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Abstract 

A 450 Mev electron 350 Mev positron linear ac- 
celerator system is described which has been designed 
as an injector for a storage ring. Several positron 
containment systems are considered and a stepped 
solenoidal magnetic field is chosen as optimum with the 
converter immersed in the high magnetic field. The 
parameters of this systetn are derived for maximum 
positron beam within specified energy spread and emit- 
tance. Performance is reported for initial operation at 
40 Mev positron energy. 

Introduction 

Experiments with high energy colliding beams 
of electrons and positrons offer a possible field of 
spectacular developments for high energy physics. 
Such experiments provide a unique opportunity for a 
consistent and direct exploration of the electromagnetic 
properties of elementary particles.’ Most of the annihi- 
lation processes take place through the conversion of 
the c+ - e- pair into a virtual photon of mass equal to 
the total center-of-mass energy. The photon then con- 
verts into the final products. Because all of the energy 
of collision is in the laboratory frame, 1.5 Gev energy 
per beam is sufficient to produce elementary particle- 
antiparticle pairs of highest known rest mass. 

.4 major application of this accelerator will be 
for injection of e- and e+ beams into a 30 meter orbit 
diameter storage ring for further acceleration at 9.5 
megacycles to 1.5 Gev. Because of the nature of the 
storage ring injection conditions, the accelerator is 
designed to optimize the product of energy and l/3 
power of current of the e- and e+ beams within the 
limits of & l/Z% energy spread and 10m3 radian centi- 
meter emittancc. 

The linear accelerator beams at the end of the 
high current section and at the end of the high energy 
section will also be used directly for experiments, 
many of which will require narrow energy spread and 
maximum average current. For example, the e’ beam 
can be used for production of a nearly monoencrgetic 
photon beam of smoothly controllable energy for photo- 
nuclear research. 

The accelerator consists of 12 guides, each 
pulsed with 10 megawatts peak, 12 kilowatts average 
r-f power at 2856 mc from six klystrons. Thefirst four 
guides produce 27 megawatts electronbeam power at 65 
Mev and 0.42 ampere peak at the positron converter. 
The next eight accelerator guides increase the total out- 

put electron energy to 450 Mev at zero currentand ac- 
celerate positrons to 350 Mev. Calculated total e+ 
current is 1600 microamperes peak and 1.28 micro- 
ampere average, with 32% within f l/2% energy spread 
and 10W3 radian centimeter emittance. 

Positron Generation 

Bremsstrahlung x-rays generated by the decel- 
eration of electrons in a high z converter cause pair 
production and some of the positrons escape from the 
converter. The e+ intinsity is relatively uniform over a 
large solid angle because of elastic scattering of the 
pairs prior to escape. For example, the r . m. s . scatter 
angle for an 8 Mev positron originating 0.1 radiation 
length from output face of converter is about 0.8 radian 
and the energy loss by ionization in this distance is about 
1 Mev. 

R’Ieasurements’ of c+ yield on axis as functions of 
incident e- energy from 55 Mev to 220 Mev, target thick- 
ness from l/2 to 3 radiation lengths and c+ emission 
ener&yfrom 6 Mev to 100 Mev show that the yieldis es- 
sentially flatandoptimumfor target thickness from one 
to two radiationlengths witha broadoptimumfor positron 
emission energy at about one tenth the incident electron 
energy. 

The e+ yield in the above measurements’ can be 
approximated by: 

i+ = 240 1 -F- (AV+)(O)(P), 
t 1 (1) 

WhC?X 
9 = pamps peak positron current, 
AV+ = Mev positron enerm spread, 
a = Steradians, 
P = Megawatts peak electron power at converter, 
V- = Electron energy at converter. 

The first four sections of the accelerator pro- 
duce a total energy of 105 Mev at zero currentwith load 
line to half this energy at 0.55 ampere. For this load 
line, the above equation gives maximum positron cur- 
rent of i, = 4(AV+)(0) millampere peak per Mev ste- 
radian at 65 Mev electron energy andmore thangO% of 
this current from 53 Mev to 77 Mev. 

Positron Transmission 

Several positron containmentsystems are dis- 
cussed below and summarized in Table I. Eight Mev 
emission kinetic energy and 2 cm diameter useful 
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aperture are assumed. The waveguide irises vary from 
2.96 cm to 2.09 cmdiameter over each of the eight 5.04 
meter long guides. The distance is 5.2 meters from 
converter to output of the first guide and 43 meters to 
output of the eighth guide. 

No Focusing 

0 0 
av_2_r 

‘T n 60 
for $ << 1 (6) 

0 

At 8 Mev injection and full acceleration, positrons 
With acceleration, the relativistic length is fore- 

shortened according to the relation: 
^l, 1, 

beyond 0, = + 0, - 0.0053 radian are lost on the guide 
irises. This limits transmitted AV to 0.11 Mev at 
$ = 0.25 radian, giving 90 pamps total positron 

‘1 L =L- 
e Y2 - y1 

In + 
1 

where y1 and ~2 are total energy in rest mass units at 
beginning and end of acceleration. For 348 Mev energy 
gain over the eight sections, the above lengths fore- 
shorten to two meters to end of first section and 3.8 
meters to end of eighth section. Without focusing, e’ 
transmission is low and is a fast function of total 
acceleration. 

Full Length Uniform Solenoid 

Positrons emitted on accelerator axis in a 
uniform axial magnetic field followhelices tangcnl to the 
accelerator axis. The helix radius, p is dcfincd I)y: 

mc 
Hp = -+ pt* = 1706l~t* Laws centirnclcl’, w 

current. 

Stepped Solenoid 

where pt* is transvcrsc fno~~~cnlun~ in units of mot , 

mum, for which II = 2400 gauss. At the &nverter, 

p 

For lob3 rad cm cmittancr at 350 Mcv, I),* = 0.7maxi- 

z * = 16.6 and thc’solid angle is 

( A 
2 

7r Pt*/P7* = 5.6 X 10 
-3 

stcratlian. 

(<I =($I coi’(t vrr’lTAv) + sin’6 &l 

where: 

(8) 

By combining the short high field solenoid before 
acceleration with the lower field full length solenoid over 
all eight guides, the positron transmission is made 
independent of final acceleration energy and the total 
transmission is maximized. Positrons emitted from 
axis with energy different from VT by AV describe 
hclices of smaller radius in the high intensity field HI 
than in the low intensity field H2 because they keep their 
radial momentum in the transition from high to low 

magnetic field. Thus, the acceptance solid angle de- 
creases for off-energy positrons according to: 

: = (vT”*vy($ (7) 

Positron current at spectrum peak through first and 
eighth guides is 22 pamps/Mev, with or without accel- 
eration. 

Short Solenoid Only 

With the converter immersed in a short high 
intensity magnetic field, positrons complete one half 
cycle of helix in a “focal length”, 

f = 1.05 x 104 VT/H1 cm (4) 

Figure 1 shows curves of solid angle for off- 
energy positrons. Curves A, B and D show that for 
chosen value of HI, the emission energy spread to half 
intensity accepted by H2 varies linearly with H2. Since 
52, is independent of 112, the total positron current 
varies linearly with I$. However, if the beam transport 
system beyond the accelerator accepts a limited emit- 
tance beam, then this puts an upper limit on the useful 
product of H2 and aperture area. With limitation on 
useful output emittance, the larger aperture of L-band 
(1300 me/s) guide would permit use of lower H2 but 

would not provide higher transmission than S-band 
(2856 me/s) guide. 

For Do = 0.2 steradian solid angle acceptance at con- In Figure 1, curves C, D, and E show that for 
verter (emission angle 0, = 0.25 radian) the length of fixed H2 the emission energy width is relatively inde- 
solenoidal field for helix half cycle is 6.2 cm. At pendent of HI, which may therefore be tuned for optimum 
Hi = 14,389, VT, = 8.51 Mev and positrons of 8 Mev positron emission energy. Curve B represents condi- 
kinetic energy will emerge from HI parallel to the axis tions for this accelerator of H2 = 2400 gauss for low3 
and offset from it by the helix diameter. Positrons of radian cm emittance at 350 Mev. Integration under I) 
energy different by AV leave H1 with corresponding curve B for3.5 Mev usefulenergy widthand no = 0.2 . 
radial momentum, pt, and radial angle, steradian gives 0.4 Mev steradian and total positron 
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transmission of 1.6 milliamperes peak. 

Quadrupole Lenses 

In a very long accelerator, economics require 
that solenoid focusing be usedonly for alimited distance 
after the converter, beyond which quadrupole focusing 
can be used. A logical point for transition from long 
solenoidis where the beam emittance permits placement 
of the quadrupole sets between accelerator sections. 
Quadruple sets could be used between sections for the 
last four guides for positron energies above 175 Mev. 
However, for maximum positron current over the full 
range of output energy from a few Mev, solenoids are 
preferred over the full length of accelerator, provided 
the corresponding emittance is usable. 

Thin Lens 

Positron yield has been measured3 in an accel- 
erator with 17 Mev electrons incidenton a positron con- 
verter using a thin lens with 0.03 steradian maximum 
acceptance solid angle and long solenoids over two 1.5 
meter L-band accelerator sections producing 600 to 800 
gauss. The optimum emission energy for the converter 
was found to be about one-tenth the incident electron 
energy. 

The focal length of a thin lens is proportional to 
V(1 + V) where V is the positron energy in Mev. Posi- 
trons emitted at angle o_ with off-energy V will leave 
the thin lens with radial”angle 

pt* e z---g=9 
r P 

Z 

(9) 

0 
AV l_r 
” - 2 e. 

for V. >> moc2 and y << 1 (10) 
0 

Comparison with eq. (6) shows that the thin lens 
transmits n/4 of the energy spread and total positron 
current transmitted by the short solenoid. There are 
also difficulties at 8 Mev in achieving the required 
magnetic field in a thin lens to collect 0.2 steradian 
solid angle, 

Positron Source Size 

Multiple scattering of the incident electrons 
causes a spreading of the brehmsstrahlung lobe to about 
*6’ at 15 per cent intensity, which, in turn, causes a 
spread in positron source diameter of about one mm. 
With 0.42 ampere incident electron beam, the pulse 
heating of the converter is about 170°C per microsecond 
for two mm diameter focus of uniform current density. 
For one mm focal spot the normal 3.2 psec pulse length 
would have to be shortened to about one I.rsec to limit 
pulse heating. Thus, the effective positron source size 
can be about two mm diameter at short pulse length and 
three mm diameter at full pulse length. 

The effect of positron source size has been cal- 
culated4 for this accelerator with stepped solenoid. The 
total current transmission is reduced to 96% for two mm 
diameter positron source of uniform emissiondensity 
and to 76% for three mm diameter. 

The specified output emittance limits useful 
source emittance at 8 Mev to 0.04 radian cm corre- 
sponding to about 3 mmdiameter at 0.25 radian. Hence, 
fro = 0.2 is a suitable design choice. 

Output Positron Enerq Spread 

In a high energy machine of the type described 
here, phase spreadof the impinging electron bunch (less 
than E”) and phase spreadintroduced by the range of flight 
paths over the acceptance solid angle after the converter 
contribute to energy spread. Summing these and all other 
contributions to phase error such as klystron andinjec- 
tion phase errors with i: l/4% pulse voltage accuracy 
and waveguide phase errors with f 0. l°C temperature 
control, for the worst condition the 17O positron bunch 
drifts from 1. @to 3.7’ in each of the guides after the 
converter.5 Other contributions are due to positron 
energy spread from the converter, klystron power vari- 
ations and an assumed 1% due to variation of accelerating 
energy gradient over the two cm aperture. The r . m. s. 
sum of all contributing factors is 2.4% energy spread, 
containing 68% of the total positron current. The cal- 
culated portion of total current within 1% energy spread 
is 32%. 

Measurements at 40 Mev 

Figure 2 shows a cross section of the converter 
region and Figures 3 and 4 show the accelerator ar- 
rangement used forthesetests with four guide sections 
before the positron converter and one section after the 
converter. 

During the first few hours of operation of this 
system, the following results were obtained: 

(1) 1400 microamperes total peak positron 
current. 

(2) 600 microamperes peak positron current 
within 3 Mev energy spread. (Pulse ampli- 
tude of r-f power to the first section after 
the converter was low and had not been 
tuned flat. It was a major source of energy 
spread. ) 

(3) Optimum positron current at 9 Mev kinetic 
energy of emission from converter at 
16,000 gauss, dropping to 85% at 6 Mev, 
50% at 3 Mev energy of emission. 

(4) Maximum positron current at 300 milli- 
amperes electron current on the converter 
at 76 Mev, dropping to 2/3 this current at 
170 milliamperes electron current at 89 
Mev. The accelerator has produced 550 
milliamperes at the converter but positron 
yield has not yet been measured at electron 
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current above 300 milliamperes. 
(5) The electron current was comparable to the 

positron current but at lower energy. 
(6) Positron current was approximately pro- 

portional to magnetic field of the long 
solenoid . 

(7) Positron current with long solenoid turned 
on but with short solenoid turned off was 
about 50% more than the calculated value 
listed on line 3 of Table I. This suggests 
that the yield for small solid angle on axis 
may be higher than indicated by the Orsay 
data’ used for this calculation. 

(8) With short solenoid turned on but long 
solenoid turned off, positron current was 
about l/5 the calculated value listed on line 
5 of Table I. A point source was assumed 
for the calculation. The acceptance of the 
section without long solenoid is only 6 
milliradian centimeters, whereas the 
source emittance for 2 mm diameter and 
0.2 steradian is 30 milliradian cm. 

The total positron yield reported here corre- 
sponds to transmission of 4.7 x 10-3 positrons per 
incident electron. 

I Arrangement 

Short I I Low 
Solenoid Solenoid 

Acceleration One Guide 1 Eight Gq 

NO NO NO 0.046 fiA/Mev 0.0007 fiA/Mev 

NO NO Ye.9 0.33 fiA/Mev 0.09 LLA/MW 

NO Yt?8 Yes or No 22 rA/Mev 22 fiA/Mev 

Yes NO NO 10 @A 8 FA 

Yes NO First guide only 180 pA 40 /JA 

YfY3 NO Yes 160 PA SO PA 

YeS Yes Yes or No 1600 /IA 1600 MA 

(1) 

(2) 

(3) 

(4) 

(5) 
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