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A pinhole small-angle x-ray scattering (SAXS) instrument was constructed at the SUNY X3A2 
beamline, National Synchrotron Light Source, Brookhaven National Laboratory. The three 
pinholes were mounted in a thick-walled stainless steel pipe and prealigned by using a portable 
laser source and a charge-coupled device (CCD) area detector. After the prealignment, 
incorporation of the collimator to the synchrotron x-ray source required only maximization of 
the incident x-ray intensity passing through the pinholes, which could be done easily by using a 
scintillation counter after proper attenuation. The entire synchrotron SAXS- instrument setup 
took only a few hours even without stepping motor control for the pinhole collimator unit. By 
combining this collimator with a CCD-based x-ray area detector which could be assembled by 
using commercially available components, the SAXS instrument showed good performance for 
structural scales up to an order of 100 nm. The CCD-based x-ray area detector used a computer- 
(or manually) controlled Intensified unit with a variable gain setting in order to accommodate 
the changing x-ray flux and to protect the detector from over exposure, a necessary feature for 
operation of an area detector at a synchrotron light source. 

I. INTRODUCTION 

With the advent of high-flux synchrotron x-ray 
sources, small angle x-ray scattering (SAXS) has become a 
powerful technique in structural studies of a variety of 
materials.‘” As the synchrotron radiation source in corn- 
bination with a focusing mirror has directional collimation, 
the pinhole collimatork21 offers more versatility because of 
its ability to investigate anisotropic systems. It also makes 
the desmearing effect less serious. However, the alignment 
of a pinhole collimator is more delicate in order to be able 
to reach the small scattering angles. Furthermore, synchro- 
tron beamlines are usually shared by users with different 
instrumentation requirements. With tight beam-time 
schedules, it is desirable to minimize the time for instru- 
mentation setup. Earlier, our group modified a Kratky 
block collimation system and adapted it successfully to the 
SUNY X3A2 beamline, National Synchrotron Light 
Source (NSLS) , Brookhaven National Laboratory 
(BNL).z2 One of the unique features of a Kratky collima- 
tion system is that the collimator is preazigned as one in- 
tegral unit. In this article, we report a successful imple- 
mentation of the same concept, i.e., to construct a 
prealigned pinhole collimation system for the synchrotron 
source. 

In order to maximize the efficiency of the synchrotron 
SAXS instrument with our laser-aided prealigned pinhole 
collimator, a charge-coupled device (CCD) based area de- 
tector, made of commercially available components, has 
also been developed. The CCD-based area detectors have 
several desirable qualities,23-30 such as a relatively large 
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collection area, high sensitivity, high quality of images, and 
fast readouts. The last prope,rty is particularly desirable for 
time-resolved experiments where the x-ray intensity may 
change rapidly. In this respect, we have also provided a 
computer-controlled gain for the image intensifier, so that 
large variations in the x-ray intensity during an experiment 
can be accommodated. Furthermore, the detector is pro- 
tected when the intensity becomes too strong. 

II. LASER-AIDED PREALlGNMENT OF A THREE- 
PINHOLE COLLlMATOR 

Figure 1 shows a schematic diagram of a three-pinhole 
collimation geometry. The first and second pinholes define 
the incident beam. The third guard pinhole blocks the par- 
asitic scattering due to the edge scattering from the second 
pinhole. It is noted that due to intrinsic convergence of the 
synchrotron beam, the incident flux is often controlled 
mainly by the size of the first pinhole. In order to achieve 
a high angular resolution, the guard pinhole must be de- 
signed and placed in such a way that it is close, but not 
touching the incident beam.31 

The smallest angle one could reach without a serious 
parasitic scattering problem, 19,, can be described by the 
relation 

dz+d, 4 4 
ex= 212 +!i&+Fp (1) 

where d, denotes a finite size for the detector element, and 
d3[=(dl+d2)12/11+d2] depends on Ii, I,, d,, and d2. 
Based on the nature of the samples of interest and a com- 
promise between the incident intensity and the angular res- 
olution, we chose the following parameters: 1,=1,=609 
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FIG. 1. Schematic diagram of a pinhole collimation geometry. 

mm, dI=d2=0.3 mm. Therefore, d3 should be slightly 
larger than 0.9 mm. We used d3= 1.0 m m  and Iszi3= 1030 
mm. Theoretically, the pinhole collimation geometry 
should yield a 0, of 1.62 mrad for our CCD-based area 
detector (d,=O.135 mm) and a f?, of 1.58 mrad for our 
Braun detector (d,=O.O46 mm). 

A laser drilling technique was used to produce slightly 
tapered pinholes of different diameters with smooth edges 
on tantalum disks. The first and third pinhole disks were 
placed directly into the opposite ends of a - 1.2 m  long 
stainless steel pipe (i.d.=6.35 m m  and o.d.=19.05 mm). 
Threaded end caps with 3.2 m m  diameter openings and 
rubber o-rings were used to secure the pinholes. A slot was 
cut into the center of the pipe to accommodate the second 
adjustable pinhole insert. Six set screws were used for fine 
tuning and securing the insert. 

Figure 2 shows a schematic diagram for the prealign- 
ment of the pinhole collimator. In this setup, the CCD area 
detector (see Sec. III) was used to provide two- 
dimensional data for both the beam shape and its intensity 
pattern. 

The prealignment procedure is described as follows. 
With the end caps in place, the empty tube was mounted 
on two x-y positioning stages and coarsely aligned. The 
guard pinhole was first inserted into the tube, and its po- 
sition was set by maximizing the intensity and, at the same 
time, creating a circular, symmetric image which had a 
Gaussian beam pattern. The subsequent insertion of the 
first pinhole reduced the total intensity slightly. The first 
pinhole was positioned by again generating a symmetric 
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FIG. 2. Schematic diagram of prealignment of a block pinhole collimator 
by using a laser source (Spectra-Physics Model 133 He-Ne laser with 
L=632.8 nm) and a CCD detector (Electrim Corp. EDC-1000). 
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FIG. 3. Schematic diagram of CCD area detector. 

beam pattern whose position was coincident with the peak 
position without the first pinhole in place. Finally, the sec- 
ond pinhole was inserted. Its position was adjusted by cre- 
ating a symmetric Gaussian image with its peak position 
coincident with the one without the second pinhole in 
place. The tube was then sealed with Kapton windows for 
vacuum operation. This tube now becomes a self- 
contained, transportable, prealigned pinhole collimator 
unit, which weighs about 4 lb and is ready for the synchro- 
tron setup. 

Ill. CCD-BASED AREA DETECTOR 

A. Description of detector 

A schematic diagram of the detector is shown hi Fig. 3. 
The area detector was composed of a phosphor-deposited 
face plate, a 3-in.-diam taper, an image intensifier unit with 
remote gain control, a double lens system, and a CCD 
camera. The key components and characteristics of the 
CCD detector are listed in Table I. The CCD detector 
could actually be used to detect x-rays and visible light. In 
the latter case, the aluminum foil and the phosphor- 
deposited face plate were removed from the system. The 
3-in. fiber optic taper had a 3:l ratio of front/back face. 

The intensifier gain was first set at a nominal value of 
say 300 (relative gain value ranges from 0 to 1000). Once 
the CC200 controller received the x-ray intensity from the 
CH220 camera head, the PC computer could grab the 
maximum and the minimum intensity of the whole image 
immediately. If the maximum intensity was 16383 (satu- 
rated), there were three routes to protect the intensifier 
unit and the CCD chip: 

( 1) The PC could send a 5 V signal to the intensifier 
through an (analog-to-digital) A-D/D-A board 
(Dascon-1, Keithley Co. ). The microchannel plate voltage 
would fall to 0 and disable the intensifier, as indicated by a 
light-emitting diode (LED) light. This procedure could 
protect both the CCD chip and the intensifier. 

(2) If the VS-2525 were suddenly exposed to a bright 
input after a period of darkness, the rapid rise in current 
through the microchannel plate could also activate the 
brightness protection circuitry. 
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TABLE I. Key components of CCD area detector. 

Component Manufacture Characteristics 

(1) CCD Photometrics Ltd. 
camera 

(2) CCD chip Thompson CSF 

(3) Fiberoptic Galileo 
taper Electro-Optics Co. 

(4) Fiberoptic Galileo 
face plate Electra-Optics Co. 

(5) Image VideoScope 
intensifier International, 

Ltd. 

(6) Lens Olympus 

(7) Phosphor Thomas 
Electronics Co. 

(8) Optical Courtesy of 
coupling Tom Lynch 
grease (VideoScope) 

Series 200: 
CC200 controller 
LC200 cooling unit 
CE200 electronic unit 
CH220 camera head 
8 MB DRAM; 14 bits ADC 
Minimum exposure time 10-‘-s 

TH7882CDA 
23 pm X 23 pm pixel size 
576x.384 pixels format 

3-m. in diameter; 6-pm-diam fibers 
3:l magnification. 

6-pm diam fibers 
1:l no magnification 

VS2525; 
Gain could be controlled 
either manually or by computer 

Lens combinations with 
(a) 100 mm/f28 and 50 mm/fl.2 
(b) 100 mm/r??.8 and 35 mm/f2.8 

P45 Phosphor coating (BRE 1510) 
6 pm particle size 
10 mg/cm’ 

Refractive index - 1.7 

(3) A reduced gain setting would be used so as to 
satisfy the condition: a preset value, say 16 000 <the 
brightest intensity per pixel in the scattering pattern. 

Two sets of lenses could be selected: the 50 mm/fl.2 
and 100 mdf2.8 set yielded an effective area of 46X46 
pm2 per pixel at the back end of the taper, while the 35 
mm/~??.8 and 100 rndf2.8 set yielded an effective area of 
66 X 66 ,um2 per pixel. The latter setting was used for cov- 
ering the entire range of the 3-in. front-end optical fiber 
taper. 

B. Detector performance check 

1. Spatial resolution, uniformity of response, and 
linearity 

The spatial resolution of the CCD detector was mea- 
sured by placing a 25-pm-diam gold pinhole in front of the 
detector. Three images were taken, integrated radially and 
summed together. After averaging, the detector point- 
spread function was fitted to a Gaussian curve as shown in 
Fig. 4(a). The full width at half maximum (FWHM) was 
1.6 pixels,25>26’32 corresponding to an effective width of 
-220 pm at the front end of the optical fiber taper. The 
pixel size of the CCD chip was 23 PmX 23 pm, which 
represented an effective pixel size of 140 PmX 140 pm at 
the phosphor by using a combined 50 mm/fl.2 lens and 
100 mm/~%8 lens, i.e., the lens set and the fiber taper 
provided about a 6X magnification at the phosphor. The 
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FIG. 4. (a) Point-spread function of CCD detector. Open circles repre- 
sent the experimental data. Solid curve is the least squares fit of a Gauss- 
ian curve. The full width at half maximum (FWHM) is 1.6 pixel, corre- 
sponding to 220 pm at the phosphor. (b) 3D plot of flat field. The x-ray 
generator was operated at 10 kV/5 mA. 

resolution could be improved slightly by using the 50 mm/ 
f1.2 and 35 mm/f2.8 set with further sacrifice on the 
effective angular range. 

By locating the area detector toward the incident x-ray 
beam from a rotating anode x-ray source at a distance of 
250 cm, an approximate flat field could be achieved and 
used to calibrate the spatial uniformity of response. A 3D 
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FIG. 5. Relative uncertainty p vs (Si)-“2. Plus symbols represent an 
average of 20 experimental data points. 
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FIG. 6. Schematic diagram of the prealigned pinhole SAXS instrument at 
the SUNY X3A2 Beamline, National Synchrotron Light Source, 
Brookhaven National Laboratory. 

picture of the flat field, as shown in Fig. 4(b), was used to 
correct the inhomogeneous response of different pixels.‘“-‘3 

The relative spatial nonlinearity of the CCD detector 
was f 1 pixel over 100 pixels in both vertical and horizon- 
tal directions. 

2. Detector quantum efficiency (DOE) 
The detector quantum efficiency of a CCD detector is 

defined as follows:33134 

DQE=(SdN,)2/(S,/N,)2, (2) 
where S, N, and subscripts o, i represent the total inte- 
grated signal, RMS (rooted-mean-square) integrated 
noise, output and input of the signal, respectively. The 
incident x-ray photons were assumed to follow the Poisson 
distributions, Ni=Sj” and SO= G S, with G being the gain. 
DQE was then related to the detector output uncertainty 
p( =N&SJ by the relation 

DQE= l/(,02Si). (3) 
For an ideal detector (noiseless and loseless),3’ DQE is 
equal to 1, i.e., the output signal is equal to the input 
signal. .To determine p experimentally, we ‘inmeasured 20 
times the main beam with 100 s exposure at an intensifier 
gain setting of 600. By subtracting the dark counts (Idark) 
from the measured intensity (I), we obtained S, . The stan- 
dard deviation of S, is 

( 1 
l/2 

rso= c NJ,-(SJI2/(N-1) ) 

with (S,) =B(S,)/iV, and IV= 20 for each pixel. A plot of 
detector output uncertainty p vs (Si) -1’2 is shown in Fig. 
5. The dashed line designates a fitting -of the experimental 
data, while the solid line, represents the ideal case. 

3. Pixel linearity of response and dynamic range 

The pixel linearity of response of the CCD detector to 
the x-ray source power was measured by attenuating the 
incident x-ray beam with aluminum foil of different thick- 
ness at an x-ray power source setting of 20 kV/5 mA and 
an intensifier setting of 485 for the relative gain. The alu- 
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FIG. 7. Scattering patterns of a Lupolen standard by using (a) a Braun 
linear position-sensitive detector (measurement time 300 s). In (a) a 
SAXS profile of Lupolen from a commercial Kratky collimation system in 
combination with a gas proportional counter and a pulse height analyzer 
is also include&The measured SAXS protile from the Kratky collimator 
was desmeared by using the Lake algorithm. SB denotes the x-ray source 
as a rotating anode x-ray generator located at Stony Brook. BNL denotes 
the synchrotron x-ray source at X3A2, NSLS, BNL. (b) a CCD-based 
area detector (measurement time 60 s). 

minum foil in front of the taper for blocking the visible 
light had a loss of about 22% at il = 0.154 nm. The average 
relative nonlinearity in the response of each pixel was less 
than 0.1% bver a factor of 10 in each pixel. With the data 
for the pixel linearity of response and spatial uniformity of 
response, the distortion in the sensitivity and the unifor- 
mity of each pixel could be corrected. 

The dynamic range of an imager is defined as the ratio 
of the maximum to the minimum detectable signal in a 
pixe1.36 The range is comparable to the CCD-based x-ray 
area detector which we have constructed recently,32 the 
main difference being a better light-gathering relay lens 
and a commercially integrated image intensifier for the 
present area detector. 

IV. SAXS INSTRUMENT DESCRIPTION AND TEST 

Incorporation of the prealigned collimator to the syn- 
chrotron source could be performed by maximizing the 
x-ray intensity (using a scintillation counter) and by re- 
confirming the beam shape (using a CCD-based x-ray area 
detector). The total setup time took only a few hours on 
the first try even without remote x-y position controls. 
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tering data. A wavelength of 0.154 nm was used. 
The pinhole system was tested by using both isotropic 

and anisotropic samples. Figures 7(a) and 7(b) show the 
scattering patterns of an isotropic Lupolen standard by 
using both the Braun and the CCD-based x-ray area de- 
tector. The one-dimensional profile for the pinhole system 
was compared with a profile of the same sample previously 
obtained by using a Kratky.camera at the Stony Brook 
x-ray facility, as shown in Fig. 7(a). The smallest scatter- 
ing angle we could reach was - 1.89 mrad. If we took the 
effects of the beam stop into account, the performance of 

0 
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6000 

q b-n-7 

the instrument met the theoretical design specification with 
f3,= 1.62 mrad for the pinholes tested. 

Figures 8 (a) and 8(b) show the scattering patterns of 
a duck tendon with Fig. 8(c) being the 2D image of the 
diffraction pattern of Fig. 8 (b). The spacing ~calculated 
from the sixth peak was 54.2 nm, demonstrating the fine 
performance of the instrument. It should be noted that in 
the small-angle range, e.g., at qcO.1 nm-‘*, the Kratky 
collimator was more efficient for weakly scattering systems 
because of the design of its x-ray optics. For example, at 
q=O.l nm-* (or 832.5 mrad) the background parasitic 
scattering from the Kratky collimator was about 2.5 times 
lower than that of the pinhole collimator. 

This instrument has been used for both static and time- 
resolved experiments. 

0 

(b) qbm-“1 
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FIG. 8. Scattering patterns of a  piece of duck tendon by using (a) a  
Braun linear position-sensitive detector (measurement time 300  s) and  
(b) a  CCD-based area detector (measurement time 1000 s). Note that 
the lower resolution of the CCD-based area detector has distorted the 
base line and  broadened the peak.  (c) 2D image of the diffraction pattern 
of(b). 
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