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A positron beam of intensity 7 × l0 s positrons per pulse* (60 
pu,lses per second~ has been obtained with the Stanford electron 
linac. The energy is 300 MeV and the energy spread is 2 %. The 

method of production of the beam and the factors involved in 
maximizing the intensity are discussed. 

1. I n t r o d u c t i o n  

T h e r e  h a s  r e c e n t l y  b e e n  c o n s i d e r a b l e  i n t e r e s t  in  

t h e  p r o d u c t i o n  of p o s i t r o n  b e a m s  for  e x p e r i m e n t s  

u t i l i z i n g  e i t h e r  p o s i t r o n s  1'2) o r  t h e i r  a n n i h i l a t i o n  

g a m m a  r a y s  3 -  ~). P r o d u c t i o n  a n d  use  of p o s i t r o n s  

f r o m  t h e  M a r k  I I I  a c c e l e r a t o r  8) d a t e  f r o m  1958 

/- KLYSTRONS RADIATOR~ r--SOLENOID ' 

Fig. 1. Schematic drawing of the Mark 11I accelerator. 

a c c e p t e d  b y  the  m a c h i n e .  T h e  b e a m  is m o m e n t u m -  

a n a l y z e d  b y  t h e  d o u b l e - d e f l e c t i o n  m a g n e t  s y s t e m ,  

j u s t  as  is  t h e  u s u a l  e l e c t r o n  b e a m .  P o s i t r o n s  m a y  

a lso  be  p r o d u c e d  in  a r a d i a t o r  a t  t h e  e n d  of  t h e  

a c c e l e r a t o r ,  i n  f r o n t  of  t h e  a n a l y z i n g  m a g n e t s .  

H o w e v e r ,  w i t h  t hese  m a g n e t s  t h e  y i e l d  of p o s i t r o n s  

( re f s .9 ' l ° ) ) .  A t e c h n i q u e  has  b e e n  e v o l v e d  w h i c h  

yJLelds h i g h - e n e r g y  b e a m s  of  use fu l  i n t e n s i t y ,  h i g h  

p u r i t y ,  g o o d  o p t i c a l  p r o p e r t i e s ,  a n d  r e a s o n a b l e  

e n e r g y  s p r e a d .  

F i g u r e  1 shows  a s c h e m a t i c  d r a w i n g  of  t h e  ac-  

c e l e r a t o r .  E l e c t r o n s  a r e  a c c e l e r a t e d  f r o m  t h e  g u n  

to  t h e  r a d i a t o r ,  w h e r e  t h e y  p r o d u c e  p o s i t r o n s  b y  

p a i r  p r o d u c t i o n  f r o m  b r e m s s t r a h l u n g  g a m m a  rays .  

T h e  a c c e l e r a t o r  fo l lowing  t h e  r a d i a t o r  is  u s e d  to  

a c c e l e r a t e  p o s i t r o n s .  T h i s  is  e a s i l y  done  b y  in-  

t r o d u c i n g  a 180 ° p h a s e  sh i f t  i n  t h e  rf  p o w e r  fed  to  

t h i s  p a r t  of  t h e  a c c e l e r a t o r .  T h e  s o l e n o i d  p r o v i d e s  

focus ing  w h i c h  i n c r e a s e s  t h e  n u m b e r  of p o s i t r o n s  

* See: note added in proof, p. 50. 
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and the pur i ty  and optical propert ies of the beam, 
are inferior. 

In the positron-acceleration technique, the 
m ax i mum  beam intens i ty  is obta ined by  ac- 
celerating the relat ively large number  of low- 
energy positrons produced at shower max imum in 
a thick radiator.  These positrons emerge from the 
radia tor  with energy ~ E~, the critical energy for 
the radia tor  material .  We assume throughout  tha t  
the incident  electron energy E -  and the final 
posi tron energy (after acceleration) E + are much 
greater  than  E~. We will also assume that  E + cor- 
responds to full use of the accelerator downstream 
of the radiator .  (Lower posi tron energy may  be 
obtainect by  turning off klystrons,  or phasing them 
so as to decelerate. A moderate  reduct ion in beam 
in tens i ty  results from this procedure.) 

2. Radiator Material 

Using very  crude approximat ions  to the results 
of shower theory,  it can be shown that  the atomic 
number  (Z) of the radia tor  material  should be as 
high as is convenient.  We consider, for a given 
incident  electron energy, a radia tor  of thickness 
such tha t  the shower reaches its max imum multi-  
plicity of positrons and electrons. Three factors 
must  be considered: the total  number  of positrons 
emerging from the radiator,  their  energy distr ibu- 
tion, and their  angular distribution.  

The differential energy spectrum of the emerging 
positrons is roughly proport ional  to (E + Ec)-2  
for E~ < E < E  , where E is the posi tron ener- 
gy ~ ~ ). Below Eo ionization loss and, to some extent ,  
multiple scattering limit fur ther  rise of the differen- 
tial intensity.  The total  number  of positrons is thus 
approximate ly  proport ional  to I/E~, and the 
major i ty  of the positrons have energy ~ Ec. The 
radiator  material  is important ,  since E~ is close.ly 
proport ional  to 1/Z. 

The angular distr ibution of the positrons must  
al~o be considered. Excep t  for a logarithmic 
dependence on E, the accelerator accepts all 
positrons with transverse momen tum EO~ less than  
some limiting value. This result is implicit in eq. 
% (~,j, section 5. On the other  hand, the angular  

distr ibution of emerging positrons is characterist ic 
of multiple scat ter ing in a thickness ~ 1 radiat ion 

length for E > E c. The multiple scat ter ing will thus 
introduce a root mean  square t ransverse mo- 
men tum ~ 20 MeV/c independent  of E, so long as 
the mean scat ter ing angle is < 1 radian (E > 20 
MeV). This transverse m o m e n t u m  is much greater  
than  tha t  which can be accepted by  the ac- 
celerator. Thus, the probabi l i ty  of acceleration is 
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Fig. 2. Positron beam energy spectra.  Tile solid line is for zero 
solenoid current;  the dashed line is wi th  solenoid cur rent  
adjusted for ma x imum intensi ty.  The spectra  are normalized 
to equal height. The difference in shape may  not be significant, 
owing to the  difficulty in maintaining various accelerator 
pa ramete rs  constant .  An approximate  resolution function, 
determined by  the analyzing magnets ,  is shown by the t ra-  
pezoid. The radia tor  was 2.5 radiat ion lengths of copper, 
critical energy 22MeV; the electron energy ] Z - ~  350MeV; 
the positron-accelerating pa r t  of the linac was set for an  energy 
gain of 300 ~ 10 MeV. The low energy tail is noPmal for ei ther 
electrons or positrons and results  from imperfect acceleration of 

some of the beam. 

approximate ly  independent  of E for E > 20 MeV, 
owing to the propert ies of the accelerator and the 
multiple scattering. The differential  enerLy spec- 
t rum then is the dominant  factor, and the low 
energy positrons are the most  important .  Figure 2 
shows results which confirm this conclusion. A 
copper rad ia tor  2.5 radia t ion lengths thick was 
located as shown in fig. 1. The low value of E -  is 
due to the fact tha t  the recent 100 foot addi t ion  to 
the front end of the accelerator had not  ye t  been 
completed.  

11) B. Rossi, High Energy Particles (Prentice-Itall, New 
York, 1952) Ch. 5; and H. J. Bhaba  and S. K. Chakrabar ty ,  
Phys. Rev. 74 (1948) 1352. 
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The preceding discussion indicates that  the 
maximum positron beam intensity should be 
proportional to Z. However, for Z ~> 30, Ec is 
:< 20 MeV, and severe multiple scattering should 

result in weakening the increase with Z. The 
logarithmic term in the transverse momentum 
a, cceptance of the accelerator also acts to weaken 
the Z-dependence. However, there remain two 
tactors which favor high Z. The first is that the 
energy spectrum of the accelerated positrons should 
be sharper (zip ~ Eo in the crudest approxima- 
tion), and the second is that  the lateral spread of 
the shower positrons will be less (since the number 
of centimeters per radiation length is smaller). The 
latter factor is moderately important for the Mark 
III  accelerator, which has an internal radius of 
0.411 inches. 

We have experimentally compared copper and 
tantalum radiators of thickness 2.5 radiation 
lengths with E -  ~ 350 MeV and E + ~ 300 MeV. 
The beam analyzing magnets were set to accept a 
4% momentum spread. The ratio of the intensity 
from tantalum to that  from copper was 1.75 + 0.25. 
(The relatively large experimental uncertainty 
arises from the difficulty of maintaining various 
accelerator parameters fixed during the com- 
parison.) The critical energies of copper and 
tantalum are in the ratio 2.6: 1, so that  the crudest 
culations12). At present, with E -  ~ 650 MeV, a tan- 
talum radiator 3.2 radiation lengths thick is used. 

3;. Radiator Thickness 

For E -  m 350 MeV the yield from tantalum was 
measured as a function of radiator thickness. The 
maximum occurred at 2.5 radiation lengths and 
there was little change from 2 to 3 radiation lengths. 
This is consistent with Wilson's Monte Carlo cal- 
culations12). At present, with E -  ~ 650 MeV, a 
tantalum radiator 3.2 radiation lengths thick is used. 

4. Radiator Location 
The positron intensity (assuming optimum ra- 

dLiator thickness) increases linearly with E - .  The 
intensity is also roughly proportional to [log 
(E+/Ec)] -2, since the angular acceptance of the 
accelerator is approximately proportional to Elog 

13) R. R. Wilson, Phys.  Rev. 86 (1952) 263. 

(E +/Ec) ~ -1. The critical energy appears here as the 
injection energy; and magnetic focusing has not 
been considered. (For the solenoidal focusing 
discussed below, the conclusion remains valid.) 
Thus, for maximum current two factors favor 
placing the radiator near the end of the accelerator. 
However, other considerations oppose this con- 
clusion. The experimental requirements establish 
a minimum useful E +, the available electron beam 
intensity decreases somewhat with increasing E - ,  
and the relative momentum spread at the end of 
the accelerator which results from the initial 
energy spread of the positrons is smaller for 
higher E +. 

From considerations of convenience and of the 
requirements of the planned experiments the 
radiator location shown in fig. 1 has been developed 
initially. At present, apparatus is being con- 
structed for positron production nearer the gun. 
The lower electron energy will seriously reduce the 
intensity, but the desire for E ÷ ~ 1 GeV makes 
the choice necessary. 

The radiator should be as close as possible to the 
succeeding accelerator section. This is important 
because the transverse velocity of the particles is 
rapidly reduced as they are accelerated. We have 
found an increase in beam current of approximately 
a factor of 4 in moving the radiator from a point 
3} in. from the accelerating field to a point 2 in. 
closer. The procedure which has been adopted is to 
place the radiator as close as is permitted by rf 
considerations. For the Mark III  accelerator ½ in. 
is currently the minimum distance. Magnetic lenses 
could be used to image the radiator inside the 
accelerator, but in order to be effective the system 
would have to be approximately achromatic for 
A E / E  ,,~ 1. 

5. Magnetic Focusing 
The simple theory outlined below was used to 

evaluate the performance of solenoidal focusing 
immediately following the radiator. A solenoid 
eight feet long has been installed, and the beam 
intensity was increased by a factor of 5. The fol- 
lowing assumptions are made in the calculations: 

1. The positrons are extremely relativistic, so 
that  v = c, and pc ~ E. 
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2. The positrons are emit ted from a point source 
on the accelerator axis. 

3. The positrons are accelerated by a uniform 
electric field, parallel to the accelerator axist. 

4. The magnetic field is uniform over the length 
of the solenoid, and parallel to the accelerator axis, 
and drops abrupt ly  to zero at each end of the 
solenoid. 

Although assumption 1 is the only completely 
justifiable one, the others result in great simplicity 
and little loss of usefulness. 

In cylindrical coordinates, let z be the distance 
along the axis of the accelerator, measured i rom 
the positron radiator,  while r and ~ are the radial 
and azimuthal  coordinates. Let e be the positron 
charge, ea the positron energy-gain per unit  length 
along the accelerator, and H the solenoid field. 
Gaussian units will be used. Consider a positron 
produced at (z -- 0, r = 0, q~ 0) with energy Ei, 
which immediate ly  enters the region of uniform 
magnetic and electric fields. The motion is given by 
the following equations: 

- -  (H/2a) In [(aez + E l ) / E l ] ,  (la) 

r = (2EiOi/He) l s i n  ~ i ,  (lb) 

where 0~ is the angle at injection between the 
positron velocity and the z axis. The path  is a helix 
of constant  radius E f l J H e ,  with its axis parallel 
to the z axis and displaced a distance EiOi /He  
from it. The pitch of the helix increases as the po- 
sitron is accelerated, since d cb/dz is proportional to 
(z + E i / ea  ) - 1  

In the l imit  H -+ 0, sin q~ ~ qs, and eqs. (la) 
and (lb) yield the result: 

EiO i [agZ_ + E i ]  r = In (2) 
ae [ E i 

which applies to a constant  gradient  accelerator 
with no solenoidal focusing. 

In assessing the effectiveness of a solenoid, the 
orbit inside it is found from (la) and (lb) while the 

t The Mark I I I  is not  a cons tan t  gradient  (i.e., uniform 
field) accelerator.  However ,  an  approx imate  solution tak ing  
account  of the  non-uniforln gradient  differs by  only a few per  
cent  from the  cons tan t  gradient  case wi th  the  gradient  set  
equal to i ts  average value. 

orbit downstream of it is found from (2). We as- 
sumed tha t  H changes abrupt ly  from a constant  
value within the solenoid to zero outside it. The 
positron orbit has continuous values of r, r, and q~ 
across this boundary,  while q~ goes to zero as the 
particle leaves the magnetic field13). (Qualitatively, 
the radial component of H straightens out the 
orbit.) The complete orbit from radiator  to the end 
of the accelerator consists of properly matched 
solutions of (la), (lb), and (2). The displacement 
from the accelerator axis at the end of the machine 
is given by: 

E~Oi sin qO2 ( E 2 )  ( E 3 )  
r3 - -  - -  - -  (3) --  ea q92 In ~ + cosq~21n ~ , 

where subscripts 2 and 3 refer to quanti t ies evalu- 
ated at the end of the solenoid and at the end of the 
accelerator, respectively. 

The beam intensi ty  is proportional to [(01)max] 2, 
where (0i)max is the max imum injection angle for 
which the orbit remains inside the accelerator 
aperture. For an accelerator of constant  inner radius 
r a, (0~)ma x is given by the smaller of the two values: 

z eara [. 171)2 
(0i)max El - - ' ]  

(Oi)max- E i  [ q~2 in ~ i  

(4) 

+ cos q52 in ~-/- . (5) 

Eq. (4) comes from eliminating H from (lb) by  
means of (la). This equation holds if the orbit first 
reaches the accelerator aperture inside the solenoid. 
Eq. (5) holds if the l imiting aperture is at the end of 
the accelerator. For q~2 = re~2, 3r~/2, 5~/2 . . . .  the 
orbit downstream of the solenoid is parallel to the 
accelerator axis (the solenoid focuses at  infinity) 
and both equations yield the same result. For  a 
l imited range of ~b above these values the solenoid 

is) W. K. I t .  Panofsky and 3,I. Phillips, Classical Electr ic i ty  
and Magnet ism (Addison-Wesley, Reading,  Massachuset ts ,  
1955) Ch. 23. 
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focus is sufficiently optimal that  eq. (4) holds; 
otherwise, eq. (5) is correct. Figure 3 shows the 
expected relative variation of (01)ma X with ~2 for 
the eight foot solenoid, assuming energy values 
E i = 8.5 MeV, E 2 = 32.5 MeV, andE  3 = 300MeV. 

The simple theory is expected to be optimistic for 
two reasons. First, in practice the positrons emerge 
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Fig. 3. Calculated and measured relative acceptance angles, 
(19i)max, as a funct ion of ~2-The  curves refer to t an t a l um  ra- 
d.iator, eight toot solenoid, E -  .~ 350 MeV, E + ~ 3013 MeV. 

from the radiator over a finite area determined by 
the size of the electron beam and the radial spread 
of the shower. Second, the positrons have a broad 
energy spectrum. The A ~2 regions show on fig. 3 
are for a range of E~ from 4 to 12 MeV. Experimen- 
tal results (square roots of relative intensities) are 
also shown in fig. 3. If r, is assumed to be reduced 
by a factor ~ 2 inside the solenoid (which is a 
plausible way to take account of the beam size), 
then the height of the theoretical peakg is reduced 
by a factor ~ 2 and reasonable agreement is seen 
in the region near #2 = n/2. The value of H at the 
experimentally observed maximum_ is about 700 
gauss, consistent with expectations. 

It was possible to run the solenoid up to about 
3000 gauss (q52 ~, 2~). At the high fields, ex- 
perimental results were not very reproducible and 
there were indications that  excessive radial steering 
was generated by the solenoid. In no case was an 
intensity comparable to that  for q~2 ~- r~/2 ob- 
served. The dashed extension of the experimental 
curve in fig. 3 represents a rough average of our 

observations. In view of the expected range of 
A q~ 2, it was not anticipated that  higher fields 
would lead to significantly better intensities than  
that  obtained at the first maximum. The measure- 
ment and correction of magnetic asymmetries of the 
solenoid are not convenient and hence have not 
been attempted for this installation. In future in- 
stallations this problem will be given more at- 
tention. 

It was also possible to attain q~2 = g/2 with sub- 
sections of the solenoid 2 feet and 4 feet long, be- 
ginning at the radiator. The maximum intensities 
occurred at values of H consistent with the theory, 
and decreased slowly with the solenoid length, 
being about 20% lower for 2 feet than for 8 feet. 
Ideally, the short high-field case is expected to be 
better, but its larger chromatic aberration (Aq~2) 
plausibly explains the observed decrease. From 
eq. (la): 

d~D 2 a e z  2 d E  i 

q~2 (aez 2 + Ei) In [(aez 2 + Ei)/Ei] E i 

where z2 is the solenoid length. This equation is 
useful in considering chromatic aberration. In the 
limit of an extremely short solenoid (aez 2 ,~ Ei) , 
d c b / #  ,~ d E i / E  i. For a long solenoid (aez 2 >> Ei)  , 

dq~/q5 ~ [ln (E2 /Ei )  l - 1 d E i / E i  and the reduction of 
chromatic aberration with solenoid length is 
apparent. Since eventually one gains only loga- 
rithmically, the eight-foot solenoid is a reasonable. 
choice. 

6. S u m m a r y  

As a resul t  of the work discussed above it has 
been possible to attain a beam intensity of 7 x 106 
positrons per pulse (60 pulses per second) through a 
} in. collimator at the dnd of the accelerator. This 
is for a positron energy of 300 MeV with an energy 
spread of + 1% defined by the analyzing magnet 
system. A typical electron beam under these con- 
ditions is about 5 x 10 l° electrons per pulse, while 
the electron beam incident on the positron radiator 
is about 1.5 x 1011 electrons per pulse. The net 
conversion efficiency from electrons to relatively 
mono-energetic positrons is thus about 5 x 10-s, 
while the ratio of energy-analyzed beams is about 
1.4 x 1 0 - * .  
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Note added in proof: Since the preparation of this 

manuscript, the maximum intensity of the 300 MeV 
positron beam discussed here has risen to about 
3 x 107 positrons per pulse. This is partially the 
result of better tuneup procedures, which have in- 
creased the gain obtained with the solenoid to a 
factor 8, instead of the factor 5 reported above. 
Furthermore, the addition of a prebuncher to the 
accelerator has increased the electron beam in- 
tensity at the r~diator by about a factor 2.5. 


