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Abstract 

Attenuation by coherent pair production in highly oriented, compression 

annealed, pyrolytic graphite has been used to polarize a 16-GeV bremsstrahlung 

beam. The polarizer consists of 61 cm of graphite crystals whose reciprocal 

lattice vectors are oriented at 10.5 mrad to the normal to the beam direction, 

and can be rotated by 90’ about the beam line to rotate the plane of polarization. 

A functionally identical assembly of length 30.5 cm was used as an analyzer to 

measure the polarization of the beam with the SLAC pair spectrometer. The 

beam produced intensities greater than 4 x lo8 equivalent quanta per beam pulse 

and had a measured polarization of 0.255 * 0.020. 
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1. Introduction 

Polarized photons have proved extremely useful in the detailed study of 

photoproduction mechanisms ., At different energies and for different processes, 

questions about nucleon isobar production, helicity conservation, or the parity 

sequence (whether natural or unnatural) of exchanges can be answered. 

Because of their usefulness, numerous techniques have been developed to 

produce polarized photons. To study reactions with relatively small cross sec- 

tions ‘) one needs an intense beam and experimental techniques which selectively 

look at the process of interest. Prior to the beam discussed here, only a co- 

herent bremsstrahlung beam 2-4) had the necessary intensity. 

However, there are difficulties associated with the use of a coherent brems- 

strahlung beam, and these prompted construction of the beam discussed here. 

Both the intensity snd the polarization of the polarized enhancement go to zero 

as the energy of the enhancement approaches the energy of the incident electron 

beam. The energy (k) of the photons of interest must then be chosen well below 

the end-point energy (Eo) of the beam, typically at k/E0 between 0.5 and 0.75. 

There is always a spectrum of unpolarized photons, similar to a bremsstrahlung 

spectrum from an amorphous radiator, above the polarized photon spike. The 

spectrum of a coherent bremsstrahlung beam with k/E0 = 0.5 is shown in Fig. 1. 

Because these higher energy photons contribute to the measured yield, one 

must know the energy of the photon producing an event of interest. This can be 

done by detecting the final state particles in coincidence 3) or by utilizing the 

sharp energy dependence of the beam spectrum in the enhanced region. 4) Each 

of these techniques has difficulties, the former because of complex final states 

and/or poor accelerator duty cycle, and the latter because of tight (but achiev- 

able) tolerances on both mechanical components and beam phase space and because 

of a large background from the higher energy photons. Independent of the solution, 
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the problem is the presence of the unpolarized higher energy photons. 

In 1962, Cabibbo et al. 5) suggested polarizing photons by coherent pair pro- 

duction in crystals, and in 1970 Berger et al. 6) successfully tested this method. 

The essence of this technique is that an initially unpolarized photon beam is 

passed through a crystal and attenuated by coherent pair production. The lattice 

vectors of the crystal are oriented such that photons of one polarization are at- 

tenuated more than those of the other. The beam which emerges from the crys- 

tal is then a reduced intensity polarized beam with a modified bremsstrahlung 

function. Because the process works through attenuation rather than production 

of photons, the polarization as a function of energy depends only on the crystal orien- 

tation and not on the spectrum or end-point energy of the incident beam. It there- 

fore becomes possible to polarize photons at the maximum energy of the spec- 

trum. In addition to removing the principal background associated with the co- 

herent bremsstrahlung beam, one can perform experiments at the highest achiev- 

able energy. Furthermore, the maximum polarization obtainable for a fixed 

length of crystal can be shown to increase as the beam energy is increased. 

Following the successful test of Berger et al. f-3) we began construction of such 

a polarized photon beam at SLAC. This beam has been successfully used in an 

experiment to study pseudoscalar meson photoproduction. 7) This paper describes 

the design, construction, and properties of the beam. 

2. Coherent pair production 

Coherent pair production and bremsstrahlung have been discussed in the 

literature2’ ‘) and it is not our purpose to review the subject in detail. Rather 

we wish to present only useful concepts and details relevant to the design and 

performance of the beam. 
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A. General remarks 

For a photon of energy k to produce an electron-positron pair (let m = 

electron mass) with energies E 
+ 

and E- (define y = E+/k), there must be mo- 

mentum transfer q to a nucleus or crystal lattice. This momentum transfer 

has components q,, parallel and qL perpendicular to the photon direction. For 

pair production to be kinematically possible, it is necessary that q,, be greater 

than a minimum 

m2 
qll 

> b= 
2ky(l -Y) * (1) 

The cross section decreases rapidly as q,, increases from this minimum and, 

therefore, most pair production occurs with q,, N b D If g is a reciprocal lattice 

vector of a crystal, coherent pair production occurs when 

Igle -6 (2) 

where 8 is the angle of g with respect to the normal to the photon direction. - 

The cross section for pair production by a photon with polarization vector 

perpendicular to g1 is greater than that for a photon polarized parallel to gl. 

The asymmetry for pair production goes to zero when either the electron or 

positron has most of the photon energy, and the net asymmetry is dominated by 

pair production with y - l/2 (see Fig. 2), where the electron and positron 

equally share the photon energy. Using y - l/2 and q ,, z 6, one obtains from 

Eq. 1 and 2 that the polarization is greatest for photons of energy 

(3) 

B. Oriented graphite 

The beam described in this paper used compression annealed pyrolytic 

graphite crystals. 8) The density of the crystal is 2.26 g/cm3 and the crystalline 
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interlayer spacing is 3.355 - 3.357 8. ‘) Because there is no ordering in the 

a-axis dimensions of these crystals, they behave as crystals only in the c-axis 

dimension, making all the reciprocal lattice vectors parallel. Hence the crys- 

tal orientation, and consequently the polarization at a given energy, can be de- 

scribed by a single angle 0 . 

To determine the properties of the beam, one must calculate the coherent 

and incoherent pair production cross sections for a fixed energy partition y and 

orientation 0; the coherent cross section is the sum of the cross sections from 

all reciprocal lattice vectors. These cross sections depend on the effective 

Debye temperature, which is taken to be 530’ K, lo) and the carbon form factor 

(we use the free carbon form factor). 11) Typical cross sections are shown in 

Fig. 2. These cross sections are then integrated over the energy partition to 

give the cross sections as a function of 6 only (see Fig. 3). 

Due to crystal and crystal holder imperfections and to beam divergence 

(crystal imperfections are dominant in our case), the angle 6 is not fixed but 

has a distribution of finite width. The mosaic spreads, as measured by x-ray 

diffraction, have average values between 5.58 mrad and 6.63 mrad (FWHM). 12) 

To account for other crystal imperfections (gross warpage, etc. ), it is necessary 

to add approximately 1.7 mrad to the mosaic spread. 13) We have assumed that 

the distribution in 6 is Gaussian with FWHM = 8.03 mrad. This distribution is 

then folded into the cross sections to give the calculated beam properties. Fig- 

ure 4 shows the resultant cross sections. All of the calculations of the beam 

properties presented here were obtained from a computer program written by 

D. Gustavson and R. Schwitters. 14) 

The results one calculates in this manner are sensitive to the parameters 

used. Berger et al. 6) could not obtain agreement between experiment and 
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calculation without modifying the carbon form factor (we have not retained their 

modification). Their results clearly show the necessity of measuring the im- 

portant properties of the beam. Calculations as described above are useful in 

showing qualitative behavior as parameters are varied, but cannot be relied upon 

for precise quantitative results. 

3. Design considerations 

Many of the basic design features of the polarizer come from the basic fea- 

tures of coherent pair production. More detailed considerations, such as angular 

tolerances, come from the calculations described above. 

A. Basic desipn features 

In performing a polarized photon experiment, the measured asymmetry (de- 

fined for pseudoscalar meson photoproduction) is given by 

where c is the physical asymmetry of the photoproduction reaction, P is the 

beam polarization, and Q~ (a,, ) is the cross section for the photoproduction 

process with the beam polarization vector perpendicular (parallel) to the produc- 

tion plane defined by the incoming beam direction and the outgoing detected 

particle 0 To measure an asymmetry, it is, therefore, necessary to change the 

polarization vector with respect to the fixed production plane. Since all of the 

reciprocal lattice vectors of the graphite are parallel, one must then rotate the 

crystals by 90’ about the beam direction (see Fig. 5). 

The high cost of the crystals (proportional to the total volume) made it de- 

sirable to minimize the total cross-sectional area. A total crystal length of 61 

cm (see below) was used, and the crystals needed to be tilted approximately 10 

(4) 
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mrad relative to the beam axis. This tilt for a single crystal would significantly 

increase the required cross-sectional area over that necessary for many short 

assemblies, each separately oriented with respect to the beam. Therefore, the 

total length was achieved by using many 5.08 cm long subassemblies rather than 

a single crystal. The cross-sectional area was also minimized by placing the 

crystals as close as possible to the bremsstrahlung radiator. 

The entire assembly was placed in a magnetic field to sweep the produced 

pairs out of the beam. This was necessary to prevent the beam spectrum from 

being dominated by subsequent bremsstrahlung from the pairs and to minimize 

the heat deposited in the crystals. Even with the sweeping magnet on, 300 - 400 

watts were absorbed by the crystals. The coherent and incoherent pair produc- 

tion cross sections are weakly temperature dependent. The temperature deriv- 

ative of the polarization is calculated to be 

1 dP -- = 6 4 x 10-4/oK PdT ’ . 

Hence a 15’ K temperature change causes the polarization to change by 1% of 

itself. While this is not a strong temperature dependence, the crystals needed 

to be cooled to prevent large temperature rises. This was accomplished by 

mounting each crystal in a water-cooled aluminum cart. 

The beam polarization had to be measured because of the inadequacy of the 

calculations. In principle this could be done by measuring any process with a 

known asymmetry. However, the only process with a well known asymmetry at 

these energies, the decay asymmetry of PO photoproduction, requires coincidence 

detection and is difficult to measure at SLAC. The polarization could also be 

measured by using a second crystal to analyze the polarization of the first, and 

this technique was chosen. This then required that a second assembly be con- 

structed with identical independent motions. 

(5) 
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B. Specific design considerations 

If an initially unpolarized beam is incident on the crystals, the intensities 

of the two polarizations at a given energy after the crystals are given by 

IO I,=ye 
-X,Q IO and I,,=Te -xII Q ,, (6) 

The subscripts I and II refer to the polarization vector with respect to sl (note 

we use perpendicular and parallel differently here than in Eq. (4)). IO is the 

incident intensity, x I and x,, are the pair production cross sections (in units of 

inverse length), and Q is the crystal length. The polarization of the beam is given 

I,, - I, 

p= I!+1 

e-xliQ _ e-xlQ 
= 

= 
-x Q I -XI, Q 

e +e - 

where 

A = x,Q - x,,Q 0 

The beam intensity after the crystal is 

-xllQ -x,Q 
> +e l 

The difference between the two cross sections and the length of the crystals 

determine the beam polarization. The combination of the two cross sections 

and the length of the crystals determine the intensity of the beam. One can ob- 

tain any desired polarization at the cost of reduced intensity. 

Under the assumption that there is no upper limit on the usable beam in- 

tensity, the statistical error on the measured asymmetry per unit of beam can 

be optimized by maximizing IP2 as a function of length. At 16 GeV this optimum 

(7) 

(8) 

(9) 
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is at 40 cm, corresponding to a beam polarization of 15%. However, systematic 

errors have not been included in this optimization, and these tend to favor a 

higher polarization. Furthermore, if experiments are limited by the maximum 

tolerable rather than attainable beam intensity, the higher polarization is also 

desirable. Consequently a length of 61 cm (3.18 radiation lengths) was chosen 

for the polarizing crystals. The length of the available sweeping magnet (and 

the cost of the crystals) then limited the length of the analyzing crystals to 

30.5 cm. 

Many of the tolerances for the crystal assembly came from consideration 

of possible errors. In particular, care was taken to avoid differences in either 

the shape of the beam spectrum or the beam polarization when the crystals were 

rotated through 90’. A difference in the beam spectrum means that the number 

of high energy photons per equivalent quantum depends upon the crystal rotational 

position. Note that such an error can arise from an asymmetry in the low energy 

portion of the spectrum as well as the high energy portion, since the former is 

included in the measurement of the total number of equivalent quanta. 15) With 

such differences the error in the measured asymmetry is given by 

cm - CP = A(1 -C2P2) -pC2P2 ) 

where A is the asymmetry of the beam spectrum, 

Al (k) - A,, w 
A(k) = Al(k) + h,, (k) ’ 

where h, (A,,) is the beam spectrum n.ormalized per equivalent quantum when 

the polarization is perpendicular (parallel) to the scattering plane, and p is the 

asymmetry in the polarization 

(10) 

(11) 

pI - pII 
p = P, + P,, * 
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In general, the causes of asymmetries in the polarization are the same as 

those in the spectrum. Because the errors due to the asymmetry in the polar- 

ization are suppressed by the factor x2 P2 in Eq. (lo), the asymmetries in the 

beam spectrum dominate the error and consequently set the necessary tolerances. 

The sweeping magnet bent the pairs in the vertical plane independent of the 

crystal rotation. If in rotating the crystals the pairs were swept through differ- 

ent amounts of material (due to the non-symmetric design of the surrounding 

crystal holders and assembly), and if the resulting bremsstrahlung photons from 

these pairs remained in the beam, the beam spectrum would be asymmetric. To 

remove this source of asymmetry the beam was collimated upstream of the crys- 

tals to insure that the photons struck only the graphite, and downstream to insure 

that any secondary photons came from an area in the graphite defined by the fixed ., 

collimator. After consideration of the electron beam spot size and the divergence 

of the photon beam, the collimator sizes were chosen to be 6.1 x 6.1 mm up- 

stream and 6.35 x 6.35 mm downstream of the 9.5 mm square crystals. 

The shape of the beam spectrum is determined by the tilt angle 0, which 

changes when the crystals are rotated if the rotation axis is not parallel to the 

beam. The attenuation function A(k, 0) (as will be defined by Eq. (15)) of the 

crystals is shown as a function of 8 for k = 15 and 16 GeV in Fig. 6a. In the 

region of optimum polarization between 8 and 12 mrad (see Fig. 6b) the mag- 

nitude of the derivative dA/dB is less than 10 -2 mrad -l. In order that the 

error thus introduced into the asymmetry be small compared to the statistical 

error b Cm of the measured asymmetry, we then require 

IAl = 
I tel - ‘Ii) d 8 - /2A CK bC m (13) 
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or 

lel - 8,, I << 2 mrad (14) 

for the desired statistical error of ax m - 2%‘0. The tolerance for the align- 

ment of the rotation axis with respect to the beam was set to f 0,3 mrad in both 

the horizontal and vertical projections. 

The error in the relative alignment of the crystals should be small compared 

to their mosaic spread. This tolerance (including errors in the alignment of gauge 

surfaces with respect to the crystal planes) was placed at f 1 mrad on each crystal. 

4. Device description 

A, The crystal assembly 

Figure 7 is an assembly drawing of the polarizer-analyzer, and Fig. 8 and 9 

show photographs of the device, Details of a single crystal subassembly are shown 

in Fig. 10. The device consisted of two independent and functionally identical as- 

semblies (polarizer and analyzer) 0 For each assembly there were three possible 

motions: in and out of the beam, 90’ rotation about the beam, and tilt of the crys- 

tal planes relative to the beam. 

The in-out motion was accomplished by simultaneously driving three 1. 00-in 

by 0.25-in lead ball screws with a lOO-step-per-revolution, 400-oz-in torque, 

radiation-resistant motor. 

The 90’ rotation was accomplished by rotating the entire C-shaped assembly 

containing the crystal subassemblies, This frame was constructed out of 2024 

aluminum for easy machining and dimensional stability. Each end of the C-frame 

was mounted in a 4. O-in bearing chosen for its small width and good angular tol- 

erances. In the machining of the C-frame all critical dimensions were measured 
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I 

from the axis defined by the two bearing centers, and the tooling balls (used in 

aligning the device in the beam line) mounted on the bulkheads were measured 

relative to the bearing axis. An air cylinder drive system rotated the C-frame 

to and maintained pressure against one of two positive stops. There was no 

provision for the crystals’ being in other than one of these two positions. The 

stops were positioned to correspond to the reciprocal lattice vectors’ being 

horizontal or vertical within * 0.25’. 

To understand the method by which the crystal axes were oriented relative 

to the beam, we must first describe in greater detail the individual crystal sub- 

assemblies as shown in Fig. 10. Each crystal was in a water-cooled 5086 alu- 

minum cart. The bottom of the slot containing the graphite was machined par- 

allel and perpendicular to within & 0.6 mrad to the two external surfaces (referred 

to below as the gauge surf aces). This crucial step in the machining was done after 

all heli-arcing and other operations which might distort the carts. Because of the 

natural cleavage of the graphite, the crystal face mounted against the bottom of 

the slot was one of the crystal planes, and, therefore, the gauge surfaces of the 

cart were parallel and perpendicular to the crystal planes. The mounting of the 

crystals in the carts was done by Union Carbide at their Parma Technical Center. 

The carts were mounted in the C-frame with a three-point support. Two of 

the points were the rounded end of a differential screw (with leads of 0.03125 in 

and 0.02777 in, allowing a motion of 0.00348 in per revolution) which fit into a 

radius cut in the bottom of the cart. These two points formed a pivot about which 

the carts could rotate. The third point of the support was a small ball bearing 

mounted similarly to the wheel of a wheel-barrow. This mounting consisted of 

differential screws of the same pitch as those used for the pivots. The ball bear- 

ing rested on a saw-tooth cam to be described below. The carts were held down 
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on the pivots and the bearing on the cam by three ball-nosed spring plungers, 

each exerting approximately six pounds of force. 

The mounting of the carts was the only serious design flaw of the crystal 

assembly. Wear in the pivot sockets and at the points where the spring plungers 

exerted pressure caused the behavior of the pivots to deviate from that of true 

pivots. Fortunately, the problem was discovered before installation in the beam, 

and the pivot sockets were replaced with anodized sockets and the pressure points 

were reinforced with tool steel. Although not a permanent solution, it was an 

adequate tempor ary one. A captive pivot is contemplated as a permanent solution. 

By moving-the saw-tooth cam along the C-frame length, the elevations of the 

ball bearings were changed, and the carts rotated about the pivots. This tilted 

the crystals with respect to the beam, giving adjustment of the angle 8 of Fig. 5. 

The saw-t 00th cam was constructed from stainless steel segments brazed onto a 

flat 9.1 X 4.6 mm stainless steel bar. A single stainless steel piece was ground 

to the correct angle and separated into segments, thus insuring that all segments 

of the cam had the same angle. This angle was 25.0 mrad, giving a crystal change 

of 6.12 mrad per cm of cam motion. The segments, along with a water-cooling 

tube, were tack-welded and then brazed onto the stainless steel bar with a slow 

brazing process. While some warpage of the bar occurred during the tack-welding, 

it was easily straightened before brazing. 

With the cam held in a fixed position, the carts were installed in the C-frame 

and aligned using the gauge surfaces, a granite surface table, and mechanical 

feeler gauges. All carts were aligned to the same angle within f 0.8 mrad. This 

alignment was performed with the water hoses in place in order to have all of the 

forces which would be present during use acting on the carts during alignment. 

The cam drive system is shown in Fig. 11. The cam was held captive to a 

block by ball bearings. The block and cam assembly was moved by a 26.5’ wedge 
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mounted on a 0.625-in by 0.200-3.1 lead ball screw driven by a loo-step-per- 

revolution, 50-oz-in torque, radiation-resistant motor through a 21.66 : 1 planary 

gear assembly. During the 90’ rotation the cam rotated with the C-frame, while 

the block and wedge assembly remained fixed. 

B. The control system 

All functions of the device were remotely controllable, and careful interlock- 

ing was provided to guard against catastrophic damage by the beam. Additionally, 

automatic sequencing was provided for several functions for which the interlock 

system required a prescribed sequence of events. The complete status and pos- 

itioning of the device could be read and displayed by the online computer used in 

the experiment. The 90’ rotation, which was the most frequently exercised func- 

tion, could be controlled either manually or through the computer. 

As long as the device was installed in the beam, the interlock system sup- 

pressed the beam unless the electron beam dump magnets were powered, thus 

preventing the high power electron beam (rather than the lower power photon 

beam) from reaching the polarizer. The photon beam was further interlocked to 

flow switches and temperature monitors on the collimator and crystal subassembly 

water-cooling systems, and to the sweeping magnet current. The latter interlock 

prevented full beam from being delivered to the crystals unless the sweeping mag- 

net was at full current. The beam was further suppressed unless both crystal 

assemblies were clearly out of or centered on the beam line. 

An extensive array of thermocouples was mounted at various points on the 

assembly in order to detect any heating problems which might arise. These could 

be read by computer or experimenter through a digital voltmeter, but were not 

part of the interlock system. 

The nominal in-out positions of the polarizer and analyzer assemblies were 

sensed with microswitches. The precise m-beam position of each assembly was 
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determined by a continuous single-turn potentiometer mounted on one of the ball 

screws. To position the assembly in the beam, the beam was first suppressed 

to prevent its striking and damaging the crystal holder. The assembly was then 

driven into the beam until the in-position microswitch was reached, at which time 

the beam permissive was restored. The crystal assembly was then driven further 

into the beam until the reading of the potentiometer matched that determined when 

the assembly was surveyed into the beam line. 

The two 90’ rotation states were sensed by microswitches mounted on the 

drive mechanism. To change polarization the following sequence occurred: the 

beam was first-limited to one pulse per second (rather than the nominal 180) in 

order to maintain control of the beam without overheating the crystals when the 

sweeping magnet current was lowered; the sweeping magnet current was then 

lowered to a very small value to prevent eddy current resistance to the rotation; 

the crystal assembly was then rotated, the sweeping magnet restored to full cur- 

rent, and the beam returned to full repetition rate. A 90’ rotation required ap- 

proximately 30 seconds to complete. 

The tilt angle of the crystals was monitored by counting the number of pulses 

applied to the stepping motor, and by a high precision linear potentiometer mounted 

on the block which drove the cam. The desired position could be preset onto a set 

of thumbwheels, and a button pushed to start the motor driving to that point. 

5. Experimental studies 

The properties of the polarized photon beam were studied during two test runs 

at SLAC. The objectives of the tests were to choose a suitable angle of the crys- 

tals relative to the beam direction, to measure the polarization of the beam, to 

measure the energy spectrum of the beam, and to check for possible beam spec- 

trum asymmetries between the two rotational positions of the crystals. In this 
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section we present the rationale and method for each of the measurements, and 

in Section 6 we present the analysis and results. 

A. Pair spectrometer measurements 

In single arm spectrometer experiments with a continuous incident beam 

spectrum, a knowledge of the beam energy spectrum is necessary even for asym- 

metry (rather than cross section) measurements in order to disentangle several 

possible reactions (e.g., yp + afn, yp +X +A’, YP + Ir+ + multi-particles, 

etc.). Using the SLAC pair spectrometer, 16) energy spectra were measured for 

both the polarizer and analyzer separately and with both sets of crystals removed 

from the beam (ordinary bremsstrahlung). The measured spectrum of the polar- 

izer was divided by that from the amorphous radiator alone to obtain the attenua- 

tion function A(k) such that the energy spectrum dn(k)/dk of the polarized beam is 

given by 

dn(k)/dk = A(k) B(k, Eo)/k (15) 

where B(k,Eo) is the bremsstrahlung function of the incident beam, and E. 

(= 16.05 GeV) is the end point energy of the spectrum. While in principledn(k)/dk 

is directly measurable, without measuring the ordinary bremsstrahlung spectrum, 

the quantity B(k, Eo) is easily calculated, 17) and the crystal spectrum was there- 

fore normalized to the ordinary spectrum in order to eliminate systematic biases 

in the pair spectrometer. 

By measuring the spectrum of the polarizer (and, separately, the analyzer) 

in both rotational positions, one could directly check for experimental asymmetries 

in the beam spectrum. 

To measure the absolute value of the beam polarization, two independent crys- 

tal assemblies were used as a polarizer-analyzer pair and the transmitted inten- 

sity measured with the pair spectrometer. By measuring the transmitted beam 
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intensity with the direction of beam polarization of the analyzer parallel (aligned) 

and perpendicular (crossed) to that of the polarizer, one could obtain the asymmetry 

Ia 04 - Ic (k) 
E(k) = I,(k) + It(k) = Pp(k) Pa(k) = PpW2/R(k) > (16) 

where Ia (I~) is the transmitted beam intensity with the polarizer-analyzer aligned 

(crossed), Pp (Pa) is the polarizing power of the polarizer (analyzer) as given by 

Eq. (7), and R = Pp/Pa is the ratio of the polarizing power of the polarizer to that 

of the analyzer. 

An argon-CO2 filled quantameter 18) was used to monitor the beam during the 

spectrum measurements. The quantameter was not a suitable monitor for the 

aligned/crossed asymmetry measurements, since the shape of the spectrum de- 

pends upon whether the two assemblies are crossed or aligned. The quantameter 

measures the total energy of the beam, whereas one wishes to measure the total 

number of transmitted photons per incident photon at a given energy. Consequently 

we used transmitted photons at a lower energy (which have a negligible aligned/ 

crossed asymmetry) as the beam monitor. To accomplish this a second (1.4% 

radiation length copper) converter was placed 18 inches from the downstream end 

of the 72-in long pair spectrometer magnet (see Fig. 12). Electron-positron pairs 

created in the second converter traversed only - 25% of the total magnetic field; 

thus the detectors were sensitive to photons of - 4 GeV. These pairs were easily 

distinguished from the 16 GeV pairs created in the upstream converter on the basis 

of shower counter pulse height and track extrapolation. 

B. 20-GeV spectrometer measurements 

Assuming a polarization Pp = .25 and R = 2 in Eq. (16)) one expects an asym- 

metry E z 0.03 using the polarizer-analyzer technique. The small size of this 

asymmetry made it prohibitive to use such a method to optimize the tilt angle of 
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the crystals. Since this optimization required only relative asymmetry meas- 

urements, it could be made using any reaction having a large asymmetry. From 

lower energy measurements of single ?r+ photoproduction, the asymmetry in 

that reaction was expected to be large, and therefore could be used as an ana- 

lyzer. Using the SLAC 20-GeV spectrometer 1% to measure the asymmetry in 

?r+ photoproduction as given by Eq. (4)) we could therefore measure the relative 

beam polarization for different orientations of the crystals. By using the “ana- 

lyzer” as polarizer, we could also measure the polarizing power of the analyzer 

relative to that of the polarizer (i. e. , the parameter R of Eq. ( 16)). 

On the basis of the calculated beam properties the tilt angle of the crystals 

was chosen to be 10.5 mrad to maximize the beam polarization between 15 and 

16 GeV. Detailed asymmetry measurements to verify the curves of Fig. 6b with 

reasonable precision would have required large amounts of running time. Addi- 

tionally, because of the previously mentioned problem with the pivot points, we 

were reluctant to change the tilt angle of the crystals more than was absolutely 

necessary. Consequently, detailed studies were not done, but sufficient measure- 

ments were taken at different angles and at a lower energy (15 GeV) to establish 

that the beam behaved in qualitative accord with expectations. Because of the large 

mosaic spread of the crystals, none of the important beam parameters are excep- 

tionally sensitive to the crystal angle, so that more quantitative measurements 

were not necessary. 

As mentioned earlier, the flux of lower energy photons through the analyzer- 

polarizer was used as the beam monitor during the pair spectrometer measure- 

ment of the beam polarization. This relies on the assumption that the beam po- 

larization at 4 GeV is small compared to that at 16 GeV, which was verified by 

lowering the energy of the electron beam to 4 GeV and measuring 7r+ photoproduc- 

tion at this energy. 
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C . Experimental setup 

A schematic of the experimental setup is shown in Fig. 13. The SLAC electron 

beam was passed through a 2.85% radiation length aluminum radiator to produce an 

unpolarized bremsstrahlung beam. The electrons were then bent out of the beam by 

bending magnets and the remaining photon beam passed through the graphite polar- 

izer and/or analyzer. Electron-positron pairs created in the graphite were swept 

out by the bending magnet (a C-magnet 36 inches long with a gap 6 inches wide by 9 

inches high and run at 10 kG) surrounding the crystal assembly. The beam was col- 

limated immediately upstream and at three points downstream of the polarizer (the 

latter two followed by sweeping magnets). The upstream collimator was split into 

two sections and an air-filled ion chamber was placed between them. The ion cham- 

ber had a hole along the beam axis so the beam could be properly steered by mini- 

mizing the ion chamber signal. 

During the 20-GeV spectrometer running, the spectrometer, which was placed 

at 1.4’ relative to the beam direction, detected positive pions photoproduced in a 

l-meter long liquid hydrogen target. The beam was monitored upstream of the tar- 

get by a gas Cerenkov monitor 20) and two ion chambers, and downstream by a sec- 

ondary emission quantameter (SEQ) 20) which also served as a beam dump. 

During the pair spectrometer running, the hydrogen target and SEQ were re- 

moved from the beam, the 20-GeV spectrometer was moved to a larger angle, and 

the pair spectrometer and associated sweeping magnet were placed directly in the 

beam. The beam was monitored by an argon-CO2 filled quantameter 18) placed im- 

mediately behind the pair spectrometer. 

D. Experimental running 

During the first test run the 20-GeV spectrometer was used to measure the 

relative beam polarization at 16 GeV for several crystal angles. Spectra for the 

unpolarized beam and for the polarizer and analyzer were measured with the pair 

spectrometer. An attempt to measure the absolute polarization of the beam was 
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marred by difficulty in obtaining a sufficiently stable low-intensity beam neces- 

sary for precision pair spectrometer measurements. 

A heating problem in the saw-tooth cam was also discovered during the first 

test run. Between the two test runs, the entire crystal assembly was removed from 

the beam line and disassembled. Water cooling was installed on the cam, and the 

crystal assembly was then reassembled, realigned, and reinstalled in the beam. 

During the second test run the 20-GeV spectrometer was first used to verify 

that the results of the first run could be reproduced. The relative asymmetries 

for polarizer and analyzer were measured at 15 and 16 GeV with the crystal tilt 

angle set at 10.5 mrad. A scheme for obtaining a stable low-intensity beam was 

devised and the absolute polarization of the beam measured. The spectra for the 

ordinary and polarized beams were remeasured. 

Following the second test run, the polarized beam was used continuously for a 

period of four weeks in an experiment to study pseudoscalar meson photoproduction. 

During this run the check at 4 GeV was made. Typical intensities of lx 10 10 equiva- 

lent quanta per pulse incident on the crystals resulted in intensities of w 4x lo8 equiv- 

alent quanta per pulse in the attenuated beam. The number of photons near the end- 

point of the beam was further suppressed relative to an ordinary bremsstrahlung 

beam by a factor of approximately 2 by the attenuation function A(k) in Eq. (15). 

During the experiment several of the non-critical mechanical and electrical 

functions of the controller failed due to radiation damage or water damage (which 

occurred as a result of the bursting on several occasions of radiation-damaged 

water hoses on the sweeping magnet). At several points during the experiment 

the asymmetry measurement at 1,4’ was repeated. These measurements showed 

that the polarization remained constant to within * 0.008, indicating no evidence 

for deterioration in the polarizing power of the crystals. 
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6. Analysis and results 

A. 20-GeV spectrometer measurements 

Analysis of ?r+ photoproduction data using the SLAC 20-GeV spectrometer 

has been discussed elsewhere, 21) and we describe here only those points relevant 

to the asymmetry measurements. A typical cross-section spectrum obtained 

with the spectrometer at a fixed central momentum is shown in Fig. 14a as a 

function of T? momentum. The spectrum at the highest momenta mirrors the 

incident beam spectrum. The rise in the spectrum at lower momenta is due 

chiefly to a similar effect for the reaction yp -r+ A0 . 

By measuring the cross-section spectra with the beam polarization parallel 

and perpendicular to the horizontal plane of scattering, one could form the asym- 

metry spectrum as given by Eq. (4) and shown in Fig. 14b. The drop in the 

asymmetry at lower momenta is again due to the process yp - n+ A”, which 

has a smaller asymmetry than does yp -+ Ir+n. 

A simultaneous fit was done to the cross section and asymmetry spectra to 

obtain the cross section and asymmetry for the Ir+n reaction. The fitting program 

took into account the incident beam spectrum, spectrometer resolution, polar 

angle dependence of the cross section, and azimuthal angle dependence of the 

asymmetry. 

The statistical errors on the measurements of the asymmetry at the differ- 

ent crystal tilt angles were sufficient only to qualitatively verify that the asym- 

metry was at or near maximum with the crystal tilt angle set to the calculated 

value of 10.5 mrad. With the crystals set to the final operating value of 10.5 

mrad, asymmetries of 0.1903& 0.0073 and 0.2030 & 0.0088 were measured at 

15 and 16 GeV respectively, verifying that the asymmetry did not change rapidly 

as a function of energy. At both 15 and 16 GeV a value of R = 1.80 & 0.11 was 
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obtained for the ratio of polarizer to analyzer polarizing power. This should be 

compared to an expected value of 1.97 for an analyzer of one-half the length of 

the polarizer, and will be discussed later in conjunction with the pair spectrom- 

eter measurements. 

With a beam energy of 4 GeV an asymmetry of 0.019 f 0.013 was measured. 

Assuming that the analyzing power of the photoproduction process is the same at 

both energies (which is correct to within the accuracy needed here), one obtains 

a ratio of 0.094 f 0.065 for the polarization of 4 vs 16 GeV photons, consistent 

with the expected ratio. This introduces a negligible error of 0.001 into the final 

measurement of the beam polarization. 

B. Pair spectrometer measurements 

The analysis of the spectrum measurements (but not the asymmetry meas- 

urements) using the pair spectrometer was done in the same manner as has been 

described elsewhere. 16) Figure 15 shows the spectra obtained for (a) an un- 

polarized bremsstrahlung beam, (b) a bremsstrahlung beam attenuated by the 

analyzer, (c) a bremsstrahlung beam attenuated by the polarizer, and (d) a 

bremsstrahlung beam attenuated by both analyzer and polarizer. 

A four-parameter fit to the ordinary bremsstrahlung spectrum is shown in 

Fig. 15a. The fit uses the bremsstrahlung function calculated for a 2.85% radi- 

ation length aluminum radiator 17) and includes the effect of radiative straggling 

of the electron and positron in the 4.4% radiation length copper converter of the 

pair spectrometer. The four parameters of the fit are (1) an overall normaliza- 

tion factor (which should = 1.0) , (2) the finite resolution of the pair spectrometer 

(calculated to be 0.75%) from considerations of multiple coulomb scattering and 

the finite size of the hodoscope counters, (3) an offset in the end point energy 

(which should = 0), and (4) a one-parameter calculation of the accidentals spectrum 

(which accounts for the non-zero spectrum beyond the end point energy). 
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The resulting fit to the data is rather poor. The data below the end point 

show a slope not present in the calculated spectrum, and the fit requires an off- 

set in the end point energy of 0.10 out of 16.05 GeV. These discrepancies are 

believed to be due to an inexact accounting taken of the alignment of the hodo- 

scopes and magnet, as measured in a survey before the experiment. The anal- 

ysis programs are not at present capable of handling some of the observed geo- 

metrical differences between the two spectrometer arms, and work is in progress 

to account for these effects. 

A fit to the spectra from 14 to 16 GeV, where the efficiencies are not crit- 

ically dependent on geometry, gave values for the normalization constant of 

0.977 & 0.017 and 1.008 f 0.009 for the data taken during the first and second 

test runs, respectively. (Fitting the entire spectrum gave results 1.4% higher.) 

This gives fair agreement between the two sets of data, and the agreement with 

the expected value is well within the estimated 4% normalization error of the 

experiment due to quantameter calibration, quantameter drift current, electronics 

dead-time, and hodoscope corrections. 

To avoid the problem mentioned above in measuring the exact shape of the 

spectra, the attenuation function A(k) of Eq. (15) was obtained by dividing the at- 

tenuated spectrum by the unattenuated spectrum on a point-by-point basis. The 

attenuation function obtained for the polarizer is shown in Fig. 16. A three- 

parameter fit was made to the data on the basis of the calculated shape of the 

attenuated spectrum. The three parameters were a normalization constant and 

two terms to account for the accidentals in the attenuated and unattenuated spectra. 

The resulting curves for both the polarizer and analyzer (that for the polarizer is 

shown in Fig. 16) gave good fits to the data. The normalization constants obtained 

were N 10% lower than those obtained by calculation alone. This, however, is to 
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be expected since the calculations did not include the effect of secondary processes 

in the crystal. These contribute predominantly to the low energy portion of the 

spectrum and consequently suppress the number of high energy photons per equiv- 

alent quantum. Good agreement was found between the attenuation functions obtained 

during the first and second test runs. 

To look for experimental asymmetries between the two rotational positions of 

the crystals, we have calculated the asymmetry (summed over the energy accept- 

ance of the spectrometer) between the two rotational states for the different ana- 

lyzer and/or polarizer configurations. The results are summarized in Table I. 

The data show no statistically significant evidence for asymmetries between the 

parallel and perpendicular configurations. 

C. Pair spectrometer asymmetry measurements 

The treatment of the crossed vs aligned asymmetry measurements differed 

from that of the spectrum measurements in several respects. As mentioned 

previously, low energy electron-positron pairs from a downstream converter 

were used as the beam monitor to guard against differences in spectrum shapes. 

The spectrum measurements were designed to measure absolute rates, whereas 

the asymmetry measurements could ignore effects which cancelled in forming the 

asymmetry. On the other hand, effects of less than 1% were relatively unim- 

portant for the spectrum measurements but very important for the asymmetry 

measurements, since the total asymmetry was only = 3%. In particular, care 

was taken to eliminate rate dependent effects since the very low intensity beam 

was difficult for the accelerator operators to monitor, leading to large short- 

term intensity fluctuations. 

The fast electronics logic was designed to equalize the dead times for trig- 

gers due to high or low energy photons. High or low energy events were equally 
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likely to have spurious tracks which could contribute to the shower counter pulse 

heights and thus bias the event toward high energy interpretation; therefore all 

events with multiple tracks in the hodoscopes (which in most cases could be sal- 

vaged in the spectrum measurements) were rejected. 

For each event with clean hodoscope tracks the positron and electron tracks 

were extrapolated to their apparent point of intersection, and the coordinates x, 

y, and z were obtained for the horizontal, vertical, and longitudinal positions, 

respectively, of the intersection point. All valid events were required to satisfy 

cuts placed on the x and y positions, and agreement was also required between 

the x positions determined from each arm separately. Separate cuts appropriate 

to high or low energy photons were applied to the shower counter pulse heights 

and to the z coordinate of the intersection point. The separation between high and 

low energy events is shown in Fig. 17. Events satisfying all low energy cuts were 

simply counted and used as a relative beam monitor. An energy distribution for 

each of the four possible configurations of the two sets of crystals was formed from 

the valid high energy events, from which one could form an asymmetry spectrum 

as given by Eq. (16). 

A set of runs was also made at higher than normal beam intensities. From 

these data a definite rate dependence was observed in the ratio of high energy to 

low energy events, due to pile-up in the shower counter pulse heights and acci- 

dental coincidences in which the electron and positron originated from different 

photons. 

Accidental coincidences could be easily monitored by observing the number 

of events in which the electron originated from one converter and the positron 

originated from the other. From the high and low energy counting rates in the 

single arms one could then calculate the accidental rates for events coming from 
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the same converter. The results of such calculations were in reasonable agree- 

ment with those obtained from accidental circuits in the fast electronics and from 

the number of high energy events beyond the end point of the spectrum. Because 

the accidental rates from the two converters were comparable, they tended to 

cancel in the ratio of high to low energy events and consequently contributed a 

relatively small amount to the rate dependence. 

To study the rate dependence due to pulse height pile-up in the shower counters, the 

shower counter pulse height distributions were studied using the z coordinates ob- 

tained from track extrapolation. Because the beam spot size was sufficiently small, 

a z-position for each arm could be obtained by extrapolating to the beam line rather 

than to the point of intersection. While the distributions thus obtained showed 

some overlap between the two converters, an unambiguous sample could be obtained 

by rejecting events which fell within the ambiguous region. By studying the shower 

counter distributions for the unambiguous events, an estimate could be made for 

the number of low energy events which had been rejected on the basis of pulse height, 

although for some effects this was an upper limit rather than a reliable estimate. 

The rate dependence thus obtained (including the use of the upper limits) was in good 

agreement with the observed rate dependence. 

The beam intensities for the data actually used to measure the polarization 

covered a sufficiently small range that no rate dependence could be seen in that data 

alone. The rate dependence correction varied by 3% over the range of intensities 

for these data. Furthermore, because the crystals were rotated frequently ( ‘v every 

ten minutes), changes in beam intensity tended to average out. When all the data 

were combined in the analysis, the crossed and aligned data proved to be very well 

matched in beam intensity in that the overall accidental rates for the two sets of 

data were the same to within statistical counting errors (Z 0.05%). 
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Approximately 40 runs were taken for each of the four rotational configura- 

tions. The ratio of the number of high energy to low energy events (suitably rate 

corrected) for each configuration was checked for run-to-run consistency, and gave 

confidence levels for agreement which ranged from 15% to SO%, indicating that 

some run-to-run fluctuations were present in addition to the normal statistical 

fluctuations in the counting rates. To account for this the errors assigned to the 

results were enlarged by 6% of themselves to obtain a chi-square of 1 per degree 

of freedom in fitting the four sets of data to two constants. Fitting the data to 

four rather than two constants did not significantly improve the fit. 

To obtain the final value of the beam polarization, the aligned vs crossed asym- 

metry data were fit using the calculated shape of the polarization as a function of 

energy, allowing a free normalization constant. The fitted results are shown in 

Fig. 18 and give only an 8% confidence level ( Y2 = 33 for 23 degrees of freedom). 

The data could be checked for systematic errors by forming the asymmetry between 

the two sets of aligned and between the two sets of crossed data. The results, 

summed over the energy acceptance of the pair spectrometer, are shown in Table II, 

and are consistent with the expected value of 0. Chi-squares for agreement of the 

individual points with the average are comparable to that obtained in the fit to the 

aligned vs crossed asymmetry data, and indicate the presence of some systematic 

errors in the data comparable to but smaller than the statistical uncertainty in the 

data. Examination of the data failed to reveal any systematic shape dependence or 

energy region giving rise to the larger than expected chi-square. When combined 

with the statistical uncertainty in the beam normalization and the ratio of polarizer 

to analyzer polarizing power (R of Eq. (16)), this point-to-point systematic error 

introduces a negligible enlargement in the uncertainty in the net beam polarization. 

The value of the beam polarization extracted from the fit depends upon the 

value assumed for R in Eq. (16). As mentioned previously, the value of R obtained 
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from the 20-GeV spectrometer measurements was (averaging the 15 and 16 GeV 

results) 1.80 f 0.08, which should be compared with an expected value of 1.97. 

However, this number is sensitive to very small false asymmetries in the beam 

spectrum (particularly for the analyzer). Using the measured values of the 

asymmetries in the beam spectrum between parallel and perpendicular orienta- 

tions, as given by Table I, we obtain a corrected value of R of 1.97 * 0.15. Note 

that the corrected value of R is consistent with the uncorrected value. We feel 

that the enlargement in the uncertainty thus obtained is more significant than the 

change in the value itself. 

Using this yalue of R, one then obtains a value of 0.255 k 0.020 for the beam 

polarization, where the error includes the statistical error in the asymmetry 

measurement (enlarged by 60/o as previously mentioned) and the statistical error 

in R, including the error arising from the uncertainty in the beam spectrum 

asymmetry. 

7. Summary and conclusions 

We have polarized a bremsstrahlung beam by using coherent pair production 

in graphite crystals D The polarization of the beam over the last GeV of the spec- 

trum has been measured to be 0 D 255 f 0.020. We have also measured the beam 

spectrum and established that it has no significant false asymmetry. 

The unique advantage of this beam is the combination of high intensity and 

polarization of the highest energy portion of the beam spectrum. The beam has 

been used to study several pseudoscalar meson photoproduction reactions, These 

studies would not have been possible with beams polarized by other techniques. 

At higher energies coherent pair production becomes a more effective polar- 

izer. Therefore this type of beam should play an important role in future photo- 

production studies, 
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List of Tables 

I. Measured asymmetries in the beam spectra per equivalent quantum, summed 

over the energy acceptance of the spectrometer. The orientations refer to 

the polarization direction relative to the horizontal plane. For the case of 

both analyzer and polarizer in the beam, the first orientation symbol refers 

to the polarizer and the second to the analyzer. The chi-squares refer to 

the agreement of the individual points (i. e. , in a single energy bin) with the 

average. 

II. Measured asymmetries between crossed or aligned spectra per transmitted 

4-GeV photon, summed over the energy acceptance of the spectrometer. 

Orientation symbols and chi-squares have the same meaning as for Table I. 
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Attenuator 

polarizer 

analyzer 

polarizer 
and 

analyzer 

polarizer 
and 

analyzer 

Table I 

Orientation 

1 - II 
1+ II 

Asymmetry f. X2/d. 

-0.0011 * 0.0058 25/25 

L- II 
1+ II 

0.0085 f 0.0055 37/25 

1 1 - II II 
1 1+ II II 

1 II - II 1 
1 II + II 1 

0.0006 f 0.0031 32/25 

-0.0034 rt 0.0032 36/25 

-33- 



Table II 

Orientation A symmetry X2/d. f. 

1 1 - II II 
1 1 + II II 

1 II - II 1 
1 II + II 1 

0.0038 f 0.0042 44/25 

-000041k 0.0042 24/25 
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Figure Captions 

1. A measured coherent bremsstrahlung spectrum from a diamond radiator. 

See Ref. 4 for an explanation of the curves. 

2. The pair production cross sections as a function of the energy partition for 

photons with polarization vectors perpendicular and parallel to the normal 

to the crystal planes. The discontinuities occur when a reciprocal lattice 

vector no longer satisfies the kinematic condition (Eq. (1)) for pair pro- 

duction. 

3. The pair production cross sections as a function of the angle 0 between the 

normal to the crystal planes and the normal to the photon direction. 

4, The pair production cross section times the distribution in 0 (see text) in- 

tegrated over 0 ; (a) as a function of photon energy for the central value of 

the 8 distribution equal to 10.5 mrad; (b) as a function of the central value 

of the distribution for photon energy equal to 16 GeV. 

5, The necessary motions of the crystal. To change the direction of the beam 

polarization vector, the crystal is rotated 90’ about the beam line, and to 

change the energy at which the photons have greatest polarization, the 

angle 8 is changed. The net beam polarization is in the plane defined by 

the beam axis and the reciprocal lattice vectors of the crystals. 

6. (a) The attenuation function (Eq. (15)) , and (b) the beam polarization as a 

function of the angle 0 for 15 and 16 GeV photons. 

7. Drawing of the crystal assembly showing side and top views. 

8. Photograph of the crystal assembly. 

9. Photograph of the crystal assembly showing the analyzer in detail. 

10. Drawing of a single crystal subassembly. 
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11. Schematic of the cam drive system. The saw-tooth cam is captured to the 

block by ball bearings on each side of the block. During the 90’ rotation 

these bearings roll along the faces of the block. 

12. Schematic of the pair spectrometer showing the two converters for high and 

low energy photons. 

13. Schematic of the experimental set-up showing the pair spectrometer in posi- 

tion. During the 20-GeV spectrometer running the pair spectrometer was 

removed from the beam line and the SEQ placed in the beam line upstream of 

the 20-GeV spectrometer. 

14. (a) Cross section, and (b) asymmetry spectra obtained with the 20-GeV 

spectrometer. The spectra at high momenta are dominated by yp--, r+n , 

and at lower momenta by yp - ?A”. The curves are from a 6-parameter 

fit to the data, as described in the text. 

15. Beam spectra measured with the pair spectrometer; (a) ordinary brems- 

strahlung, (b) attenuated by analyzer, (c) attenuated by polarizer, (d) at- 

tenuated by analyzer and polarizer. The curve in (a) is from a 4-parameter 

fit to the data as described in the text. 

16. Measured attenuation function A(k), as defined by Eq. (15) of the text, of the 

polarizer. The dashed curve is from a calculation with no free parameters 

and the solid curve is a fit to the data allowing an arbitrary normalization. 

17. Isometric display of the number of events as a function of shower counter pulse 

height (proportional to pair energy) vs longitudinal position of the intersection 

point of the extrapolated tracks. The separation of events from the two con- 

verters is clearly seen. 

18. The polarizer-analyzer aligned vs crossed asymmetry spectrum measured with 

the pair spectrometer. The asymmetry is the product of the polarizing powers of 

the polarizer and analyzer. The dashed curve is from a calculation with no free 

parameters, and the solid curve is a fit allowing an arbitrary normalization. 
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BREMSSTRAHLUNG SPECTRUM 
FROM A DIAMOND RADIATOR 
WITH A 12 GeV ELECTRON BEAM 
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