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The purpose of this paper is to continue the investigation of the pro- 

blems associated with the production of a nearly monochromatic high-energy 

photon source using the reaction e+ + e- +2y. Some preliminary investi- 

gationsl show that the scheme is very promising for use in conjunction with 

the bubbie chamber ana spark chambei tEes cf e+criments proposed at the 

Stanford Linear Accelerator Center. A typical spectrum of 

angle is expected to look like Fig. 1. The low energy end 

shows a typical l/k dependence of the bremsstrahlung from 

y at a fixed 

of the spectrum 

e+p 
+ - 

and e e 

collisions. In order to obtain the spectrum, one has to calculate the fol- 

lowing four processes in detail: 

(a) e+ + e- -+2y and its radiative corrections 

(.b) e’ + e- -+ 37 

(c) e+ + e- --+e+ + e- +- y 

(d> e+ + 
tp-te +P+Y 

The process (a) and part of the process (b) where the third photon emitted 

is iimited to a low energy [i.e., the effect of the process (b) in the 

nci.ghborhood of the spike in Fig. l] were investigated in detail previously.* 

The processes (b), (c), and (d) constitute the unwelcome background. 

The hydrogen atom is chosen because the process (d) is proportional to Z* 

(if screening is ignored),, whereas the processes (a), (b), and (c) are pro- 

portional to Z. The most interesting region af angle 8 between the in- 

cident positron and outgoing photon is in the neighborhood of 8 = (2/y)%, 

where y = E/m and E is the incident positron energy. This results from 

the following: 

1. The ratio of the cross section for process (a) to that of process 

(d) increases rapidly with angle; therefore, in order to reduce the background 
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clue to (d), the larger the angle the better. 

2. The process (c) is symmetric with respect to 90' in the c.m. system 

of the initial e+e- due to symmetry under charge conjugation. Bc m = 90' 

8 = (2/;4 
'1' 

corresponds to in the labxatorg svstem. For 8 << y7, (c) 

and (d) are identical tc~ within h few pe-ce;.t. However ', for 8 > (2/y)*, 

the process (c) dominates over process (d). Furthermore, the cross section 

for the process (a) decreases more rapidly than that for process (c) as the 

angle 6 is increased beyond 8 = (2/y) 3 . Therefore, no advantage is 

gained for reduction of background by taking 8 much beyond (2/y)$. 

3. The angle 0 must not be chosen too large because both the cross 

section and the energy of the photon in process (a) decrease rapidly with 

angle. For the three reasons given above we shall concentrate our discus- 

sions in the neighborhood of angle 6 c.m. = qo". 

The lowest order cross section for process (a) for 1 >> 0 >> y-l can ,' 

be written as* 

where 

z=ya2, 
2 (2) 

The numerical result is given in column 4 of Table I. The c.m. angle of 

process (a) is given by 

cos 8 1 - z 
c.m. =l+z * 

The energy of the photon produced by process (a) is 

(3) 

cl.! 
a 

= E/(1 + z) . (4) 
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The maximum energies of photons produced by processes (b) and (c) are also 

given by Eq. (4) (in the limit m/E -to), whereas the corresponding limit for 

process (d) is given by 

where M is the mass of the proton. The radiative corrrection 6 to pro- 

cess (a) can be written as* 

doa da 
- = 222 (1 f 8) 
dflk dRk 

where 

6=-% /&(Ri+-)-;)(&2y-1) (7) 

and R = ma/h (see Fig. 1). Equation (6) represents the area under the 

curve from A to ma as shown in Fig. 1. 

For E = 15 BeV and z = 1 we have* 

R 6 

200 -0.18 

100 -0.15 

50 -0.12 

25 -0.08 

10 -0.04 

5 -0.008 

For process (d), the energy-angle distribution of the bremsstrahlung is quite 

adequately given by the SommerfeLd-Schiff formula:'* except that at large 

--. 

angles and large photon energies one has to add minor corrections due to the 
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proton form factors and kinematics. The Sonnnerfield-Schiff formula is 

dud c-1 2CXrE 
Y2 

ml - Y> (2 t YJ2. 
=- 

d.Cldti Schiff 'w (1 + Q" - (1 +4)" (8) 
- 2y + y* Vti(l _ fj' 

~- - .- --w 
1 + 4L)' (1 -i- Q4 I 

2=?.a[z.y(y-1 - 1) ] 1 
where & E y*f.j2 and y = co/E. When 8 Q y' , we have 4 >> 1 and the above 

formula can be considerably simplified. A numerical example of the behavior 

of this formula is given in column 5 of Tahle 1. In column 6 we give the re- 

sult obtained by numerically integrating the exact matrix element5 for pro- 

cess (d) with the effects of form factors, magnetic moment, and recoil of the 

proton included. As is to be expected, the difference between the two re- 

sults is noticeable only for large angles and large y energies. In general, 

due to the functional behavior of the integrand, the numerical integration 

is less reliable at small 8 and small (I) because of the round-off errors, 

whereas for large 8 and (I) the integrand is less singular and the results 

are reliable to within 1s. Thus columns 5 and 6 are complimentary to each 

other; namely, for small 8 and cu the results of column 5 must be used and 

for other cases the results of column 6 must be used. The starred quantities 

in Table I denote the less reliable values. 

For the process (c), some heroic efforts were required to obtain the 

necessary cross section. It is convenient to discuss this process in the c.m. 

+ 
system of the incident e - e-. In the c.m. the cross section must be sym- 

metric with respect to 90' because of symmetry under charge conjugation. There 

are “8” diagrams contributing to this process. For small ec m , the two dia- . . 

grams shown in Fig. 2a dominate the cross section,whereas for ec m w 180' . . 
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the two diagrams shown in Fig. 2b dominate. Although we are primarily inter- 

ested in the angular range ec m f 0, 180' , we found that a very compact . . 

formula (yet numerically quite accurate) can be obtained in the following way: 

1. By considering the two diagrams in Fig. 2a, the integration can be 

done exactly. After expanding the ,esult in le~~~a of a double power series 

in 
(p2 

* k)/(pi + p2 - k)2 and m*/(pi -t p, - k)*, and keeping only the 

lowest power terms, the result can be written as6 

CXr*cu 0 c.m. 4m*y(l - Y> 2m4y2(l - y) 
= 

- u3 
f 

4n U4 c m 
. . 

(9) 

I 

6-6y+2y2 10ym2 
(y-i-1) - +- 

U2 U 

where Y = Wc.m./Ec m , Y, m = EC m /m , and u = (p, l k). . . . . . . 

By the nature of its derivation this formula is expected to be correct for - 

8 c.m. cc $ and 

section into the 

Lu 
cm <<Ecm ' In fact, if we transform this cross . . . . 

laboratory system and make a small angle expansion of (p, * k) 

we obtain exactly the same log terms as those of the Sommerfeld-Schiff 
1 

formula. The near identity of the small angle (Q << Y7) energy-angle dis- 

tribution of bremsstrahlung in the laboratory system for e - e and e - p 

scatterings is due to the fact that in both cases the minimum momentum trans- 

fer to the target can be written as 

I I 

m4i02(1 + y2e2)* 

<in z 4E2(E _ u)2 
<< m* (10) 

Furthermore, gin << m2 
I I 

implies that the target electron receives hardly 

any recoil at all most of the time, and hence the fact that the target elec- 

tron is not infinitely heavy is completely inconsequential. 
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2. We can obtain a similar 

'9 = 
c.m. 

180' by considering only 

suit is, of course, identical to 

P, * k +p, * k in Eq. (9). 

? _ - L?OW we propose that Lhe 

expression for the cross section valid near 

the two diagrams shown in Fig. 2b. The re- 

-the one obtained by making a replacement 

s-mmati,xi of tk ? t?:~ expressions obtained 

in step 1 and step 2 represents approximately the desired cross section. From 

the derivation of these two cross sections (small angle expansion, neglect of 

interference between Fig. 2a and Fig. 2b, and the total neglect of annihila- 

tion diagrams) our proposal seems completely unzustified. However, a com- 

parison with the numerical results of S. M. Swancon's exact calculation 

(column 8 of Table I) shows that the formula thus obtained is correct to within 

2C$ even at 0 c.m. x 90' and the error is less than 15% for 'Jc m = 60'. . . 

By symmetrizing Eq. (9) and tranforming the result into the laboratory sys- 

tem we obtain the following simple expression which is valid for 70 >> 1: 

where Y = dmrnaJ and urnax = E/(1 + g). The numerical result of this 

expression is shown in column 7 of Table I. Column 8 of Table I was obtained 

by S. M. Swanson, using his computer program for taking traces of 7 matrices. 

The analytical expression for the exact matrix elements (all 8 diagrams) 

squared contains over 800 terms after cancellations. The computer generated 

this expression in less than a minute. (It probably took Votruba8 and Hades' 

more than a year to obtain similar expressions !!!) The numerical integration 

+ - 
with respect to the final e e was then carried out using this exact expres- 

sion. Due to the singular nature of the integrand there are some round-off 
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errors in the numerical result, especially at small LU and small 8. The 

round-off error is estimated to be less than 5s. 

We have not investigated in detail the process (b) except for its effect 

in the neighborhood of the spike in Fig. 1. An expanded version of Table 1 

from Y = 0.5 BeV upward will be constr?ctei jay D-I-. Andrew Dufner at SLAC. 

We hope the experimenters will be able to use these tables to obtain an opti- 

mum angle 8 and to estimate the number of background tracks due to Compton 

electrons and electron pairs in the bubble chamber. If the scheme proves to 

be feasible, then our tables can be used to estimate the incident flux of the 

photons for various photoproduction experiments. 

The authors wish to thank Sam Howry and Charles Moore of SlAC's Computa- 

tion Group for carrying out all numerical work for this paper. 
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FIG. 1 -- A TYPICAL GAMMA SPECTRUM OF POSlTpON -HYDROGEN 
ATOM COLLISION AT A FIXED ANGLE, 
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FIG 2 --.(a) THE TWO DIAGRAMS WHICH DOMINATE SMALL ANGI,E ( ec,,,- 0 ) 
BREMSSTRAHLUNG IN THE e+ e- CGLLISION. ( b) CORRESPONDING 
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