arc 2 d Ak) (23)

Obviously has to be smaller than 45'.

These results show that one has to go quite far away from the backscattering
configuration in order to reduce the effect of the velocity gradient, however, this
can only be achieved at the expense of worsening the energy resolution.

6
6 cm

1.4

1.2 cm

4 cm'i5
0.8

0.6 3 cm7�
2 cm0.4 7

0.2 I cm
0 . .... .

20 30 40 50 60 70 80 90
0

dEf as a function of for different values of W and v=1000 m/s, d=1.278
Fiu. 14: Gradient

R= m.
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Hg. 15: k, as a function of v for different values of and d=1.278

NVe can again check Eq. 17) by a Monte-Carlo simulation for a virtual crystal

with a velocity gradient. The comparison with the calculations is shown in Fig.

16.

3

-crystal
2.5

--------- gradient

2 PST
Monte-Carlo

1.5 11

0.5

0 L L .A. I.-I, J.... J j- I I I 1-7

20 30 40 50 60 70
0

Fig. 16:Analytical calculations of the resolution of a "virtual" crystal with a velocity

.radient, compared with the MC calculations. The lines correspond to dEPST, dEmstal,

and dEGradient,
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There is a constraint concerning the width of the crystal which has to be
mentioned. If we install a collimator in the outgoing beam, then the angle of

'II only be ideal for the mddle part of the crystal, i.e., for one
single velocity. For crystals with large widths the gradient in the ve ocity will
lead to differences in the angles of the outgoing beam which exceed the
acceptance angle of the collimator. If for example we take a monochromator
with a width of 6 cm, we will have a lower limit of the velocity of 970 m/s and
an upper limit of 1030 m/s. For these velocities and a constant angle 0=30', the
outgoing angles differ between 0=68.3' and =70.8'. We denote this
difference by ct', which in this example has a value of 25'. The effective width
of the crystal can then be expressed by the phenomenological expression

W = W (cc 0 a I /(((a 0 cc I 2 a, 2 1/2, for (cco+ct 1)>(:x' (24)

and

W = W (cc 0 cc I ) /(-�2d for ao+ cc 1)<ct (25)

This strongly affects the intensity of the PST. If W'-sin(O) is smaller than the
w'dth L of the neutron guide, Eq.(16) defining the intensity of the PST has to be
corrected by the factor

W sin(O)

L (26)

i.e., the peak-intensity of the PST per CM i given by

acy 1 3 - (YOMUIM11
I max A T T cot(O) 2 2 2

ki YOY I I VCCOM + CIM + 4ij (27)

POMPIM W'-sin(O)
�� R Mono

P2 +p2M+4sin2('G)T,2 L
Om 0

Let us illustrate this in the following example. Fig. 17 shows the analytic
calculation and the Monte-Carlo simulation for various widths. One can clearly
see that above a threshold value of W, no additional intensity can be gained by a
larger monochromator.

The effect of the velocity gradient can be reduced by using a curved
monochromator, but the curvature would then only be adapted to exactly one
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velocity and one scatterin- vector. Using no collimation after the
rnonochromator would obviously also reduce this effect. However, this would
drastically worsen the time resolution of the instrument. One possible solution
would be to install a "radial" collimator which allows a position-dependent
definition of the outgoing beam.

2.5 106

2 106
r----I

E 106
1.5

1106

C/� analytic calculation

5 1 O' --- Monte-Carlo

0 ---------
0 2 4 6 8 1 0

width [cm]

CM2Fig. 17: Intensity per of the incoming beam of a PST with d=1.278 A, 0=25' and v=1000
m/s for different widths of the monochrornator and a width of the guide L=3 cm. No
collimation before the monochromator crystal is assumed. The horizontal collimation
after the monochromator w 2 and the mosaicity of the crystal is 18'.

The moving PST

flow are the calculated values for intensity and resolution of a "virtual" crystal
related to the values for the "real" PST? For the intensity, the above calculations
give directly the peak intensity of the real PST. For the resolution, the situation
is less clear. Because in reality angles and positions are continuously changing,
the resolution is not exactly given by Eq. 17). However, during the motion of
t'he PST, neutrons are only accepted for angles which differ by less than I' from
the optimal position of the PST. Therefore, Eq. 17) gives a very good
approximation for the resolution of a real PST. This was confirmed by our
Monte-Carlo simulations, which did not show a difference of the resolution
between a real PST and a "virtual" PST.
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As a last step we calculate the pulse width of the PST. We first consider a
crystal which turns around its own axis. For this purpose we define the function

2

P" (x = exp 4 In 2 a2 (28)

For a crystal turning with a frequency v, we have

Ak 2 At I f dZd�dtlcc (, + 2)P ( + + 2Tvt))Pc, (Z) 29)11 0

By substituting ) + � cot = z 2 we obtain

2 2 z- X- 2ot 2
2Akil At, f dX exp 4 In 2 X dtdz exp 4 In 2 exp 4 In 2

al 2,9 ao

(30)

2 (Z - 2wt)2 2ilao
Ak2At, _fdxexp 41n2 X dtexp -41n2 - (31)

(211)2 (CC )2 jTTI Y + �CC 0 ) 2

(wt)2 2ilao 2-, q -)2 + �(X 0 7 C I
Ak2Atj fdtexp -161n2 (CC 1)2 211)2 CCO)2 1�)2 +�CCO)T F����v (a 1)2 + (2,q)2 + U 0)2

(32)

2 1 2TIccoc I 4�a��� IAk ,At, - - 1)2 + 211)2 + CCO)2 TIctoct, 33)
4w )2 + (2,q)2 (CEO) 2 2

With
2 'qaoc I

Akjj . Fcc , �)2 + �Qfl)2 + �(Xo )�2 (34)

we obtain

At I pa 1)2 + (2,q� + CCO 2 (35)
2w

This equation holds only for a PST which turns around its own axis. However,
in reality the PST will move out of the beam. The pulse width due to this effect
can be calculated by the relation
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L coM2
- '�:: R * (sin(O - sn( + (36)
2 2

where L stands for the width of the auide. From this we obtain

2 L (37)
o)At2 a s nsm(O - 2R) 0

The total pulse width is therefore given by

At At I At2 (38)

�At I-' At 22

We check these expressions by comparing them with the Monte-Carlo
simulation. In Fig. 18 we show the calculated and simulated pulse width as a
function of the collimation before and after the PST. The change in slope at
- 1 I' is due to the fact that the divergency of the beam after the first collimator
cannot exceed the divergency in the guide, which is 1.08' for this wavelength.
One can see that the calculation slightly underestimates the pulse width.

40

35 ....................................................................................... :ran

30

25

20

15 At

10
......... At

5 Monte-Carlo

0
0 0.5 1 1.5 2 2.5 3 3.5 4

(XO1 ( I

Fig. 18: Calculated and simulated pulse width of a PST with v=1000 m/s, 0=60', d=1.278 A,
W=2 cm, and Y = 1 8' for different values of , and c,.

From the above expressions we also obtain the total flux per pulse, which is
given by

IPulse = Imax At-JjT /(2-4ln2) (39)
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3. The performance of a PST at SINQ

With the above equations we have fully characterized the PST. We can now find
the best parameters for a PST installed at SINQ. Obviously the performance of
the PST increases with increasing velocity, therefore we will assume to have a
moving crystal with a velocity of 1000 m/s which is technologically feasible.
The parameters that can be varied are the d-spacing, the mosaicity and the width
of the monochromator crystal, the outgoing collimation, as well as the scattering
angle. Obviously the intensity of the PST will increase with increasing
collimation of the outgoing beam, mosaicity and width of the crystal. However,
the optimal value of the other parameters depends on the values of W and
cc,, therefore one has to choose appropriate numbers. To start, we choose a value
of 0.5' for il a width of 6 cm, and an outgoing collimation of 3. We will show
later how the optimal value of the d-spacing and the scattering angle depend on
these numbers. In Figs. 19 and 20 we show the incoming and outgoing energies
as a function of d-spacing and scattering angle. In Figs. 21, 22, and 23 the peak
intensity, the resolution and the pulse width of the PST are given for different
configurations.

----------------------------------------- ---------

!.6

-4

7 ' .... ........ .............................................. .......................................................................................................................................................................................
..............

. .. ....................................
2 30 40 50 N�

limits

Fig. 19: Incoming energy [meV] for a PST with v=1000 m/s. For energies above 100 rneV,

the area is black, below I meV the area is white.
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Fig. 20: Outgoing energy [rneV1 for a PST with v= I 00 m/s. For values above 100 meV, theC�
area is black, below 10 meV the area is white.
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Fig. 21: Peak intensity [neutrons per cm 2 of incoming beam] for a PST with =0.5', cl=3',

and W=6 cm.
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Fig. 22: Resolution dE [meV] for a PST withq=0.5', c,=3', and W=6 cm. For values of dE

above 3 meV, the area is black.
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Fig. 23: Pulse width dt [[ts] for a PST withq=0.5', x,=3', and W=6 cm.

From Figs. 19 and 20 it can be seen that for a velocity of 1000 m/s only crystals
0 0

with d-spacings between 06 A and 19 A can scatter neutrons for reasonable
energies. The upper bound of the graphs is defined by configurations where no
neutrons fullfll the scattering law. For too low d-spacings, the accepted energies
are too high to have an acceptable flux. From Fig. 21 we see that the maximum
flux is obtained at a d-spacing of the order of 1.5 A. Optimal resolution is
achieved at about the same d-spacing of 1.5 A as show in Fig. 22, which is very
fortunate for the performance of a PST. This is best shown if we plot the peak
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intensity divided by energy resolution (see Fig. 24). For the pulse width, onlyz:1
very small variations are obtained, which are due to the fact that the
divergencies of the incomina beam are energy dependent.

---- - ------- ------------------------------- ----------------------

N0;X; N,
OX,

....... .....
........... 1,w XX;

---------------------

4i 's;

Fia. 24: Peak-intensity per dE [neutrons per CM2 of incoming beam per meV] for a PST withz:1
ij=0.5% a.,=Y, and W=6 cm.

Finally we discuss how the optimal values depend on the parameters a, and W.
In Fig. 25 we show the optimal value of d-spacing for different a, and W,
defined as the maximum peak intensity. It can be seen that the optimal d-
spacings do not depend much on these values, and lie between 1.35A and 17 A.
This does not change significantly if we look at the optimal d-spacing defined as
the maximal peak intensity per dE (Fig. 26).
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Fig. 25: Optimal value of the d-spacing with respect to the peak intensity as a function of
both the width of the PST and the outgoing collimation.
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Fig. 26: Optimal value of the d-spacing with respect to the peak intensity per dE as a functionZ�I
of both the width of the PST and the outgoing collimation.

Table 1: Peak intensity, resolution and pulse width for a PST with maximal peak intensity. The
indices A and MC denote analytic calculations and MC simulations, respectively. W,,P,
stands for the optimal width of the monochromator crystal.

crystal d 11 TI Eopt Ein Eout IA 2 'MC 2 RA RMC AtA AtMC Wopt
[A [I ['] [meV] [meV] [n/cm /s] [n/cm /s] [meV] [meV] [[ts] [Its] [cm]

Cu-200 1.808 20 14.1 0.78 23.65 2.32e6 2.27e6 0.5 0.4 24 28 5.5

Cu-220 1.278 20 35.4 4.68 37.0 3.86e6 3.84e6 1.0 0.7 23 27 5.2

PG-004 1.677 35 21.9 1.21 25.86 8.34e6 7.62e6 0.9 0.6 24 30 8.0

PG-006 1.118 35 43.5 6.53 43.5 4.17e6 4.18e6 1.1 0.9 24 23 4.4

Ge-311 1.710 20 21.6 0.95 25.13 4.35e6 3.9Oe6 0.9 0.6 24 30 8.2

Ge-400 1.415 20 29.4 3.44 32.7 4.97e6 4.98e6 0.9 0.7 23 26 6.2

Ge-422 1.155 20 40.8 6.22 42.0 2.8 1 e6 3.07c6 1.1 0.8 23 22 4.6

Be-002 1.792 1 5 15.6 0.78 23.85 2.OOe6 1.87e6 0.6 0.4 24 24 6.0

Be 102 1.329 1 5 32.7 4.27 35.38 3.26e6 2.54e6 1.0 0.8 22 23 5.6

Be-] 10 1.143 15 40.8 6.54 42.71 2.07e6 2.24e6 1.08 0.8 23 23 4.6

Of course the d-spacing cannot be chosen arbitrarily. Therefore, in Table I we
give a list of possible reflections of crystals which lie in the interval I A d 
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0
1.8 A, as well as the available mosaicity corresponding to this type of crystal.

Z71

Also included in the list is the optimal scattering angle for this d-spacing, the
corresponding incoming and outgoing energy, the peak intensity, the resolution
and the pulse width from both analytic calculations and MC simulations, and the
optimal width of the crystal. The optimal width is defined as the value where
(cc,,+ct,)=cc', i.e., where no considerable increase of intensity is achieved by
further increase of the width (compare Fig. 17). We assume an outgoing
collimation of 3.

In Table 2 the configurations with maximal peak-intensity per dE are listed for
the same reflections.

Table 2 Peak intensity, resolution and pulse width for a PST with maximal intensity per dE.
The indices A and MC denote analytic calculations and MC simulations,
respectively. WP, stands for the optimal width for such a crystal.

c rystal d .I I I 00pt Ein Eout 1A 2 ]MC 2 RA RMC AtA AtMC Wopt

[A [meV] [meV] [n/cm /s] [n/cm /s] [meV] [meV] [[ts] [�ts] [cm]

C'u-200 1.808 20 12.0 1.07 23.94 2.20e6 2.26e6 0.34 0.33 23 25 4.5

C'u-220 1.278 20 24.9 8.85 41.2 2.95e6 3.16e6 0.60 0.55 21 28 7.0

PG-004 1.677 35 16.2 2.17 26.8 6.33e6 6.08e6 0.43 0.40 22 27 5.2

PG-006 1.118 35 43.5 6.53 43.5 4. i 2e6 4.28e6 1.14 0.85 24 25 4.4

Ge-31 1 1.710 20 15.3 1.85 26.0 3.45e6 3.44e6 0.41 0.40 22 26 5.0

Cre-400 1.415 20 22.2 5.80 35.0 3.89e6 3.79e6 0.53 0.49 2 28 7.9

Ge-422 1.155 20 27.3 12.6 48.4 2.04e6 1.97e6 0.68 0.59 2 23 6.5

Be-002 1.792 1 5 12.6 1.19 24.3 1.84e6 1.87e6 0.36 0.35 23 24 4.5

Be 102 1.329 1 5 24.0 7.54 38.65 2.63e6 2.82e6 0.57 0.54 2 25 7.4

Be I I 1.143 1 5 62.4 77.0 49.2 1.5e6 1.24e6 0.68 0.59 2 2 6.5

From the above tables one can see that various crystals are suitable for the PST.
The final choice will depend on the exact requirements of both the instrument
and the mechanical resistance of these materials towards the high forces
occuring in a PST.

NVe now compare these values with the performance of an instrument at SINQ
which is installed at a thermal beam port. For energies such as provided by the
PST a Cu I I I monochromator would probably be best suited. We assume that
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this crystal is installed at the present HRPT monochromator position. The
colliniation of the incoming beam is defined by geometry. In Table 3 we give
the peak intensity and the resolution for two different energies, for a collimation
of 3 after the monochromator.

Table 3 Resolution and peak intensity of a Cu I I I monochromator at the HRPT position,
with an outgoing collimation of 3.

0 E [meV] R [meV] [n/cm2/s]

25.7 25 1.4 1.67e6
20.5 38 2.8 2.42e6

Apparently the peak intensity at this position is similar as for the PST, however,
if we compare the resolution, there are quite drastic differences. If we want to
obtain similar resolution as listed in Table 2 we would have to install
collimations before and after the monochromator. This is illustrated in Table 4.

Table 4 Resolution and peak intensity of a Cu I I I monochromator at the HRPT position. CO
and cc, denote the colliniation before and after the crystal, respectively.

0 E [meV] R [rneV] I [n/cm2/sj CLO'CC,

25.7 25.0 0.43 3.19e5 20
20.6 38 0.62 2.82e5 15

In summary, the PST has a similar peak intensity as a monochromator at a

thermal beam port, however, with much better resolution. If this resolution

would have to be gained by collimation, one would loose an order of magnitude

in intensity as compared to the PST.

Let us finally compare these values with the performance of MARI at ISIS. For

an incoming energy of 20 meV, this instrument has a time-averaoed flux of

7000 neutrons/cm'/s and a resolution of the order of 02 rneV. For a PST at

SINQ, with a Cu-200 monochromator, taking the configuration given in Table 2

with an energy of 24 rneV (and assuming to have two counter-rotating

monochromator crystals), we have a time-averaged flux of 20000

neutrons/cM2/S, with a resolution of 0.35 meV.
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4. The choppers and the secondary instrument

The PST instrument is obviously a time-of-flight spectrometer, which will need
an array of detectors to register the neutrons scattered from the sample. The
pulse width is directly defined by the PST. The only additional parameter is
therefore the fliaht path. The flight path has to be defined by the requirements of
the instrument. The resolution defined by the secondary instrument is
appoximately given by

CIE dt
2 2dt v (40)

E t L

where L denotes the flight path. For a typical dt of 25 ts, we obtain values for
CIE as shown in Table 5. For energies between and 20 meV and resolutions of
less than 0.5 meV, the flight paths will be of the order of 24 m.

Table 5: Resolution dE [meV] for various values of final energy and flight path.

L[m] 1 2 3 4 6 8 10
E[meVI
1; 0.24 0.12 0.08 0.06 0.04 0.03 0.02
10 0.69 0.35 0.23 0.17 0.12 0.09 0.07
15 1.27 0.64 0.42 0.32 0.21 0.16 0.13

_20 1.96 0.98 0.65 0.49 0.33 0.24 0.20
25 2.73 1.37 0.91 0.68 0.46 0.34 0.27
30 3.59 1.80 1.20 0.90 0.60 0.45 0.36
35 4.53 2.26 1.51 1.13 0.75 0.57 0.45

140 553 2.77 1.84 1.38 0.92 0.69 0.55

One might think about using an additional chopper for the PST instrument in
order to reduce the background as well as to avoid higher-order reflections and
frame overlap. Fortunately, there is no contamination of higher order reflections
fc)r a PST, because for fixed angle the angle of the outgoing beam O' is energy
dependent. For example, if we choose the Cu-220 reflection and 0=70', then
0'=85.52'. For the same incident angle, the Cu-440 reflection will scatter with
0'=79.45', and the Cu-110 reflection with 0=87.3'. For smaller scattering
angles, the situation will be even more favourable. Therefore, the only
contamination of the beam in the detectors will originate from frame overlap. In
Fig. 27 we give a time-flightpath diagram of the PST. A frame-overlap chopper
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is installed in front of the PST. Table I gives the maximal energy transfer
without frame overlap for a Cu-220 monochromator, at an angle of 24.9' We
assume to have a flight path of 3 m, and a repetition rate of 318 Hz, which holds
for the case where two monochromators are counter-rotating at a speed of 000
m/s, at a radius of I m, i.e., with a frequency of 159 Hz.

Detector

................................. ...... .......................... ......... ............................ ....................... S a m p le

PST

Frame-
Overlap77777- Chopper

Fig. 27: Time-flightpath diagram of a PST instrument.

Table 6 Maximal final energy and maximal energy transfer for different ratios of a PST with

a Cu-220 monochromator, =65. 1', L=3 m, and a repetition rate of 318 Hz for a ratio

of .

ratio Efinal AE maxmax

1 4.76 36.4
2 1.19 40.0
3 0.53 40.7

It can be seen from Table I that there may indeed be situations where one will
need a frame-overlap chopper. Additionally, it would be very helpful to have
such a chopper in order to reduce the flux of unwanted neutrons at the PST
position in order to improve the background conditions. This would further be
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beneficial for the radiation protection which will anyway be of much reduced
size as compared to an instrument installed at a thermal beam port, where
Usually large monochromator shieldings have to be built.

In Fig. 28 we finally show the proposed outline for a PST instrument.

Biological Schielding

Detectors

Frame-Overlap
Chopper

1m

Fig. 28: Outline of a PST instrument installed at the cold guide I RNR 15, with 0=35.40,

which corresponds to an optimal configuration for a Cu-220 monochromator, and a

flightpath of 2 m.

An extension: Horizontal tilting of the monochromator

In the previous discussions we assumed that the velocity of the monochromator
is parallel to the scattering vector, i.e., perpendicular to the crystal. Technically,
t'his is certainly the easiest case to realize. However, it may be possible to
introduce a small horizontal tilting of the monochromator with respect to the
-velocity direction of the PST. In that case there will be an additional component
of the transformation vector Ak parallel to the scattering plane, with

Ak = sin(�), and Ak = COSW (41)
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where denotes the tilting angle. Such a configuration is shown in Fig. 29 and

has to be compared to Fig. 1, where no tilting of the crystal is assumed. One can
see that an intensity gain is expected, because a larger phase-space volume is
accepted by the monochromator. However, because at the same time the positive
effect of the phase-space transformation is reduced due to a decrease of Aky, the

increase in intensity may be less significant than expected.

Ak
kf

Q

(P

Aky

'n

f
Ak,

01

Fig. 29: Schematic representation in k-space of the phase space transformation, with a tilting

of of the crystal with respect to Ak.
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The performance of such a PST can be calculated by using the same Equations
as outlined above. One has to modify only Eqs. 4)-(8), which are then given by

i�isinO=:r/d-Aky ->ki (42)

2= %)2 + (Ak + k i cos(o))2 (43)

k cos(O = Yd ->O (44)

)�J' 2=(Tsin(� - Ak x2 + + AkY)2 -Af (45)

kf snO'=,,r/d+Aky ->O' (46)

In Fig. 30, we show the calculated and simulated intensities for a tilted
monochromator. For this configuration, an intensity gain of only 20% can be
achieved. Even if we look for the optimum by simultaneously changing the
'Iting angle and 0, we only obtain a maximal gain of 30%.

7 106 T I

1066

1065
F-

4 106

1063

1062 analytic
1 106

--- MC

0

-20 -10 0 1 0 20 30 40 50

0

F1-. 30:Comparison of analytic calculations and Monte-Carlo simulations for the peak
intensity of a PST with d=1.415 A Ge-400), v=1000 m/s, and =29.4', as a function
of the tilting angle �. No collimation before the PST is assumed. The horizontal
collimations after the PST is 3, and the mosaicity of the crystal is 20'.



The effect of intensity increase is more dramatic for large d-spacings. In the case
of Cu-200 for example, one could obtain a flux increase by a factor of 4 as
compared to the value given in Table 1. However, this would further decrease
the outgoing energy to a value of 20 meV, thus it will not be advantageous to tilt

Z:' t7l Z�'

the monochromator, because we are more interested in high energies and small
d-spacings.

6. Conclusion

In this report, analytic calculations as well as Monte-Carlo simulations for a PST
instrument (to be installed at SINQ) have been presented. The performance of a
PST instrument has been investigated for various instrumental parameters and
possible crystal monochromators. The effect of a velocity gradient across the
monochromator crystal (which worsens the resolution to some extent) has been
investigated, and some solutions have been suggested to compensate for this
effect. Among these solutions, a small tilting of the monochromator with respect
to the velocity direction improves the intensity for certain configurations. A
comparison of a PST instrument is made with a conventional time-of-flight
spectrometer installed at a thermal beam port, the essential result being that a
PST instrument is considerably superior concerning resolution for
configurations with comparable flux.
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1. Introduction

The studies presented in part I of the present report demonstrate the usefulness
of moving single crystal monochromators in view of a gain of neutron flux.
With the velocity component of the monochromator parallel to the scattering
vector Q of the monochromotor reflection, neutrons are accelerated to higher
energies, thereby keeping their initial phase space density p(k) of the
(Maxwellian) flux distribution. As it was pointed out, pk) in Maxwell spectra is
temperature dependent and increases by lowering the temperature. Assuming
that the monochromator selects AN neutrons around the maximum of a
distribution, the following ratio between a cold (moderator temperature T,I -

10K) and a thermal spectrum (Th,,,,,- 300K) was obtained:

3

ANcold Pcold Therni 102

ANherm P herm T.11d

Monte Carlo simulations have shown that actually gain factors up to 20 are
possible, when neutrons are accelerated to thermal energies (see Fig. 1).

8xl 08

cold
< --- therm
E

6

iNk
co ................ ....

cm� 4
E
Q
C

2
C

C

0 mrur
0 2 4 6 8

Wavevector [A-']

Fig. 1: Neutron intensity at the spallation source SINQ at the cold neutron guide IRNR15
(solid line) and on a thermal beam port (dotted line). The grey distribution
schematizes the Doppler shift of a certain part of the cold spectrum due to the
movement Ak of the monochromator crystal.
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In this report we extend the previous concept and study the case of a Phase
Space Transformer (PST), which accelerates ultra cold neutrons (UCN) to cold
or thermal energies. From the relation above one expects tremendous gain
factors when T,,,, approaches TUCN of the order of 10-'K. The Maxwell
distribution as shown in Fig. I further sharpens and results in an almost delta-like
function, where the width of the spectrum equals the mosaicity of typical
monochromator crystals.

The report is organized as follows: In Chapter 2 the basic relations of a PST are
taken up and adapted to the UCN case. Capter 3 describes a modification,
which turned out to have advantages for the energy resolution, as shown in
Chapter 4 This chapter summarizes the results of phase space transformations
obtained by Monte Carlo simulations and analytical calculations. The energy
resolution and the horizontal divergency will be discussed for rotating crystals
with constant d-spacing, as well as for crystals, which are supposed to have
(linearly) varying d-spacings, so-called 'gradient crystals'. Finally, in Chapter 
a. simple estimation of the neutron flux at the sample position is given.

'2. P S T

1. Basic principles

A PST is considered which moves with the velocity v parallel to the scatterinZ�
vector Q. For the following calculations a snapshot is taken at the time when
Bragg's law,

2T sin� Q

is best fulfilled. Two different reference frames have to be taken into account:

• The laboratory frame with the incident wave-number ki, the scattered
wave-number kf as well as their angles and O' with respect to the surface
of the monochromator.

• The monochromator frame, where Bragg's law, Eq. 1, is valid with the
wave-numbers = = and the scattering angle .

The scattering process in reciprocal space is illustrated in Fig. 2 Assuming that
the incident angle as well as the d-spacing and the PST velocity
v[km/s]=0.63Ak[A-'] are known, the remaining quantities in Fig. 2 are obtained
by the following equations:
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k, sin = r - Ak (2)
d

2= k2 + Ak2 + 2kAk sin (3)

k, sin = 'sin 5 - Ak (4)

k2 = T2 + Ak 2+ 2TAk sin U (5)f

kf sinO Tsin + Ak. (6)

4

k, Ak

2
............. - . ...... . ....... ...

Ak

k

Fig. 2 The phase-space transformation in reciprocal space.

2.2. Simplifications for UCNs:

The above relations can be simplified considerably in the case of UCNs. For the
following a mean velocity for the incoming neutrons of v - 2 m/s is assumed.

10-3V 10-30The related wave number of k = 1,59- 3,18- A` is negligible compared
to the assumed transformation to cold neutrons (kf -1 A-'), i.e.:

ki << AL (7)
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The consequences of this assumption are as follows:

1. Bra-ja's law in reciprocal space, Eq. 2 now takes the form

Ak Q
d 2 (8)

The wave number Ak is equal to half of the scattering vector Q. This relation
shows that the d-spacing is linked to the speed of the crystal, i.e. every d-
spacing of the crystal determines a specific rotation velocity of the PST-

d[A]-:r/Ak[A-']= I 978/vPSTIM/Sl (9)

From Eq. 3 it follows that the incident wave number in the monochromator
frame, k, is equal to AL

k-Ak (10)

3 With Eqs 3 and 4 one gets for the angle in the monochrornator frame:

k, sinO + Ak ki <Ak :r
arcsin

2 24k i+ Ak + 2k, Ak sin 0 2

This shows that, independent of the incident direction of the neutron in the
laboratory frame, the relevant angle in the monochrornator frame, where
Bragg's law is valid, is approximately constant with the value =90'.

4. From Eq. it follows that the final wave number in the laboratory frame, k, is
two times AL

kf - k + Ak 2k (12)

or, in other words, the final neutron velocity, vf, is twice the speed of the
crystal:

vj=2vPST' (13)

5. Finally, also the angle of the scattered neutrons with the surface of the
monochromator in the laboratory frame is equal to t/2 according to Eq. :
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0 (14)
2

i.e. the outgoing direction of the scattered neutrons is always perpendicular
to the crystal surface. The scattering process in this limit is illustrated in Fig.
3.

kf =2Ak

-------------------------
---------- - - - - ----

ki =W

Fig. 3 The phase-space transformation in reciprocal space in the limit ki 0.

3. The extended version

The PST in the geometry described in the previous chapter is restricted to the
back-scattering configuration, = 90'. The simulations have shown that this
geometry has mainly two drawbacks:

1. The energy resolution turns out to be bad as will be shown in Chapter 4.

2. The back scattering limit with =90' constraints the incoming neutrons to a
narrow energy range, which is accepted by the moving crystal. To allow more
neutrons to be scattered, one can in principle increase the horizontal mosaicity
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of the monochromator crystal. The MC simulations have shown that a
mosaicity of 20' would be needed to ensure that about 98% of the incoming

Z71

neutrons fulfill the Bragg condition. A more realistic mosaicity of leads to
a loss of about 56%.

To obtain a laraer flexibility, a rotation an-le a between Ak and Q is introduced
as shown in Fig. 4.

A
Y

Y

Ak

ki
k

0 /22 Ak
k-

kf
-------------------- ------------------

Fig 4 The phase-space transformation in reciprocal space. a is the an-le between Ak and Q.
Z71

With this modification the PST equations, Eqs 2 to 6 become:

ki sin Ak cos a (15)
d

2 2 2k = k + Ak + 2kiAk sin( + a) (16)

k-sinO=ksinO-Akcosa (17)

2 -2 2 - -
kf =k Ak +2kAksin(O-a) (18)

kf sin O= k sin + Ak cos a (19)

With the approximation ki -- > for UCNs (see Fig. 5) we find:
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.T/
-=Akcosa (20)
d

T = Ak, (21)

Tsin5 = Ak cosa, (22)

kj = 2Ak cosa (23)

sinO'= 1. (24)

From Eqs. 21 and 22 it follows that in the UCN case the Bragg angle and a
are linked by the simple relation:

Jr
- - a (25)
2

Substituting Eq. 25 into Eq. 20 gives the Bragg equation in its usual form.

Y Y

kf

Ak
Ak= ki

kf
.............................................. ........ . .------------------------------

x

x

Fig. 5: The phase-space transformation in reciprocal space for ki --> 0 a is the angle
between Ak and Q.
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The implementation of a has no consequences for the final wavevector k,. as
I 'II determined by d, while

can be seen by substituting Eq. 23 into Eq. 20. k. s sti I
(x and vPSThave to be adjusted according to Eq. 20 to fulfill the Bragg condition.
Fla 6 shows final energy values E, = 2,072(2k/ )2 for the (001) reflections of
pyrolytic graphite (horizontal lines). Whenever the function E =E1(ccvpsT)
crosses a horizontal line, Bragg's law is fulfilled and the neutrons are reflected
by the PST. The direction of the scattered beam is always perpendicular to the
crystal surface due to Eq. 24.

50:
VPST = 500 M/S

> VPST =1 000 M/S40 ...... VPST =1 500 m/s

E PG - 004 0=1.6`7,A)6 30 7

20

W 1 0 PG - 002 (d=3.348 A)

O0 20 40 60 80
cc 

Fig 6 Final energy Ef as a function of a for the velocities v ... =500m/s, vps7-=1000m/s and

vs,=1500m/s. Horizontal lines indicate possible final energy values for a PST with a

pyrolytic graphite (PG) crystal.
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4. Calculations

A schematic layout of the PST used for the MC simulations is illustrated in Fig.
7.

.4 Neutron gas

---------------------

L__j

Image-Plate cc

PST

Fig. 7 Schematic layout of the PST. W: width of the monochromator crystal; r: radius of the
PST; v ... velocity at the point x of the crystal.

The UCNs are assumed to behave as an ideal gas with the temperature
T.Od mK, corresponding to a mean velocity of about v=1.4m/s. The velocity
(Maxwellian) distribution obtained by the MC simulation is shown in Fig. .

0.6-
C:

0.4
CZ
>1

4_0.Fn 0.2-
C_

C : 0 .1 .........
1 2 3 4

Neutron velocity [m/s]

Fig. 8: MC simulation of the velocity distribution within an ideal UCN gas.
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The monochrornator crystal is assumed to pass a certain distance 1=yr within the
,uas, where is the rotation angle of the PST. The incident direction of the UCNs
is completely random (i.e. 0 and cp 2.7r in spherical coordinates).
The conditions do not change at any point within the UCN gas. It is therefore
sufficient for the simulation of the energy distribution and the vertical
divergency of the scattered beam to disregard the dynamical aspect of the
monochromator movement and to take a snapshot at the moment when the
Crystal passes y=O (see Fig. 7. The horizontal divergency is the 'product' of the
distribution obtained from the snapshot and the rotation angle

In contrast to standard ray-tracing codes, the implementation of a neutron source
and guides to the monochromator is neglected. Instead, neutrons are directly
produced' on the crystal surface with the dimensions WH, where W indicates

the width of the crystal (parallel to the x-direction) and H the height (parallel to
In addition, the crystal is characterized by its d-spacing and its horizontal and

vertical mosaicity.

In the following we show the results of MC simulations which are monitored for
the four different phase-space elements of the scattering process as visualized in
Fig 2:

1. The incident resolution element in the laboratory frame.
2. The incident resolution element after the transformation into the

monochromator frame.
3. The final resolution element in the monochromator frame.
4. The final resolution element after the transformation into the laboratory

frame.

It is convenient for the analytical approach to use the coordinate system x,y as
indicated in Fi . 5. The final three-dimensional resolution element in this frame
is 6k,,,6k,bkz,,. bkx, and bk,, describe the horizontal and vertical divergency, and
2.077 bk-,,,' gives the energy resolution in meV.

4. 1. Gradient crystals

Due to the disk geometry of the PST a velocity gradient appears along the width
1,V of the crystal, i.e. the velocity at the inner parts of the crystal is lower
compared to the outer one. To counterbalance this gradient, one can assume a

changing d-spacing along W. Writing the Bragg equation in terms
of velocities gives for 5 =T/2
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km 3.956 r + W r+WV =�� = VO
S 2d[A] r r (26)

In order to keep v constant the d-spacing has to become a function of W:

r+W
d = do

r (27)

Throuahout the simulations it turned out that shows a large distribution 
whether a gradient or ordinary crystal was used. Therefore, a second type of
gradient crystal was analysed which alms to keep constant.
Writing Bragg's equation in the form

- 3.956 r I
0 = arcsin � � = const. (28)

2d[A] r + W v[km / s]

results in an 'opposite' condition for d compared to the previous case (see Eq.
27):

r

d = do r W (29)

In the following, we discuss the two cases which will be denoted by 'Gradl' and
'Grad2' for the d-gradient crystal according to Eq. 27 and the second type
according to Eq. 29, respectively.

4.2. Energy resolution and horizontal divergency

In order to calculate the final resolution, velocity vectors are used instead of
wavenumbers. The tranformation between velocity and wavenumber
components is:

ki[A- = ,588. 10-3Vi M , i = X,,Y,,Z, (30)
S

According to Fig. the final velocity vy is the sum of the y'-components of -V.f
and Av:

Vj.Y = fv + Av, = V sin O + Avcos a (31)
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The final velocity resolution bvf depends on the width W of the crystal and the
half-width bvi of the incident beam:

dv W)2 + dv
(A (A6vi)'o (32)d d

The dvergency is obtained from the x-component of the scattered beam (see
Fig. 5):

vj..� = TI' - Av, = V-,' cos 5 - Av sin a (33)

Similar to Eq. 32, the deviation along x is calculated from the derivatives of Eq.
33 with respect to Wand v:

2 dv
f 2

6vf dW` (AW) + � � (Avi (34)
dvi

The divergency angle & is defined in the following way:

Vfj,

8x = arctan - (35)
Vj'Y'

The divergency in Eq. 35 is the result of the scattering process on the mosaic
crystal, only. To these values a constant angle has to be added, which is the
consequence of the crystal movement on a rotating disk, see Fig. 9 depends on
the length 1, which the crystal passes in the UCN gas. For r=100 cm, has to be
less than 2 cm in order to keep the value of below 1'.

1=yr

Fig 9 Schematic drawing of the PST disk. r: Radius of the PST, y: rotation angle.
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4.2. 1. Standard crystals: dconst.

Writing the velocity gradient explicitly Eq. 31 becomes:

Vfi = T(Wvi) sin (W, V) + V( cosa. (36)
r

The partial derivative by W is:

N f.1,- d-7 sin57+ d(sin �) -r VO %., os a
dw Ow dW r

d7 - _ dsin �) d57 vo
=- sinO + v cosa

dW d57 dW r (37)

d7 d57 vo
=-cosa + vsina-+-cosa

dW dW r

The last line of Eq. 37 was obtained by using Eq. 25. The derivative of 
follows from Eq. 17 in the limit vi -- > :

o d vi sinO r + W cos7 Vi- V(
-r vo - = (38)

dw dw sin r sin 0 r

With the help of Eq. 20 can be written in the following way:

arcsin = arcsin O cosa
d 7 (39)

The derivative with respect to W becomes:

d57 d r
- arcsi Cos a

OW dW r+W

r cos a (40)

r+W 4(r + W) 2 - (r cos a)2

Fig. 10 shows that actually the variation in due to different incoming neutron
energies has to be taken twice. Substituting Eqs. 38 and 40 in Eq. 37 gives:
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avf.y, VO r sin a2cosa I (41)
aw r V( +WY - I-COS(x)

A

Fla. 10: Braga reflection for two incident neutrons with different energies, but the same

incident angle. According to Bragg's law, faster neutrons (large velocity vector) are

scattered to lower angles O'. For being accepted by the crystal, a scattering plane

turned by 60 must be available within the distribution of planes according to Eq. 54.

The an-ular difference between the two vectors after the scattering process is 20.

For the derivative of vf,,,, with respect to vi one obtains:

avf,�-, a-V r+W
-COSU+Vo� �sin- (42)avi avi r avi

with

av- sin 
avi Cos Cc (43)

and

2
a 0 I r - sinO (44)
avi Vo (r+W) r+ W) 2- (r cos a)2

]Eq. 42 becomes in the limit vi -- > 

sin ot (45)av �(r +W)2 - (r cos ( 2
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Finally, substituting Eqs. 41 and 45 into Eq. 32 gives the v-resolution of the final
velocity bvj� bvf as a function of a as shown in Fig. I .

20j
calculation (v -500 mS; = cm)A14: PST:-

V calculation (v 1000 mS; W= cm)15' 4 PST":
U)

--- '6V4: calculation (vpsr=1000 m/s; W=5cm)

&E 10 0 AV 4 MC simulations (all cases)

-

0 �' ......... . .......
0 20 40 60 80

a N

Fi�,, I : 6 as a function of a for different values of the crystal width W and the velocity vo.
Radius r: 100 cm; Horizontal mosaicity: .,=I'; bvi=l I rn/s.

16- �-
- W=7cm N 69 (VPST;=500M/S; W=1 cm)

O be (V PST=1 OOOm/s; W=5cm)
---W-5c712 A 66 (V 1 OOOm/s c= 300)

PST

0 w�w

8.CD W--9cm

W=lcm

4

0� .........
0 20 40 60 80

(1101

Fig. 12: 0 as a function of a for different values of the crystal width W. Lines are

- dW W)'+ (dW &i '
calculated: be dW dvi with Eqs. 40 and 44. Radius r: 100 cm;

Horizontal mosaicity 6=V; bv,=1.1 m/s.

The differences between the analytical approach and the MC simulations below

a-20' are due to simplifications in the calculations. In fact, close to aO, about

half of the incoming neutrons cannot fulfill the Bragg condition, which narrows
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the simulated halfwidth with respect to the halfwidth obtained by the
calculations. According to the MC simulations 6v is not a function of W and vof
depends only on the halfwidth of the incoming neutron distribution bvi, i.e.
6vj;:=bvj. This result is surprising as the uncertainty 6 � shows a strong
dependence on W, see Fig. 12. The explanation is given in Fig. 13. The
incoming velocity distribution vi in the monochromator frame is large due to the
velocity gradient of the moving crystal.

870 C)

868
E �Sv

------------b) 864

862
. . . . . . . . . .

P�T -20 -10 0 10 20
Vfx ON

Vi a)
436

..................... ....................... . 34

432>

430

42NO 240 25'0 260 270
V3X ["VS]

Fig. 13: Resolution elements after the scattering process obtained by MC simulations for
ct-30' and vo=500 m/s. The y'-axis gives the velocity distribution in the direction of
the sample position, the distribution along the x-axis corresponds to the horizontal
divergency. a) Resolution element in the monochromator frame. In order to obtain
the final resolution element in the laboratory frame (c), the velocity v... has to be
added as schernatized in (b).

According to Bragg's law neutrons with larger incoming velocities are scattered
to lower angles, giving rise to smaller components along y', whereas slower
neutrons have larger scattering angles and, therefore, larger components along
Y. The final resolution element bvf is obtained by adding the velocity vpsT, which
counterbalances the velocity distribution along y'.

�1.5umming up all scattering events along x in Figs. 13 a) and c) results in the
velocity distributions shown in Figs. 14 c) and d), respectively.
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Fig. Irresolution along the y'-axis. The numbering corresponds to the 4 different

resolution elements in Fig. 2 a=30', v,=500 m/s.

0. 1 0
-�calculation (vps,=500 m/s; W=lcm)

-calculation (vps-r=l 000 m/s; W=1 cm)
0.08 - Calculation (vps-r=l 000 m/s; W=5cm)

KC simulations (vpsT=500 m/s; W=lcm)
> Mg simulations vpsT=1oOO m/s; W=1 and cm)

ID 0.06
E

0.04-
LU
CIO

0.02

0-00 0 20 40 60 80

(Y N

Fig. 15: Final energy resolution 6Ef as a function of a for different values of W and v,

To obtain the energy resolution bEf from the v resolution, the following relation

is used:

E meV]=5,227V2 [km/s]. (46)
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The derivative with respect to v gives:

6 = dE 6v = 10,454v6v (47)
dv

The final energy resolution 6E, as a function of a is sown in Fig. 15.

The horizontal divergency, written as a function of vi and W (see Eq. 33),
becomes in the case dconst:

r+W (48)
V VjWVi)COs6(WV)+VO sin a 

r

which results in the following partial derivatives:

avfx, 2v Cos (49)
aw I U)2

(r + WY (r cos

avfx, r
sin 0 tan a + cos cc (50)

avi j (r +W)2 - (r cos CC)2

Substituting Eqs. 49 and 50 in Eq. 34 gives the a-dependence shown in Fig. 16.

100

W 80-
E 60'

x
-��40 

CIO
20 

0 L.- I... I...
0 20 40 60 80

a N

Fig. 16: Final resolution bvf,,., as a function of a W=l cm, Radius r: 100 cm, v0=500 m/s).

Symbols: MC simulation, line: calculation according to Eq. 34.

53



& as a function of a is shown in Fig. 17.

6-

40
x

C-0 2--

0.'I ......... I......
0 20 40 60 80

a 0]

Fig. 17: Horizontal divergency & as a function of a W=l cm, Radius r: 100 cm, v0=500
m/s). Symbols: MC simulation, line: calculation according to Eq. 35.

4.2.2. Gradient crystal (Gradl): d=d(W)=do[(r+W)lr]

The d-spacing is now a function of W in such a way that vpsj=vO=const (see Eq.
27). Eq. 31 becomes:

VfY = T(v) sin 57 (W, vi ) + v cos a (51)

The final v-resolution is calculated in the same way as described in the previous
case with dconst. The derivative of vf,,,, with respect to W gives:

av fy = v sin a os a r (52)
0

aw (r + WO(r + WY (r Cos c'

The derivative with respect to vi is identical to Eq. 45:

avf "" vin a r- I 2 (53)
a-v� ��(r+ W)2 - (r Cos CC)2

Substituting Eqs. 52 and 53 into Eq. 32 results in the final v-resolution bfy.
shown in Fig. 18.
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Fig. 18: Final v-resolution 6vf,,., as a function of cc for different values of the mosaicity 0
(r= I m, vo=500m/s, W1 crnj.

In contrast to the case dconst the horizontal mosaicity 0, has to be considered.
This is done by folding the calculated resolution according to Eq. 32 with the
Gaussian function

f0 = ex 572 2
(20.) (54)

With Eq. 54 the assumption was made that at every point, where a neutron is
scattered, the distribution of the deviation angle 6 � of the scattering planes
follows a Gaussian with half-width 0. Decreasing narrows the angular range
within which the neutrons are able to fulfill Bragg's law, and the flux after the
scattering process decreases. This decrease as a function of a for different
-values of 0. is shown in Fig. 19. Above 0=20' the loss at low angles a is
independent of 0,, and is due to the incoming velocity distribution around vo As
the d-spacing was defined by vo, neutrons with velocities larger than vo cannot
fulfill Bragg's law in the back-scattering configuration a=O'. Increasing a also
increases the accepted velocities and the Bragg condition is always fulfilled for
c > 10'. In contrast to gradient crystals the energy resolution in the case dconst
turned out to be independent above -. Below this value the resolution only
slightly decreases, while the flux decreases rapidly (see Fig. 19). The results in
Chapter 42.1 are obtained with Q = '.
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Fig. 19: MC simulations of the neutron flux relative to the incoming flux as a function of a

for different values of the horizontal mosaicity 0,, (r=lm, vo=500m/s). Lines are

guides to the eye.
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Fig. 20: Resolution elements after the scattering process obtained by MC simulations for
a=30' and vo=500 m/s. The y'-axis gives the velocity distribution in the direction of

the sample position, the distribution along the x-axis corresponds to the horizontal
divergency. a) Resolution element in the monochromator frame. In order to obtain

the final resolution element in the laboratory frame (c), the PST velocity VT has to
be added as schematized in (b).
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Comparing the v-resolutions of Fig. I I and Fig. 18 shows clearly better results
for the case dconst. This result is surprising as the d-gradient was introduced to
counterbalance the velocity gradient of the crystal. The explanation is given in
Fig. 20. The distribution 6� after the scattering process is almost identical as in
the case d=const (see Fig. 12). But, as the PST-velocity is now constant, the
uncertainty in the velocity v., (the index follows the numbering of the resolution
elements in Fig. 2, which depends on 6�, cannot be counterbalanced and the
final energy resolution bv,,., stays the same as 6V3j Smming up again the
scattering events over x gives the intensity distribution along v,,, as shown in
Fia 2 .

,o 3 0: a) b)
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-- j
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2. 0:

Cn - L IV
1.0 f.y'

C:
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V3 M/S] V4 M/S1

Fi-.21: v-resolution along the y'-axis. The numbering corresponds to the 4 resolution
elements in Fig. 2 (a=30', v0=500 m/s).

The horizontal divergency is given by the same equations as in the case dconst
(see Eqs. 49 & 50 and Figs. 16 17). This is due to the fact that the -
distribution after the Bragg scattering in the reference frame of the crystal is
almost identical for the cases dconst and d=do(r+W)lr. Adding the component
VPSTdoes not change the x-component in both cases, and, thus, the horizontal
divergency, which can be seen by comparing the resolution elements in Figs. 13
and 20.
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4.2.3. Gradient crystal (Grad2): d=d(W)=djr1(r+W)1

As the last possibility, the v-resolution for a gradient crystal according to Eq. 29
is calculated. As shown in Chapter 4 , with such a gradient crystal the
scattering anale is not a function of the width W in the limit v -- > :- - �b Z:'

0 # (M. The calculation starts again from Eq. 3 :

r+WV I(j)s'nO(vj)+VO �� cosa
J-'Y' , " r (55)

As is only a function of vi, the uncertainty 6� as a function of a is now
different compared to the previous cases (see Fig. 22).

The derivative of v,,,, with respect to W is:

OV f I' = 2 O cos a 
dW r (56)

whereas the derivative with respect to vi is given by:

dv V, r + W
-� �cosa. (57)

r
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Fig. 22: b as a function of a. The line is calculated: dv, 6v, with bvi= 1 I M/s (Radius r:

100 cm, VO=500 m/s).
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The final velocity resolution is obtained by substituting Eqs. 56 and 57 into Eq.
'12. bv as a function of a, in this case, is shown in Fig. 23.J

12

8
E

(> 4 -

0 ......... ......... ...................
0 20 40 60 80

(A 
Fig. 23: Final resolution bvf..' as a function of a W=l cm, Radius r: 100 cm, v,=500 m/s).

Symbols: MC simulation, line: calculation according to Eqs. 32, 56 and 57.

The derivatives of the x-component of the final velocity are:

avf ". r+W
= sin tan cc 2 - cot cc Cos cc (58)

av. r

and

dV
= 0 (59)

Substituting Eqs. 58 and 59 into Eq. 34 leads to the velocity distribution 6vf,_,.
along the x-axis as a function of a. The horizontal divergency & is obtained by
introducing ." into Eq. 35, which gives in the limit vi -- > :

6V

Vf,%-' (60)

The horizontal divergency as a function of a is shown in Fig. 24.
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Fig. 24: Final resolution bx as a function of a W=l cm, Radius r: 100 cm, v0=500 m/s).
Symbols: MC simulation, line: calculation according to Eqs. 34, 58, 59 and 60.

5. Intensity

Neglecting the reflectivity of the crystal, the intensity I of the scattered neutrons

can be estimated by the following relation:

I = n1 VPsT NnsialFja) (61)
27rr -

where n is the neutron density within the recipient ('neutron-bottle'), the active

scattering path of the crystal within the UCN gas (see Fig. 9, and N3,,,,, the

number of crystals mounted on the rotating disk. The factor F.. takes into

account that a fraction of the incident neutron passes the crystal without Bragg

reflection due to a limited mosaicity On (see Fig. 19). As, already mentioned at

the end of the previous chapter should be small in order to keep the horizontal

divergency small.

In order to obtain an idea of the neutron flux at the sample position, the

following values are chosen:

R = I 0 cm, 2 cm, Ncs,,,, = 4 VPST = I 00 m- s-', F = 1.

For a possible UCN-source at the PSI (Switzerland), neutron densities within the

stocking recipient ('bottle') of n = 3 10' cm-' are expected. Substituting these

values into Eq. 61 gives intensities at the sample position of the order of I -
4- 106 CM-IS-1.
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6. Summary

'This report summarizes the results of Monte Carlo simulations, performed to
study the characteristics of a Phase Space Transformer (PST), which accelerates
ultra cold neutrons (UCN) to cold or thermal energies. The results for the energy
resolution and divergency of the scattered beam are compared with analytical
,calculations. Both methods agree well.

'The PST is realized as a single crystal mounted on a rotating disk (see Fig. 7,
where the angle a between the tangential component of its velocity and the
crystal surface (parallel to the scattering planes) is supposed to be variable. The
scattering process in reciprocal space under these conditions is shown in Fig. .
'Three different cases have been considered:

• Standard crystals for which the d-spacing is constant (see Chapter 42. 1).

• Gradient crystals 'gradl' for which the d-spacing increases linearly with
the width of the crystal (see Chapter 42.2).

• Gradient crystals 'grad2' for which the d-spacing decreases linearly with
the width of the crystal (see Chapter 42.3).

'The simulations show that in the case d=const, the PST is best suited for a
rnonochromator with the following characteristics:

• The energies Ef of the monochromatized beam have discrete values.
Every d-spacing of the rotating crystal determines a specific rotation
velocity in order to fulfill Bragg's law (see Eq. 9.

• The energy resolution is of the order of 6E - 20 �teV (see Fg. 15) It
varies little by changing crystal dimensions or rotary velocities.

• The horizontal divergency is typically close to 2 It is the result of the
scattering process on the moving mosaic crystal and the disk geometry.

'The gradient crystal 'gradl' with d=do(r+ W)lr (r: disk radius; W: crystal width)

n4-ives the same results for the horizontal divergency, but the energy resolution is
'worse compared to the case d=const (compare Figs. I I and 18). For the gradient
(-crystal 'grad2' (d=dOr1(r+W)) the energy resolution is comparable with 'gradl',
but the divergency due to the scattering process on the moving mosaic crystal
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becomes smaller than 03' for a large range of the angle a. By choosing
appropriate disk parameters within the limits of the mechanical feasibilty a

t7lradient crystal 'grad2' may be used for experiments, which do not need a high
energy resolution, but a small divergency as it is the case for neutron diffraction.

The main difference between the PST for UCNs and conventional
monochromators concerns the flux distribution of the monochrornatized
neutrons. For static monochrornators, the intensity of the scattered neutrons is
determined by the Maxwellian distribution of the incoming (cold or thermal)
beam, which, in most cases, limits the possible energies into a band around the
maximum of the distribution. The UCN-PST uses the naturally narrow, almost
delta-function like distribution of UCNs, whose halfwidth is already within the
acceptance angle of standard mosaic crystals. The UCN-PST shifts almost the
whole distribution to the final energy, which corresponds to the d-spacing of the
crystal according to Eq. 9 Te intensity is a function of the crystal velocity, the
number of crystals mounted on the disk, and the tilt angle a of the
monochromator crystal. The upper limit in intensity depends therefore on the
mechanical feasibility and not on the distribution of the moderated flux. The
scattered intensity of the UCN-PST can be roughly estimated with the help of
Eq. 6 . For neutron densities n-3- 10' cm-' expected for the planned UCN source
at the PSI (Switzerland), the intensity at the sample position will be of the order
of I - 4- 106 CM-2S-1 which is about two orders of magnitude above the
performance of the time-of-flight spectrometers IN5 and IN6 at the ILL
Grenoble.
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