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 Abstract 
 
Studies aimed at understanding the functionality of several bio-molecules as well as related efficacy 
of drugs necessitate determination of the structure of relevant molecules. Based on the presumption 
that the structure of these molecules does not undergo any dramatic change on crystallization, these 
structures are being reliably determined with the help of x-ray diffraction technique. With the 
availability of intense x-ray beams from the synchrotrons, along with the tunability of the x-ray 
energies, the progress in this filed has been phenomenal. Presently, all over the world, most of the 
high quality investigations in this field are being carried out at the synchrotron sources. So as to 
facilitate the scientists working in this field in India, we at BARC have undertaken to build a 
protein crystallography beamline for Indus-2 synchrotron. In this report we present the design 
features of this beamline as determined through our extensive calculations.  
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1. Introduction 

 
Macromolecular crystallography (MX) is now more or less 50 year old branch [1]. In 1950 
Max Perutz solved the structure of hemoglobin. At that time solving the structure of even 
100 atoms was a difficult task, where as hemoglobin contain 2291-non H atom in 
asymmetric unit. It required 20 years of unparalleled patience to solve this structure by 
Max Perutz. Comparing the present status to 1960 and 1970, it requires just a few days to 
solve structure instead of several years. Although the whole process follows the same 
stages of crystallization, data collection, phasing, model building and refinement and 
presentation of results. Today these steps can be performed much more easily and quickly. 
This phenomenal progress in the field has been primarily due to the availability of intense 
x-ray beams from synchrotrons, coupled with enormous progress in computational 
capabilities. At present, most of synchrotron beam lines utilize the radiation from the 
insertion devices, such as wigglers or undulators reducing the data collection time 
substantially compared to that obtained with a bending magnet sources.   
Indus-2 is a 2.5 GeV storage ring. A macromolecular crystallography (MX) beamline is 
planned to be installed at Indus-2, on a wiggler source. The beamline will cover photon 
energies from 5 keV to 20 keV for performing multi-wavelength anomalous diffraction 
(MAD), single-wavelength anomalous diffraction (SAD) and other related experiments. 
This report will describe in details the optical design, the beamline layout and the expected 
performance of this beamline. Initially MX beamline will be installed on bending magnet 
source and subsequently will be shifted to a wiggler source. This beamline would have a 
collimating mirror for vertical collimation of beam, double crystal monochromator and 
toroidal focusing mirror for focusing beam both in vertical and horizontal directions. End 
station of beamline will be equipped with appropriate detectors such as, flat panel, CCD 
and imaging plate. These detectors are characterized by high spatial resolution, low 
intrinsic noise and short read out time. These detectors would have large front windows for 
capturing wide angle. Complete data reduction and data processing software will be 
provided. The entire beamline operation will be automated and user friendly, so that user 
can come and take back sufficiently solved structure. Therefore we hope that this MX 
beamline will fulfill the needs of Indian community in a satisfactory manner.  
  
 
2. Photon Source 
Indus-2 is a 2.5 GeV Synchrotron Radiation Source with critical wavelength of about 2Å 
[2]. Indus-2 lattice is designed in such a way so as to give low beam emittance and high 
brightness. The lattice is a Double Bend Acromat with zero dispersion function along the 
long straight section. It has eight super periods each having two dipole bending magnets, 
four focusing and five defocusing quadrupoles and six sextupoles. Of the eight long 
straight sections, three are used for injection and RF cavities and the remaining five will be 
used for insertion devices. Basic parameters of Indus-2 are mentioned below. 
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Table-1: Parameters of Indus-2 
 
Energy                                                                        2  GeV                                    2.5 GeV 
 
Current                                                                       300 mA                                   300 mA 
 
Bending Field                                                             1.2 T                                        1.502 T 
 
Critical Wavelength (λ0)                                             3.88 Å                                    1.986 Å (BM) 
                                                                                   0.93 Å                                    0.596 Å (WS 3-poles) 
                                                                                   2.59 Å                                    1.659 Å (MW) 
 
Circumference                                                          172.4743 m  
 
Typical tune point                                                      9.2, 5.2 
 
Beam emittance                              εx           3.72 x 810−

                                   5.81x 810− mrad 

                          εy           3.72 x 910−                           5.81x 910− mrad 
Momentum compaction factor         a                        0.0052 
   
Electron beam size and divergence 
Centre of bending magnet               σx, σy           0.187, 0.190                               0.234, 0.237 mm 
                                                        σ’x, σ’y          0.290, 0.050                               0.359, 0.062 mrad 
 
Centre of insertion section              σx, σy            0.722, 0.086                               0.903, 0.108 mm 
                                                        σ’x, σ’y          0.052, 0.043                               0.064, 0.054 mrad 
 
Bunch length                                                            1.77 cm                                     2.23 cm 
 
Beam lifetime (1% coupling)                                     12 hours                                   18 hours 
 
Energy spread                                                          7.2 x 410−

                                          9.0 x 410−
 

 
Damping times                            (tx, ty, te)               9.26, 9.02, 4.45                        4.74, 4.62, 2.28 ms 
 
Revolution frequency                                               1.738 MHz 
 
RF frequency                                                           505.812 MHz 
 
Harmonic number                                                    291 
 
Power loss                                                              76.3 kW                                        186.6 kW (BM)     
                                                                                4.3 kW                                          6.7 kW (WS 3-pole) 
                                                                                5.2 kW                                          8.1 kW (MW) 
 
 
 
 
BM = bending magnet, WS = wavelength shifter and MW is multipole wiggler 
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The data from Table-1 were used to calculate some useful characteristics of the source. 
The calculations were performed using the bm1.1 utility of the XOP2.1 package [3] and the 
results are given in Table-2. 
 

Table-2 Calculated characteristics of a bending magnet (BM) source at Indus-2 
 

Magnetic radius          ρ [m] 5.5519990 
Magnetic Field           B0 [T] 1.50200 
E/(m c2)                        γ 4892.3784 
Critical Energy           Ec [eV]  6242.9295 
Critical Wavelength   λc [Å] 1.9859937 
Total Power (in 2 pi) [kW] 186.97930 
Total Power [Watts/mrad] 29.758679 

 
The radiated power from the central 2 mrad in the horizontal direction will be 
approximately 60 W at a stored current of 300 mA. This radiation power will be used 
throughout the beamline design. The photon flux and angular power distribution generated 
from a BM source are shown in Figs. 1 and 2 respectively. The photon flux generated from 
the BM is greater than 1× 1210  photons/ (sec.mrad.0.1%BW) at 20 keV.  

 
 

Fig. 1 Photon flux from 2.5 GeV Indus-2 for 1.5 T BM 
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Fig. 2 Vertical angular distribution of power for BM 

 
The insertion devices (ID) are planned in the second phase of commissioning of Indus-2. 

The beamline is designed in such a way that it can shifted to an insertion device with the 

least modifications. In this report, we present the results of ray tracing for the beamline on 

BM source as well as for wiggler. Since wiggler specifications are not finalized yet, we 

have taken specifications of Elettra’s wiggler [4] for heat load calculations with Indus-2 

ring parameter.  

 

Table-3 Wiggler specifications with INDUS-2 ring parameter 
 

Beam energy  2.5 GeV 

Overall length 4.5 m 

Period length 14 cm 

Number of poles 57 

Magnetic  field 1.5 T 

Deflection parameter K 20 

Critical energy 6.375 keV 

Total Power 11.7 kW 
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The wiggler consists of 57 magnetic poles with a period of 14 cm and magnetic field 

strength of up to 1.5 Tesla. The total available horizontal radiation fan from the insertion 

device is ± 4.5 mrad. The total power radiated from this ID is ~11 kW when the stored ring 

current is 300 mA. The radiated power from the central 2 mrad in the horizontal direction 

and 0.15 mrad in vertical will be 1600 W at a stored current of 300 mA. This radiation 

power will be used for the beamline design. The photon flux generated from the wiggler 

shown in Fig. 3. 

 
 
 

 
 

Fig. 3 Photon flux from 2.5GeV Indus-2 for Wiggler 
 
 The photon flux generated from the ID is greater than 2× 1310  photons/ 
(sec.mrad.0.1%BW) at 20 keV. We have used the finite element method (ANSYS) [5] for 
the heat load calculations on the pre-mirror and the first crystal of the DCM. As expected, 
the thermal deformations for BM case are smaller than in the case of wiggler source, 
because the heat loads are smaller. Therefore cooling requirements of optical components 
will be primarily defined by heat load from wiggler source. 
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3. Beam line requirements 
The beam line requirements depend on the kind of experiments to be performed at the 
beamline. Basically this beamline would offer four broad categories of experiments. 
 

1) Studies of small protein crystals  
2) Variable wavelength optimized anomalous dispersion experiments 
3) Laue experiments for time resolved studies  
4)  Routine data collection at a chosen wavelength 

 
The diffracting power of the biological samples is known to be very weak, mainly because 
of large unit cell, less ordered lattice packing and high water content. Depending on the 
experiments planned, the requirements may vary significantly. For example, studies on 
small crystals require high flux through a small area and for Indus -2, this requires large 
source demagnification. Large demagnification causes large divergence of beam at sample 
and hence reduces the unit cell size resolvable for a given detector.  On the other had for 
crystals with very large cell parameters like virus etc high collimation is preferred. For 
MAD (multi-wavelength anomalous dispersion) experiments difference in the intensities of 
Friedel-pairs is important. It is required that spectral resolution should be comparable to the 
line width of absorption edge in order to maximize difference in the intensities of Friedel-
pairs. Therefore required energy resolution should be order of (ΔE/E): ≤ 2.5×10-4 and 
beamline should be rapidly tunable. Time resolved studies are usually done through Laue 
experiments; range of spectral bandwidth is taken wide enough in order to record a large 
number of reflections simultaneously. Data are collected at selected time intervals in order 
to build time evolution of the process. In the case of routine data collection, high flux is 
required at an appropriate wavelength. Accordingly, the beamline performance 
requirements of this proposed protein crystallography beamline are listed below: 
 

Table-4 Beamline characteristics  
 

Energy range 
 

5 - 20 keV. 

Energy resolution (ΔE/E) 
 

≤2.5×10-4 with a flat Si (111) DCM 

spot size 
 

1.0 mm (H) x 0.5 mm (V) 

Photon flux 
 

>1011
 photons/sec at sample 

Intensity instability 
 

<0.5% 

Beam divergence at sample 
 

< 4 mrad 

 
 
4. Beam line Optics 
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         Primary objective of beamline optics is to use synchrotron radiation effectively. For 
this, the white beam of photons diverging from the source must be collected by the 
beamline elements and should be focused to the size approximately equal to that of the 
protein crystal. Selection of optical components of beamline viz. mirrors, monochromator 
and slits etc has been finalized for the MX beamline taking into account following factors: 

 

• Energy resolution and size of the photon beam at the sample 

• Energy spectrum of photon beam 

• Reflectivity of optical elements  

 

Possible Beamline Configurations 
Various beamline configurations are possible, with their own advantages and 
disadvantages. We have to select optimum configuration based on our experimental 
requirements. Following are the few possible configurations [6] used worldwide in protein 
crystallography beamline. 
 
 4.1. DCM and Toroidal Focusing Mirror  
This type of beamline consists of one plane DCM and one toroidal focusing mirror located 
at where one-to-one focusing is achieved. The beamline design is simple to operate and is 
economic since only one mirror is used. Mr. G.D. Gupta and Dr. V.K. Bhatia proposed this 
design for Indus-2 beamline. X-Ray Diffraction 1 (XRD1) beamline at Elettra operates in 
this configuration as well. However, the energy resolution is limited by the divergence of 
the collected photon beam. Thus, the design is not suitable for MAD experiments where 
energy resolution requirements are of the order of 2-4×10-4.  
 
4. 2. Gradient DCM and Toroidal Focusing Mirror  
This type of beamline consists of one gradient DCM and one toroidal focusing mirror 
located at where one-to-one focusing is achieved. This design can improve the energy 
resolution inherent in the design mentioned above, but the fabrication of a good gradient 
crystal monochromator is very difficult. Therefore this design will in future will be the 
preferred one with manufacturing improvement.  
 
4.3. DCM with Toroidal Collimating and Focusing Mirrors 
This type of beamline consists of one toroidal collimating mirror, one plane DCM and one 
toroidal focusing mirror. This type of design is compatible with MAD experiment, because 
resolution will be improved due to beam collimation in meridional plane. The major 
disadvantage of this type of design is that the alignment of the optical axes of the two 
toroidal mirrors is very difficult.  
 
 
 
 
4.4. Collimating Mirror, Sagittal Focusing DCM and Focusing Mirror  
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This type of beamline consists of one vertical collimating mirror, one sagittal focusing 
DCM, and one cylindrical vertical focusing mirror. This type of design can deliver higher 
photon flux to the sample, almost double of that from configurations 3 and 5. The very thin 
and dynamic nature of the sagittaly focusing crystal is a major drawback, because this 
design would require significant operational care to ensure peak effectiveness all the time, 
especially during MAD scans requiring frequent energy changes Therefore, it is not 
suitable to use this type of beamline for experiments requiring multiple energies such as in 
MAD measurements. Examples of this type of configuration adopted at various beamline 
are MX beamline in ALBA, bio-crystallography beamline at SOLEIL and beamline 14.2 at 
SRS. 
 
4.5. Curved Single Crystal Monochromator and Focusing Mirror  
This type of beamline usually consists of one curved single crystal (Si or Ge), serving as 
both a monochromator and a horizontal focusing mirror, and one vertical focusing mirror. 
In this design, the photon flux is high because of large horizontal capturing of white beam. 
However it is also difficult to use this type of beamline for the applications requiring 
energy scan. An appropriately sized good crystal is normally required, because the beam 
cross-section at monochromator is large. Also divergence of beam is large on sample. An 
example of this type of configuration is beamline 9.6 at SRS. 
 
4.6. Collimating Mirror, DCM and Toroidal Focusing Mirror  
This type of beamline consists of one vertical collimating mirror, one plane DCM, and one 
toroidal focusing mirror. This type of design, which can effectively provide energy scan as 
well as the stability of the beam size and beam position, is currently the most widely used 
design for the experiments requiring multi-energies, such as XAS and MAD measurements. 
Therefore, this configuration is adopted for the PX beamline in this report. Examples 
of this type of configuration adopted at various beamline are beamline 5.0.2 at ALS, MX 
beamline CANDLE and BL-5A at Photon factory. 
 
 
5. Description of optics 
Major optical components of beamline are mirrors and crystals of DCM. Mirrors are used 
to focus and to collimate beam. Interaction of x-rays with matter can be described in terms 
of complex refractive index, 

1n n i iβ δ β= − = − −
:

                                                                                                  (1) 
δ , β  are optical constants and account for dispersive and absorptive properties of sample 
material respectively [7].They can be expressed in terms of x-ray wavelength and materials 
parameter, 
 

20

2 A
r ZN

A
ρδ λ

π
=  ,   and      

2
μβ λ
π

=  ,                                                                        (2) 

 
where 0r  is classical electron radius, μ  is absorption coefficient, AN  is Avogadro number, 
Z is atomic number, A is atomic weight,  ρ  is mass density and λ is wavelength of x-rays. 
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Typical values of δ ranges from 2 510 10− −−  and that of β from 2 610 10− −− . From Snell’s law 
condition for total external reflection 
 

sin(90 ) cos( )
sin 90

c
cn θ θ−

= =                                                                                                 (3) 

 Where n is real part of refractive index, cθ  is critical angle for reflectivity. 
 
 1 cos( )cδ θ⇒ − =         Since δ <<1 expanding cos( )cθ  in power series up to second 
order we get,  1/ 2(2 )cθ δ=  or in practical units 

 0( ) 2.33 ( )c
Zmrad A
A
ρθ λ=                                                                                            (4) 

 
Therefore materials with high density have large critical angle, thus mirrors are usually 
coated with heavier elements like platinum and rhodium for X-rays. Mirror will efficiently 
reflect below critical energies corresponding to cθ  and absorb above. This mechanism can 
be used to cut down lower wavelength radiation from beam, thus mirror can be used as low 
pass filter. This is particularly useful in decreasing the heat load on crystal by cutting 
unwanted high energy range. Second issue is length of mirror required to reflect the x-rays 
will be lower in case of high Z coated material due to higher critical angle. 
 
  
 
The other important component is the monochromator crystal. The primary function of the 
monochromator is selection of particular energy or wavelength from the synchrotron beam. 
Besides, the monochromator can be used for focusing the beam.  The principle of a 
monochromator is based on the well- known Bragg’s law, 
                                                    2 sind mθ λ=                                                              (5) 
 
X-ray diffraction in crystalline material provides an efficient mechanism for wavelength 
selection. Type of crystal used as a monochromator depends upon range and resolution of 
energy required for experiments. Most commonly used crystals for X-rays are silicon and 
germanium. 
 
 The energy resolution of crystal depends upon rocking width of crystal used, source 
divergence in dispersing plane, angular size of entrance slit of monochromator subtended at 
the source. The resolution may be increased by selecting a diffracting plane of smaller 
lattice d-spacing, at the cost of reflectivity. Flux and resolution both are important 
considerations in an experiment. , Since Si (111) has higher reflectivity compared to Si 
(220) with reasonable resolution, Si (111) is most widely used in second generation 
sources. In third generation sources where flux is high and for high energy >15 keV Si 
(220) is useful. 
 
The energy resolution of crystal is given by  
 



 10

 
 

2 2 2 2 1/ 2

(cot )

{( ) [( ) ( ) ]cot }crystal sourcesize slit

E
E

E
E

λ θ θ
λ

θ θ θ

Δ Δ
= = Δ

Δ
= + Δ + Δ

B

B

                                                      (6) 

 
Where (Δθ)source size = v/r1 and (Δθ)slit = s/r2 , v is the vertical size of the photon source, r1 is 
the distance between the crystal and photon source, s  is the entrance slit opening (or 
vertical acceptance distance) of the crystal, and r2 is the distance between the slit and 
photon source. The resolution for Si (111), Si (220) and Ge (111) are about 1.3×10-4, 
5.6×10-5, and 3.2×10-4 respectively. 
The layout of protein crystallography beam line is shown in Fig. 6. It consists following 
major optical components 
 
 
5.1 Collimating mirror: 
The collimating mirror (CM) is plane bendable mirror, which collimates white beam in 
meridional plane in order to improve resolution. Collimator is placed at 15m from the 
source and bends at radius of curvature of 10.0 km by bender. This is the first optical 
element of beamline, which act as low pass filter. It cuts off all short wavelengths or high-
energy beam depending upon the type of coating on mirror and angle of incidence of beam 
on mirror. 
Choice of mirror coating depends upon energy range and type of experiments. In our case 
energy range is 5-20 keV and most of the absorption edges of heavy metals fall in this 
range. Fig.4 shows the reflectivity as a function of energy.  For rhodium (Rh) coating, 
reflectivity is high and constant compared to the platinum (Pt) coating in the required 
region for different angles of incidence. Smaller the incidence angle, larger is the cut-off 
energy. For example, the cut off energy for Rh coating, at 3mrad angle of incidence, is 22 
keV. The cut-off energy can be shifted to 25 keV by selecting Pt coating, but it is the 
uniform reflectivity of Rh coating compared to the Pt that is more important for an 
experiment. Moreover, Pt coating induces intensity variations at Pt absorption edge, which 
is a popular edge for MAD phasing, making experiments using Pt as a heavy atom much 
more difficult. The cut-off energy range can also be increased by using the combination of 
coatings, choosing base layer of Pt and top layer of Rh of appropriate thickness. 
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Fig. 4 Reflectivity of Pt and Rh surfaces as a function of glancing angle 

 
5.2 Monochromator 
 
A double crystal monochromator (DCM) configuration is used for this beamline. There are 
two types of crystal arrangements for DCM. One is called parallel or non-dispersive (┼, ─) 
and the other called anti-parallel or dispersive (┼, ┼) arrangement. The (┼, ┼) mode is 
referred to as the high resolution mode. Although (┼, ┼) is high resolution mode, but it is 
difficult to move whole end station during energy scan. In (┼, ─) mode, the out coming 
beam is parallel to incoming and is fixed spatially and directionally for the energy scan. 
Therefore this mode is used in our beamline. 
 
We have two options for the DCM.  Either channel cut monochromator or two independent 
crystal monochromator. Both have their advantages and disadvantages. Channel cut 
monochromator is single block with a channel cut through it, therefore parallelism between 
the reflecting surfaces is automatically ensured. Hence the procedure for wavelength 
modification becomes fast and straightforward. In addition, a channel cut monochromator 
is a single block of material and hence cooled from the same source eliminating 
mismatches between separated diffracting surfaces that can occur at high power 
synchrotron sources. The major disadvantage of the channel-cut option is the non-fixed 
exit. The offset between the incident white beam and the exit monochromatic beam is 
almost twice the gap d between the reflecting surfaces (Offset = 2dcosθ). This offset then 
progressively increases through the whole energy range (6°< θ < 25°). Besides cutting and 
polishing the reflecting surfaces is difficult in the channel cut case. 
 
In the case of two independent crystals, cutting and polishing is easy and the required 
crystal surface with the desired accuracy can be obtained. Problem of a monochromator 
with two independent crystals is that it would need to be equipped with an accurate 
mechanism for adjusting the gap to the selected wavelength, while maintaining a fixed exit 
beam position. The gap and the parallelism between the two crystals have to be checked 
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and tuned carefully after each energy modification. Since the precision motor drives are 
now easily available, crystal motion can be controlled with precision and accuracy. 
Therefore we have chosen “two independent crystal” monochromator for our beamline. 
 
DCM will consist of two pairs of flat parallel crystals (Si (111) & Si (220)). First crystal 
will disperse incoming white beam and the second crystal will redirect dispersed beam in 
the parallel direction of incoming beam with an offset. Second crystal will be slightly 
detuned to reject higher harmonics. Since monochromator is not used for focusing, 
theoretically it can be placed anywhere between collimator and toroidal mirror. 
 

 
 
 
 
 
 
 
 

Fig. 5 The contribution of source divergence αv and size Δθsource to the range 
of energies reflected by a (┼, ─ ) double crystal monochromator. 
 
 
 
 
5.3 Toroidal mirror 

αv  

Δθsource  

θ1
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θ2

θ1
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monochromator 
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A toroidal mirror will be used for focusing the x-ray beam at the sample. It can effectively 
focus in both horizontal as well as vertical direction. Parameters of mirror are given in 
table-5. Although certain aberrations are associated with toroidal focusing, these can be 
reduced for certain configurations of demagnification. Toroidal mirror focusing has many 
advantages:  
(1) The toroidal mirror can effectively focus the photon beams in both horizontal and 
vertical directions, 
 (2) Mirror based focusing is more simple and robust compared to crystal based focusing, 
 (3) Since only single mirror is used for focusing, it is much cheaper compared to KB-
mirror based focusing.  Moreover, since KB-mirror system has two reflecting surfaces, the 
flux is generally less as the reflectivity is not 100%. Therefore for BM & wiggler beamline 
toroidal mirror is the ideal choice; while for the Undulator beam lines (where flux is much 
higher) KB-mirror based focusing will be more useful. 
(4) The toroidal mirror is cheaper to manufacture compared to any other asymmetric 
mirrors which can focus photon beams in both directions. 
 
Focusing formula for toroidal mirror in tangential and sagittal direction are given by 

 

/

1 1 2
cost tr r R α

+ =          (7)           /

1 1 2cos

s sr r
α

ρ
+ =             (8) 

respectively, where r  and /r  are the object and image distances, respectively, R is the 
major radius, ρ is the minor radius and α  is the angle of incidence measured from the 
normal. In 1:1 configuration (unit magnification), for point source to point image, the 
image quality is very good. This is due to the fact that the chromatic aberrations (sagittal 
and tangential) vanish under this condition. 
  
It is shown in [8] paper that for same beneficial effect occurs under the following particular 
conditions 

                              sr =arbitrary, tr = ∞ ,  /
sr = / 2sr , /

tr  = /
sr                                     (9) 

Here source is two mutually perpendicular lines one at infinity and other lies at the 
symmetry plane of the toroidal mirror. They have shown that the coma terms of the optical-
path-function expansion under the magic conditions are as follows, 
 

                           
/ /

120 / 2

sin 11
2 2s s

r rF
r r r

α ⎛ ⎞⎛ ⎞
= + −⎜ ⎟⎜ ⎟

⎝ ⎠⎝ ⎠
   (Astigmatic coma),                        (10) 

 

                           
2

300 / 2

cos sin
2

F
r
α α

=                     (Primary coma),                            (11) 

Where α is the incidence angle to the normal and we have dropped the s and t subscripts 
for /r since the imaging is stigmatic on the image side. As can be seen, the principal 
aberration, the astigmatic coma, indeed vanishes at /r = / 2sr  while the primary coma, 
although not exactly zero can be sufficiently small. (Coating for the toroidal mirror is same 
as that of the collimating mirror). Therefore we will also use this 2:1 configuration for 
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protein crystallography beamline. In our case available beamline length is 36 m therefore 
for /r = / 2sr , r/=12 m and  rs=24 m. 
 
6. Ray Tracing of the beamline 
 
We have opted for 2:1 configuration. A toroidal mirror will be placed at 24 m from the 
source position and mirror-to-sample distance is 12 m. Total beamline length will be 36 m 
from source. Spot size, radius of collimating, focusing mirror and other parameters of the 
mirror are given in Table-5. SHADOW [9] ray tracing software has been used for the 
simulation of x-ray beam interaction with optical elements. 15000 rays were taken for ray 
tracing of a beam of 10 eV band width at 10 keV. Ray tracing was performed for 
collimator-DCM-toroidal and toroidal-DCM configurations. The results are compared for 
both the configurations in Table-5. Sources produced by SHADOW for BM and wiggler 
are shown in Figs. 11a. and 11b. Ray tracing calculations were performed for perfect optics 
i.e. optics without any slope error and surface aberrations. Finite dimensions of optical 
elements were taken into consideration in these calculations. Reflectivity’s of Rh coating 
(mirror) and silicon crystal were calculated using shadow preprocessor PREREFL and 
BRAGG, respectively. Footprints on toroidal mirror as well as the collimating mirror are 
shown in Fig. 12 and Fig. 13 respectively.  Spot sizes at the sample for the wiggler source 
and bending magnet are shown in Fig. 14a and Fig. 14b respectively.  
 
The advantage of collimator-DCM-toroidal over toroidal-DCM is one of resolution 
primarily. It is due to the converging beam falling on crystal in toroidal-DCM 
configuration which gives poor resolution. This can be seen clearly in table-3. MAD 
experiment requires diffraction data close to absorption edge of sample therefore resolution 
must be comparable to width of absorption edge. For collimator, DCM with sagittally 
focusing second crystal and vertically focusing mirror resolution is comparable to the 
collimator-DCM-toroidal configuration. But flux is higher compared to collimator-DCM-
toroidal configuration and aberrations and coma are less. 
The disadvantage of sagittally focusing crystal configuration lies in the requirement to 
change bending radius of the crystal with wavelength scanning for MAD experiment, in 
order to keep beam spot at sample. Therefore bending mechanism should be very good. 
Additional cost for bending mechanism is another factor which prohibits this type of 
configuration. 
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Fig. 6 Optical layout of the beamline, showing plan and elevation. The pre-mirror, at a 

distance of 15m from the tangent point, is vertically collimating, The double crystal 

monochromator (DCM) is in non dispersive mode and the toroidal -mirror at 24.0m from 

the tangent point is focusing horizontally as well as vertically.  
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Table-5 Shadow ray tracing results 
 

 
 
 
 
 
 

 Toroidal(1:1)-DCM 
(calculations by G.D. 
Gupta and V.K. Bhatia) 

 
Collimator-DCM-Toroidal (2:1) 

Energy range 5-25 keV for Pt coating 
5-20 keV for Rh coating 

5-25 keV for Pt coating 
5-20 keV for Rh coating 

Flux BM (10 keV) at sample (ph/sec) 
Flux Wig (10 keV) at sample 
(ph/sec) 

4.52×1011 
3.17×1013 

5.71×1011  

3.49×1013    
 

5 keV 4.2 x 10-4 1.2 x 10-4 
10 keV 6.8 x 10-4 1.8 x 10-4 

Energy Resolution 
(Δ E/ E) for BM 

18 keV 7.4 x 10-4 3.2 x 10-4 
5 keV 6.2 x 10-4 1.16 x 10-4 
10 keV 7.0 x 10-4 1.38 x 10-4 

Energy Resolution 
(Δ E/ E) for Wig 

18 keV 7.7x 10-4 2.15 x 10-4 
BM 0.56×0.52 0.34×0.39 Spot size(FWHM) 

mm(h) x mm(v) Wig 2.2×0.47 0.97×0.37 
BM 1.0×0.12 2.3×0.23 Beam divergence 

(FWHM) mrad(h) 
x mrad(v) Wig 1.0×0.15 2.2×0.2 

Radius of curvature - 10.5km Collimator 

Angle of Incidence 

(mrad) 

- 3 

Major 6.1km  8.1km   Radius of 

curvature 
Minor 54mm  48.5mm 

Toroidal 

Angle of Incidence 

(mrad) 

3 3 
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7. Heat load on optical elements 
 
Most of the heat load due to the radiation from the synchrotron radiation will be shared by 
first and second optical component of beamline viz collimating mirror and the first crystal 
of DCM. Collimating mirror will remove high energy x-rays (> 22 keV) from beam while a 
part of  the power falling on the crystal will be absorbed by it. Consequently, both these 
components require efficient cooling mechanism, which may be water cooling, liquid 
gallium cooling and liquid nitrogen cooling. The calculation of convection coefficient (h) is 
done by following equations: 
 

                                                . ( )( ) Nu k Th T
D

=                                                       (12) 

 
Where Nu is Nusselt number, D is hydraulic diameter and k is thermal conductivity of the 
coolant. For liquid gallium Nu is given by eq (13) and for water by the eq (14) below [10]: 
 

                                        0.8 0.87.0 0.025Re PrNu = +                                                (13) 
 

                                        
2 /3

(Re 1000) Pr / 2
1 12.7(Pr 1) / 2

fNu
f

−
=

+ −
                                            (14) 

Here Re is Reynold number Re (= ρ vD/µ), with v the coolant velocity; µ and ρ  are the 
coolant dynamic viscosity and density, respectively; Pr (=Cpµ/k) is the Prandlt number, 
with Cp the coolant heat capacity; f is the friction coefficient and is given by the following 
formula: 
 

                                      { } 21.58ln(Re) 3.28f −= −                                                    (15) 
 
Hydraulic diameter represents characteristic size of the flow channel.  It is defined as four 
times the cross-section area divided by the perimeter of the flow channel [11]. 
 

                                      4 cAD
p

=   ; cA  is area of cross section, p perimeter           (16) 

                       For circular  D = diameter                                                                      (17) 

                    For rectangle  2abD
a b

=
+

                                                                           (18)                            

Where a and b are the channel width and height, respectively. In case of cryo cooling, we 
have taken Advance Photon Source (APS), USA cooling design [12]. Average convection 
coefficient in side wall of crystal is taken 10000 2/Watt m K . Estimation of heat load on 
optical components is done by XOP and SPECTRA [13] codes. 
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7.1. Heat load due to BM Source 
 
Table.6 shows the heat load on collimating mirror and crystal for the bending magnet 
source. Only 27 Watt of power comes through 2× 0.15 mrad2 radiation cone, out of which 
4.6 W, 3.7 W and 18.6 watt is absorbed by the Be filter, mirror and crystal respectively. 
Temperature distribution and slope error of crystal is shown in Fig 15. 
 
Table-6 Thermal loading on each of optical element of the beamline with the storage ring 
current of 300mA for bending magnet. Copper mask and primary slit restricts the radiation 
collected to 2× 0.15 mrad2 and the total thermal power is about 27 W. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
7. 2. Heat load due to wiggler Source 
Thermal load due to wiggler on optical components is shown in Table-7. As mentioned 
earlier, we have considered wiggler with Indus-2 parameters for estimation of heat 
absorption on the optical elements. This heat load is calculated for 2× 0.15 mrad2 beam 
from central part of emission cone. 1600 Watt of power comes through 2× 0.15 mrad2 
radiation cone. Approximately 200 W power will be absorbed by the mirror and 1 kW by 
the first crystal of DCM.  This requires careful consideration of cooling schemes and 
design in order to run beamline smoothly and to avoid damage of downstream optical 
components due to high heat load. 
 
Our design will be based on heat load calculation of wiggler source. Major optical 
components like mirror and crystal will be designed for wiggler source; therefore it will be 
automatically applicable to BM source. The temperature unit for cryo cooling is Kelvin (K) 
whereas for water and liquid In-Ga cooling it is degree Celsius (0C). 
 
 
 
      
  

 Be-window Collimating 
mirror 

DCM Toroidal 
Mirror 

Location (m)   
         - 15 17 24 

Power 
absorbed (W)  

 
4.6 3.7 18.6 - 
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Table-7. The thermal loading on each of the optical elements of the beamline with the 
storage ring current of 300mA for a wiggler. Copper mask and primary slit restricts the 
radiation collected to 2× 0.15 mrad2, and the total thermal power is about 1600 W. 
 

 
 
It is clear that large amount of thermal load will be absorbed by the optical elements. This 
will degrade beamline resolution as well as its performance. It is necessary to perform 
thermal-structural analysis of optical components of beamline in order to see effect of heat 
load. Since large amount of heat is absorbed by monochromator and mirror, following 
problems may arise due to thermal loading 
 

a) Overall bending of crystal and mirror 
b) Thermal bump on center of beam due to non-uniform power profile of beam which 

cause non-uniform power absorption on surface 
c) Large thermal stress due to the heat load can cause permanent damage to crystals 

Bending of crystal will change lattice spacing‘d’ of 1st crystal with respect to 2nd crystal. 
This will reduce transmission efficiency of DCM due to mismatch of Bragg’s angle for the 
selected energy. 
 
 
7.2.1 MIRROR 
Thermal-structural analysis is done using ANSYS [5, 19] software. Thermal power 
absorbed by CM is about 200 W and the illuminated area is quite large, a side-cooling with 
water is considered for analysis. For this analysis, we have used one half of the mirror with 
the copper as water-cooled. Silicon is chosen as the mirror substrate. It has high thermal 
conductivity and therefore most of heat will be transferred to cooling copper plate. For heat 
load analysis mirror dimensions are taken to be 1000(L)×80(W)×60(T) mm3 and surface 
absorption is assumed (i.e heat flux is applied on surface). Heat load was applied on the 
footprint area of the mirror, which is 750×30 mm2. Heat will conduct to the silicon 
substrate, Ga-In layer, copper block followed by convection through the surface of copper 
by water. Since thermal resistance of Si-GaIn-Cu layer is small, it can be considered as a 
single conductive layer.   
A schematic diagram of side water-cooled mirror is shown Fig. 7. The thermal analysis 
results of side cooling of the CM with water are shown in Figs. 24-26. The maximum  

 Carbon 
filter 

(0.1mm) 

Be-window 
(0.2mm) 

Collimating
Mirror 

DCM Toroidal 
Mirror 

Location (m)  
- 

 
- 15 17 24 

Power 
absorbed (W)  400 

 
50 220 930 - 
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temperature difference on the mirror surface is less than 2.6 °C, as shown in Fig. 24 (a), and 
the maximum slope deviation, compared to the original surface, (along the centerline on the 
surface) is about 10 μrad as shown in Fig. 24. 

80 mm

60 mm

Cu Cooling 
Block

Beam

 
Fig. 7 Cross-section of side cooled mirror 

 
 The side cooling with water is not an adequate choice for the collimating mirror 
(CM).Some modifications are necessary. Instead of cooling all the sides, if we cool upper 
side surface close to reflecting surface [14] as shown in Fig. 8, there will be reverse 
bending of lower surface. In this, the optimal contact-cooling (OCC) scheme is used 
which consists of two optimally sized cooling blocks positioned on the sides of the mirror 
and flush with the reflecting surface. The incident beam, upon striking, deforms the mirror 
into a convex shape. But within a few minutes, a certain thermal profile is established 
across the mirror cross section that counteracts the-convex deformation, making the mirror 
almost flat across its length. This process is entirely due to thermal moments. This will 
significantly counter the up bending of reflecting surface. In this cooling scheme 10 mm 
thick upper side surface out of 60 mm is cooled, with convection coefficient 2000 

2/Watt m K . Maximum slope error in this case is approximately 4 μrad as shown in Fig. 25. 
Also with an improved convection coefficient 5000 2/Watt m K  the slope error reduces to 
less than 3 μrad as shown in Fig. 26. Stress and slope error results are shown in Table-8. 
Maximum stress values are less than 1 MPa for the given cooling scheme, which is well 
within the upper safety limits of 7 MPa, if we take the safety factor as 10. Computed stress 
distributions are shown in Figs. 27(a) and (b). 
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80 mm

60 mm

Cu Cooling 
Block

Beam

10mm

 
Fig. 8 Cross-section of upper side cooled mirror 

 
Another efficient cooling scheme is by cooling the mirror through copper plates inserted 
into two grooves along the sides of the mirror [15], shown in Fig. 9. The contact between 
the mirror and the copper plate is through a gallium-indium eutectic bath in the groove. 
This configuration provides efficient thermal contact between the mirror substrate and the 
cooling block without applying stress to the mirror from the cooling block. This cooling 
scheme is also suggested if in the future, the beamline is going to install on a wiggler port. 
 

Beam

Si Substrate

Cu tube

Ga-In eutectic filled in groove

Cu fins immersed in Ga-In 
eutectic bath

 
Fig. 9 Cross-section of side water cooled mirror with groove 
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 For white beam mode operation DCM will be removed from beam path. White beam will 
then fall directly on toroidal mirror after the collimating mirror and approximately 57 Watt 
of power will be absorbed by toroidal mirror. Therefore cooling will be required for 
toroidal mirror. Same cooling geometry will be used as for the collimating mirror. Since 
adapted cooling geometry for collimating mirror will be able to remove 200W, that cooling 
geometry will be sufficient for toroidal mirror.  

 
 

Table-8 Finite element results of two water cooling scheme for the collimating mirror. 

 
 
 
7.2.2   Double Crystal Monochromator 
 The first crystal of double crystal monochromator bears approximately 1 kW of heat load. 
For heat load analysis crystal dimensions are taken to be 60(L)×40(W)×40(T) (in mm). 
Absorption of power is considered over this amount volume because the amount of heat 
falling on the first crystal is large and it is absorbed at larger angles compared to that in the 
mirror (where the angle is 3mrad).  Therefore, the penetration depth for heat absorption is 
significant, justifying the treatment as volume absorption. Only one quarter of the crystal is 
used for the analysis since the cooling system has 4-fold symmetry and the whole system is 
too big to simulate with the current software used.  Finite element analysis shows that this 
amount of heat load will lead to significant amount of thermal distortion. 
 
 Analysis is done for the Bragg angle (θc), corresponding to 5 keV x-ray for silicon (111) 
with a 0.2 mm Be and 0.1 mm carbon filter in the way. Water-cooling channels [10] of 
dimensions (a) 1 mm (b) 5 mm pass below (t) 1 mm of the reflecting surface along the 
length of the crystal as shown in Fig. 10. As shown in Fig. 16, a simple water-cooling can 
only limit the slope deviation of the crystal, caused by thermal load to below 170 μrad, 
which is much larger than the Darwin width (~ 20 μrad) of Si (111) in the energy range 
from 6 keV to 19 keV. These results are summarized in Table 11. Same cooling geometry 
was also checked with liquid gallium cooling for t=1 mm and t= 0.5 mm thick top 
reflecting surface, refer to Fig. 10. Operating temperature of gallium is taken 50 0C . 
Temperature distribution and results of structural analysis for t= 1 mm and t= 0.5 mm thick 
top reflecting surfaces are shown in Fig. 17 and Fig. 18 respectively for θc corresponding to 

 Convection 
coefficient 
( 2/Watt m K )  

 Filter (mm) Min 
Temp 
( 0C ) 

Max 
Temp 
( 0C ) 

Max. 
Slope 
error 
(μrad) 

Max. 
Stress(MPa) 

indirect 
side water 
cooling 

2000 0.2Be+0.5C 20  22.6  10 0.284 

2000 0.2Be+0.5C 23  29 4 0.44 indirect 
side 10mm 
water 
cooling 

5000 0.2Be+0.5C 20 25 3 0.44 
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5 keV in Si (111). For t= 0.5 mm thick top surface slope error is 10 μrad, which is well 
below 20 μrad of Si (111) at 5 keV. Although liquid gallium cooling is giving acceptable 
results but the operation and handling of liquid gallium is difficult. Therefore this option is 
not considered. 

 
 
 

Fig.10 Schematic of water channel cooled crystal 
 
Above analysis shows that simple direct water-cooling of crystal is not adequate. In order 
to reduce heat load on optical components carbon filters of various thickness will be used 
in upstream. Table-9, shows power absorption and heat load on downstream optics with 
different carbon foil thickness. Detail thermal structural analysis for beryllium windows 
and carbon filters will be done in future.   

 
 

 Table-9 Power absorbed by mirror and DCM for different carbon foil thickness. Power 
absorbed is out of 1600Watt in unit of Watt at each components Using XOP 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

C filter → 
thickness 

100 μm 200 μm 300 μm 400 μm 500 μm 

Mirror 
(Rh coated) 

213 205 199 194 190 

Power on 
DCM 

936 845 780 730 687 
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Slope error and deformation of first crystal is calculated for various carbon foil thickness 
and accordingly various cooling schemes are considered, viz., direct water cooling, micro 
channel cooling, liquid nitrogen cooling. Micro channel cooling [16] and cryo cooling [17, 
19] have shown acceptable results. Problem with micro channel cooling lies essentially 
with the manufacturing difficulties that almost always leave the crystal highly strained. 
Liquid nitrogen cooling has many advantages over water cooling due the excellent 
thermal properties of Silicon has at low temperature. Properties of Silicon at low and 
room temperature are shown in table-10.  
 
 

Table-10 Properties of Silicon at Room Temperature and at Cryogenic 
temperatures. 

 
Material Temp. (K) k (W/cm K) α( 6 110 K− − ) 

 
Silicon 

300 
 

1.4 
 

2.6 
 

Silicon 100 13.4 -0.5 

 
Silicon has high thermal conductivity and low negative thermal expansion coefficient 
below 125 K. Therefore temperature gradient in the crystal causes smaller distortions on 
surface of silicon crystal, which leads to better performance of monochromator compare to 
that at room temperature. 
 
It is found that for 500 micron carbon filter and indirect liquid nitrogen cooling give 
acceptable results. Results are summarized in Table-12. For indirect liquid nitrogen cooling 
with 0.5mm carbon filter, maximum slope error is less than 10 μrad at θc= 5 keV angle as 
shown in Fig. 20. For θc= 10 keV and θc= 18 keV angle slope error are 8.2 μrad and 2.5 
μrad respectively which is less than Darwin width of Si (111) crystal i.e.,   27 μrad and 15 
μrad as shown in Fig. 22 and Fig. 23 respectively. Maximum stress due to thermal load   at 
θc corresponding to 5 keV for indirect cryo cooling is 1.8 MPa as shown in Fig. 21, which 
is well below the safety limit of 7 MPa for silicon crystal. Therefore it is suggested that 
indirect liquid nitrogen cooling for first crystal of DCM of protein crystallography 
beamline. Whenever in future beamline will be shifted to a wiggler source, a 500 micron 
carbon filter should be used upstream. Filter will absorb approximately 700 W of power, 
therefore it requires careful considerations. Since wiggler specification is not finalized yet, 
final decision on thickness and design of carbon filters will depend upon wiggler 
specifications used. 
  
Design of DCM should be compatible with liquid nitrogen as well as with water-cooling. 
For bending magnet source same design with water coolant instead of liquid nitrogen will 
be used. Side water-cooling of first DCM crystal is adequate for BM source. Temperature 



 25

distribution for θc= 5 keV shown in Fig. 11, maximum temperature rise on surface of 
crystal is 5 °C. Maximum slope error in this case is 6 μrad for 5 keV as shown in Fig. 15. 
 

Table-11 Parameters of Si crystal for 111 & 220 plane 
 
 Si(220) Si(111) 

Energy (keV) 5 10 18 5 10 18 

Bragg Angle ( º ) 40.2 18.83 10.33 23.29 11.40 6.30 

Crystal Darwin Width (μrad) 51.9 20.55 10.72 59.804 27.59 14.82 

Integrated Reflectivity 
 

54.6 
 

25.4 
 

13.92 
 

62 
 

33.6 
 

19.14 
 

 
 
 
 
Table-12 Various cooling configurations are considered for wiggler case at 5 keV,one forth 
of crystal is used for simulation 
 
 
Cooling 
schemes 

Source  
type 

Energy 
(keV) 

Filter (mm) Min 
Temp 

Max 
Temp 

Slope 
error 
(μrad) 

Direct water 
cooling 

Wig 5 0.2Be+0.1C 20 0C  140 0C  172 

Liquid Gallium 
cooling(1mm) 

Wig 5 0.2Be+0.1C 50 0C  85 0C  36 

Liquid Gallium 
cooling(0.5mm) 

Wig 5 0.2Be+0.1C 50 0C  72 0C  10 

 Indirect Liquid 
Nitrogen 
cooling 

Wig 5 0.2Be+0.1C 97 K 134 K 22 

Indirect Liquid 
Nitrogen 
cooling 

Wig 5 0.2Be+0.5C 91 K 110 K 9.6 

Indirect Liquid 
Nitrogen 
cooling 

Wig 10 0.2Be+0.5C 90 K 107 K 8.2 

Indirect Liquid 
Nitrogen 
cooling 

Wig 18 0.2Be+0.5C 90 K 102 K 2.5 

Indirect side 
water cooling 

BM 5 0.2Be 20 0C  25 0C  6 
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8. END-STATION 
 
End station will be state of the art hutch for protein crystallography x-ray diffraction 
experiments. Nowadays macromolecular crystallography increasingly becoming 
automated, sample mounting, data acquisition, data processing all steps in crystal structure 
determination are more or less automated. Our aim is to include all latest possible 
developments, to provide users with state of the art facility. End-station will have following 
major components, 
 
8.1 Sample goniometer 
The end-station will be equipped with a multi-axis goniometer (probably with Kappa 
geometry although other options will be considered) to permit efficient measurement of 
complete diffraction data sets in multiple sample orientations. Goniometer will include slits 
for controlling beam size and one fast shutter for time resolved studies. 
 
 
8.2. Fluorescence detector 
 
A fluorescence detector is an important component of the end station that will aid in 
calibrating the monochromator and in the selection of wavelengths for MAD data 
collection. 
 
 
8.3. Sample viewing optics 
 
High quality visualization system will be required to permit accurate alignment of the 
sample to the X-ray beam and clear discrimination between crystal, surrounding solvent 
and mounting loop. 
 
 
 
8.4. Detector 
A large (>220 mm) and fast (<4 s) readout area CCD or Flat panel detector will be used for 
collecting high resolution data from a large unit cell, reducing time dependent decay of the 
sample and allowing for effective use of beam time. This heavy detector will be mounted 
on pseudo 2-theta arm; it will be able to move 45 deg up and -5 deg down. This will permit 
higher resolution data to be recorded at long wavelengths if required. Translational motion 
of detector i.e sample to detector distance will be 50mm to 600mm.  
  
 
 
8.5. Low temperature devices 
In order to reduce sample crystal damage and increase the exposure time for good 
diffraction data with better signal to noise ratio, it is necessary to cool crystal to low 
temperatures. Therefore end station will be equipped with sample cooling device with 
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range of 90 K- 300 K. This device should not couple vibration into the goniometer, and 
should operate at base temperature without the need for crystal shielding.  
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Fig. 11a 1.5 T BM Source Size 
 
 
 

 
 
Fig. 11b 1.5 T, 57 pole wiggler Source Size 
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Fig. 12 Footprint of 2×0.15 mrad2 beam on toroidal mirror at 24 m from BM source 

 
Fig. 13 Footprint of 2×0.15 mrad2 beam on collimating mirror at 15 m from BM source 
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Fig.14a  Spot size at sample position at 36 m from wiggler source 

 
Fig. 14b  Spot size at sample position at 36 m from bending magnet source 
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Heat load on crystal---- Bending Magnet case 
 

 
 
 

 
Fig. 15 Temperature distribution and slope error of side water cooled crystal for bending   
magnet source at 5 keV 
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Heat load on crystal----wiggler case  

 
 

 

 
Fig. 16 Temperature distribution, deformation and slope error of direct water cooled crystal 
for wiggler source at 5 keV 
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Fig. 17 Temperature distribution, deformation and slope error of direct liquid gallium 
cooled crystal (1.0 mm top reflecting surface thickness) for wiggler source at 5 keV 
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Fig. 18 Temperature distribution, deformation and slope error of direct liquid gallium 
cooled crystal (0.5 mm top reflecting surface thickness) for wiggler source at 5 keV 
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Cryo cooled for (0.2Be+0.1C) mm filter 

 
 
 
 

 
 
Fig. 19 Temperature distribution and slope error of indirect liquid nitrogen cooled crystal 
for wiggler source at 5 keV 
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Cryo cooled for(0.2Be+0.5C) mm filter 
 

 
Fig. 20a Temperature distribution of indirect liquid nitrogen cooled crystal for wiggler 
source at 5 keV 
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Fig. 20b Deformation and slope error of indirect liquid nitrogen cooled crystal for wiggler 
source at 5 keV 
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Fig. 21 Stress distribution of indirect liquid nitrogen cooled crystal for wiggler source at 5 
keV 
 

 
Fig. 22a Temperature distribution of indirect liquid nitrogen cooled crystal for wiggler 
source at 10 keV 
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Fig. 22b Deformation and slope error of indirect liquid nitrogen cooled crystal for wiggler 
source at 10 keV 
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Fig. 23a Temperature distribution and deformation of indirect liquid nitrogen cooled crystal 
for wiggler source at 18 keV 
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Fig. 23b Slope error of indirect liquid nitrogen cooled crystal for wiggler source at 18 keV 
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Mirror full side Cu block’s water cooling for wiggler case 

 

 
 

 
 
Fig. 24 Temperature distribution, deformation and slope error of indirect water cooled 
mirror for wiggler source  
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Mirror 10mm side Cu block’s water cooling  for wiggler case 

 
 

 

 
Fig. 25 Temperature distribution, deformation and slope error of indirect water cooled 
mirror for wiggler source  
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Fig. 26 Temperature distribution, deformation and slope error of indirect water cooled 
mirror for wiggler source  
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Fig. 27a Stress distribution of indirect water cooled mirror for wiggler source 
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Fig. 27b Stress distribution of indirect water cooled mirror for wiggler source 
 




