SLAC-PUB-1969
July 1977
(A)

A CALCULATION OF POSITRON SOURCE YIELDS*

M. B. James, R, H. Miller and B, M. Woo

- Stanford Linear Accelerator Center
Stanford University, Stanford, California 94305

Summary

Two re.cent failures of the positron source solenoid have led to a design study of more
conservative coils. A Monte Carlo program haé been used to calculate the distribution in
phase space of the électromagnetic shower from the target of the SLAC .positron source,
Positron and electron yields were calculated for copper and tungsten targets. A ray trac-
ing program was used to calculate the acceptance of the focusing system. The existing
source makes use of an adiabatically tapered solenoid. The yield of this system has been
compared with 3 alternatives: two possible modifications of the tapered solenoid, and a
focusing system using a short solenoid as a quarter wave transformer. The calculated
yield for the existing system is in reasonable agreement with experimental observation.
Coil Redesign

On June 28, 1976 the high field coil of the SLAC positron source failed with a short to
the ground. The spare failed after a few weeks of operation, when it developed a water
leak at a brazed joint on a mitered bend in the interior of the coil. A third coil assembly,
manufactured from salvaged pancakes and conductor from the first two assemblies, has
run satisfactorily since. We decided to investigate some design changes to make the coil
more conservative, The goals for the new design were: -

1. to eliminate the internal brazed joints in the conductor,

2. to improve the iron configuration in order to achieve equal or higher
field with reduced current density, and

3. to reduce the power consumption of the coil.

The new coil is now under construction and will be installed next spring. The original
and new designs are shown in Fig. la,b, respectively. Removing the inner coil and re-
placing it with iron increased the field at the target, while reducing the total amp turns 25%.
Additional iron outside the coil further increased the efficiency of the coil. Two alternates
of the new design have been considered. The first {new 4~-coil) has only coil pancakes 1,

2, 3, and 4 shown in Fig. 1b. The second (new 6-~coil) has all six pancakes. Table I

Table I. High Field Coil Parameters

; Original New 4~coil New §--coil
Turns 206 120 180
Current 3250 3170 3170
Amp turns 669,500 380, 400 570, 600
Field at target 16.3 kG 17.7 kG 20.6 kG ~
Current density 28.9 A/mm? 26.6 A/mm?2 26.6 A/mm?
Power 388 kW 294 kW 441 kW

*Work supported by the Energy Research and Development Administration.

(Contributed to the Xth International Conference on High Energy Accelerators,
Serpukhov, USSR, July 11 - 17, 1977)
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Fig. 1. (a) Present coil configuration. (b) New coil configuration.



summarizes the properties of the three coil configurations. Figure 2 shows the axial
magnetic field for each of the three solenoid configurations.

The new coil design adheres to the adiabatic taper concept proposed by I-lelml’ 2 and
embodied in the present coil. The new coil was designed by W. Brunk and K. Porzuczek
of tie SLAC Mechanical Engineering Department.

Monte Carlo Program

The distribution in phase space of secondary particles in the electromagnetic shower
leaving the positfoﬁ target was calculated using Ford and Nelson's Monte Carlo program
EGS. 3 This program will caleulate the shower development in arbitrary materials with
arbitrary geometry from primary particles distributed arbitrarily in phase space. In this
study we calculated the showers in copper and tungsten targets from zero radius primary
electron beams at 80 MeV, 250 MeV, 1 GeV, and 7 GeV. The target thicknesses were
chosen for shower maximum except for the 7 GeV runs where the thicknesses were those
actually used at SLAC.

The Monte Carlo program output lists each incident particle, then lists the secondary
particles from that incident particle. The program lists the following infcrmation for
each particle: E = total energy; X,¥,2z = the rectangular position coordinates of the par-
ticle; u, v, w = the direction cosines of the particle momentum vector, relative to the x,y
and z axes, respectively; q = ~1,0,1 the charge on the particle, identifying it as an elec-
tron, photon or positron, respectively; and code—which distinguishes the primary particle
from the secondary particle, and tells why the program ceased to track the particle (e.g.,
when the particle has reached the downstream face of the target). -A program called
"SORT" was written to use the output of the Monte Carlo program. SORT tests each sec-
ondary electron and positron which reaches the downstream face of the target, to see
whether they fall within the admittance ellipsoid of each of the coil configurations.

Ray Tracing Program

We used Herrmannsfeldt's Electron Trajectory Program4t to simulate the key positron
trajectories through each of the four magnetic field configurations. The program uses
relativistic equations of motion to calculate electron trajectories. We were interested in
observing the positron trajectories in 3 field regions, the adiabatically tapered field, the
uniform solenocid, and the fringe field at the end of the uniform solenoid. We simulated
the first 3 meters of the 7-meter uniform solenoid. This does not give the same final
Larmor phase as that of the 7-meter solenoid. The positron trajectories were calculated
at 2.5 MeV intervals. Such large steps means that every Larmor phase is represented
within each step at different energies. The uncertainty inherent in such large steps makes
academic the problem of properly calculating the Larmor phase. We simulated the radial
fields at the end of the uniform solenoid with a linearly decreasing magnetic segment 8 cm
long. Although this is only a crude approximation, it gives us some idea of the behavior

of the positrons in the fringing fields.



Admittance Ellipsoid Transformation

In order to calculate the positron yield it is necessary to calculate the admittance of
the positron focusing systems. Helm2 has calculated the admittance of the quadrupole
focusing system downstream of the solenoid, The x, Py and y, y plane intercepts are
well represemted by erect ellipses centered on the coordmaue system with semiaxes of
0.7 cm and . 22 MeV/c. Since the X and y planes are not coupled in such a quadrupole
focusing system, it follows that the admittance four ellipscid is erect. Thus it can be
represented by the equation

2 2 2 2
+ 2 2 +p 2
Py py 2 X +y pr ! ¢ + T <1 Q)

(.22 MeV/c)®> (0.7 cm)> (.22 MeV/c)> (0.7 cm)®

where Py is the azimuthal momentum, In order to transform this ellipsoid back to the
b

positron radiator, we assumed that the effect of the solenoids could be represented by a
linear transformation, and hence would map a central ellipsoid into a central ellipsoid.
Therefore, the admittance of the input to the solenoid can be represented by the general
equation for a central ellipsoid:

9
Ax” + Bxy + Cy2 + Dpi + prpy + Fpi + Gpr + pry + Iypx + Jypy <1 (2)

The admittance ellipsoid of the quadrupole focusing system has a circular intercept in the
X, vy plane and the Py py plane. It follows from this fact and from the cylindrical sym-
metry of the solenoid that the admittance at the radiator must also be circular in the x, ¥
and Py py planes. The following constraints can thus be placed on the coefficients:
B=E=0 , D=F-=-1/b2, G=Jd=1/c ,
A=C=1/a% | H=uaI=1/d .

The admittance ellipsoid at the radiator can now be written with four constants:

2., .2
X2 - y2 p, + P‘Y Xpy+ Ypy xpy- YRy
+ + + <1. 3)
2 2 c d -
a b
In cylindrical coordinates, which the ray tracing program uses, the equation is:
2
rp. TP
=5 + —-«—-—-9-)- L2 <1 . {4)
c d =
a b
The four constants can be determined by running four particles through the ray iracing

program, A particle with p.=p =( permits determination of a2 while one with r=0 yields

bz. Once these values are know?; a particle originating in the r, P plane, but not near
either axis, gives ¢. Similarly, a particle originating in the rp pldne permits calculation
of d. For a po1m on the surface of the admittance ellipsoid with pT p +p2“0 Eq. (4)
becomes r /'1 =1. However, since for a linear transformation the input and the output
ellipsoids scale, we can pick any initial value r, (for Pp= 0) and write

2
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a” = for p, =0, Pyi =0 ()

p2 r, ¥ i
Tf 5 +< f >
(.22 MeV/c) .7 cm

where subscript i denotes initial values as the particle leaves the target, and subscript {

denotes the final values where the particle leaves the solenoid. Similarly,
Pz-
pZ= = s— _ forr;=0 . (6)
Prg bt .
(.22 MeV/c)2 (.7 cm)?
When p¢=0, Eq. (4) becomes for a point not on the surface of the ellipsoids:

2
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And solving for ¢, and similarly for d, we find
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Having calculated coefficients a, b, ¢, and d for Eq. (4), we ray traced selected particles
which originate on the surface of the admittance ellipsoid. The fact that these particles
came out on the surface of the admittance ellipsoid of Eq. (1) for the quadrupcle focusing
system, verified that the assumption of linearity was correct for energies above 5 MeV.
At 5 MeV and below, the paraxial approximation does not held for transverse momenta of
interest. The admittance is no longer truly ellipsoidal, but we approximated it with
hyperellipsoid calculated using Eqs. (5) through (8). It was necessary to iterate since
linear scaling did not work.

The coefficients are a function of the positron energy. They were calculated for 12
energy values from 2.5 MeV to 30 MeV for each of 4 magnetic field configurations shown
in Fig. 2: (1) the present solenoid starting from the tungsten target, (2) the present sole~
noid starting from the copper target, (3) the new 4-coil configuration, and (4) the new 6-
coil design. In addition, the admittance ellipsoids were calculated for a fifth configura-
tion: an idealized quarter wave transformer solenoid designed for 5 MeV positrons. The
field is 7. 35 kG f9r 5.5 cm downstream of the target; then decreases linearly for 3 em to
2.1 kG. As with the other field configurations, this uniform field extends for 3 m and then
decreases linearly to 0 kG in 8 cm.

Results of Calculations

The radial momentum acceptance gives the best understanding of the performance of
each field configuration. This is true because the distribution of positrons in radial mo-

mentum is very broad. The radial momentum acceptance for positrons leaving the target



since considerable structure appears in the acceptances. The acceptances remain large,
however, over the entire range from 2.5 MeV to 30 MeV. Furthermore, the acceptances
increase wi#h increasing field at the target. The quarter wave transformer behaves as
expected with a large acceptance over only a narrow energy band centered 5 MeV. The
3/4 ) acceptance peak does not show because our calculation did not go low enough in
energy. 4 ' .

In Fig. 4 we present the positron distributions in r, Prps and E for 7 GeV electrons
incident on 5 cm of copper and 1.9 cm of tungsten. These target thicknesses, which are
slightly less than shower maximum, were found experimentally to be optimum with our
present coil, The differential distribution function %—f (r) falls to roughly half its maxi-
mum value at a radius of 1.2 mm for tungsten and at about 1.5 mm for copper. The inci-
dent beam had zero radius. For a finite incident beam radius this distribution must surely
vanish at r=0 and rise linearly for small r. The positron distribution in transverse mo-
mentum for the copper target reaches a maximum value at about 2 MeV/c and remains
constant out to 3 MeV /e while for tungsten it is still rising at 3 MeV/¢c. Thus the posi-
trons leave the tungsten target in a smaller spot but with larger transverse momentum Prp-

The outputs from the Monte Carlo runs were sorted to find the number of electrons
and positrons which fall within the admittance hyperellipsoids for each of the coil config-
urations. The results are presented as percentage yields in Table II. The new coil with
4 pancakes, which uses 24% less power, gives a 26% larger yield than the present coil.

If we increase from 4 pancakes to 6 pancakes and hence increase the power consumption

by 50%, we gain only 6% in e” yields. Clearly the 4 coil design is more reasonable.

Table II. Calculated Yields

e” Yield (%) e vield (%)
Present coil : Cu target 12.0x .7 6.9+.5
Present coil : W target 26,2+ 1.1 16.1 4 .8
New 4 coil : W target 33.5x1.1 20.3+ .9
New 6 coil : W target 35.5+1.1 21.5+.9
Quarter wave: W target 11.1+ .7 7.1+ .5

It is useful to compare the calculated results with the experimental results with the
present coil. The best observed yield with a tungsten target is 12%, as compared with the
calculated yield for the presént coil of 16.1%. It is entirely reasonable that misalign~
ments may reduce the actual 4 dimensional admittance by 25% below the theoretical value.
A few years ago a careful experimental comparison of the positron yield from copper and
from tungsten was made. The yield from copper was 40% of the yield from tungsten, in
reasonable agreement with the calculated value of 43%.

The positron vields for our present coil were calculated for various incident electron

energies from 7 GeV to 80 MeV and are tabulated in Table III. The positron yield divided

-6 -
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Table III. Positron Yields for Various Incident Electron Energies

Incident Yield/E Theoretical Multiplicity
En;r Yield Yield/E Yield at 7 GeV Divided by E and
M 7 GeV Normalized to 7 GeV
7 GeV 6.1 = .8 2.3 %/GeV 1 1
1 GeV - 2.7 +.2 2.7 %/GeV 1.17 1.2
250 MeV .83 1+ .06 3.32%/GeV 1.44 1.44
80 MeV .31 +£.03 3.88%/GeV 1.69 1.82

by incident energy scales reasonably well from the theoretical multiplicity given by
b .
Rossi,‘) divided by incident energy.
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