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ABSTRACT 

A high-gradient, S-band microwave gun with a thermionic 
cathode is beine develoned in a collaborative effort bv AET. 
Varian, and SSRL. A prototype design using an upgraded Varian 
dispenser cathode mounted with thermal isolation directly in the 
first half-cell of a l-1/2 cell, side-coupled, standing-wave cavity 
has been fabricated and is being tested. Optimization of the 
cavity shape and beam formation was done using SUPERFISH, 
MASK, and PARMELA. An overview of design details, as well 
as the status of in-progress beam tests, will be presented. 

INTRODUCTION 
.- 

In a collaborative effort, AET Associates, Varian .4sso- 
-ciata (\‘.4) and the St.anford Synchrotron Radiation Laboratory 

(SSRL) are de\veloping a 2 hleV S-band microwave electron gun. 
In one application it would be an integral part of a VA medical 
or radiographic accelerator. In another application it would be 
part of a SSRL pre-injector for SPEAR as a synchrotron light 
source. In the first case simplicity and compactness are the de- 
sign criteria.-The goal is to be able to mount a cathode directly 
in the first half cell of a standard \?‘A side-coupled, standing- 
wave accelerator section. Thus, the normally-used 20 kV gun 
insulator and pulse-transformer winding would be eliminated, 
but cathode thermal isolation and back-bombardment heating 
problems might be substituted. In the second case, a l-1/2 cell 

i (plus one side-coupling cell) microwave gun will generate a train 
of bunches that will be compressed in time by an alpha magnet 
and narrowed in energy spread by slits built into the alpha mag- 
net. A fast, FET-switched chopper-collimator at the entrance 
to a 150 hleV linac will allow selection of three bunches out of 
the several thousand that are produced over a range of energies 
and during several microwave gun cavity fill times. 

: _- Some of the earliest experiments with microwave guns 
probably were with a hot tungsten filament inserted in the first 
cell of a Hansen Laboratory disk-loaded, traveling-wave accel- 
erator section. Significant current control and energy spread 
problems were undoubtly encountered. More recent efforts at 
Hansen Laboratory’s* involved a separate gun with a lanthanium 

-- hexaboride cathode in a RF cavity, followed by an alpha mag- 
net. Currently, there is considerable interest by some research 
groups to employ laser-pulsed photocathodes,3*4 hot and cold. 
1Yit.h such cathodes, control of the current and pulse length is 
inherently easy, but the system cost and complexity is greatly 
increased. 

DESIGN AND TESTS 

This section discusses a design and tests that are in 
progress with a prototype microwave gun. Figure 1 shows a 
cross-sectional view of this high-gradient l-1/2 cell, S-band gun. 
A demountable cathode structure was designed so that an RF 
choke joint around the cathode stem can be installed if nec- 
essary, and various cathode materials can be tested in the fu- 
ture. The initial design incorporates an alumina thermal barrier 
around the cathode stem. This barrier has been metallized and 
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Fig. 1: Cross-sectional uicu, of the l-1/2 on-aris cells. 

copper-plated (- 0.01 mm). RF contact between the stem and 
the barrier is made via a tungsten-wire spring in the form of a 
toroid to further decrease conductive heat losses from the cath- 
ode. An annular-focus electrode protrudes into the half-cell RF 
fields from the thermal barrier surrounding the cathode. The 
electrode shape was determined using MASK5 to obtain proper 
focusing, while maintaining a high shunt impedance and a high 
accelerating field, Ep, on axis. The gun is over-coupled through 
an iris in the full cell to a standard S-band rectangular waveg- 
uide. For a maximum beam-loading power of 3 hl\v, which cor- 
responds to an average beam energy of 2 Me\’ at 1.5 A, the RF 
power lost in the cavity walls would be approximately 1 hl\V. If 
p o 4 with no beam, the cavity will appear to be matched when 
beam-loaded, as in this example. 

The RF gun employs a high-performance, impregnated- 
tungsten dispenser cathode that is coated with a L’arian- 
developed, emission-enhancing layer in order to lower the effec- 
tive work-function of the activated cathode material. This layer 
is comprised of a sputtered coating of an osmium alloy that is 
crystallographically oriented to preferentially expose a single- 
crystal plane at the emitting surface. The layer microstruc- 
ture is controlled so that the individual crystalhtes are colum- 
nar and are no more than 1000-2000 8, in lateral extent. This 
results in a very narrow spread in the work-function across the 
cathode surface, and permits fully space-charge-limited opera- 
tion at current densities of over 100 A/cm* with moderate tem- 
peratures in order to achieve high intrinsic brightness. Cath- 
odes of this type6 with diameters up to 5.1 cm have been made 
at VA and tested with current densities of up to 140 A/cm*. 
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Fig. 2: Ca thode  current  versus  tempera ture  for a  
lh r ian  1 0 0  A /cm2 d ispenser  cathode.  

M e a s u r e d  br igh tnesses exceed ing  1  x lO lo  A / (m-rad)2  have  b e e n  
recorded.  F igure  2  shows  a  t.ypical, exper imenta l ly -de termined,  

. temperature- l imi ted curve  for such  a  cathode.  
In the hal f -cel l  conta in ing the cathode,  there is a  cut-off 

aper ture  o n  the wal l  oppos i te  to the s ide-coup l ing  cel l  aper ture  
.- that is des igned  to serve  both  as  a  v a c u u m  pumpou t  port  a n d  as  

_  a  svmmetr ica l  RF  perturbat ion,  in  o rder  to m in im ize  f ield d is-  
t c&on  a long  the b e a m  center l ine in  the vicinity of the cathode,  
whe re  the b e a m  is least  stiff. T w o  6  r/s v a c u u m  ion  p u m p s  were  
instal led, o n e  direct ly o n  the first hal f -cel l  a n d  the o ther  o n  the 
input  rec tangular  wavegu ide .  

S ince  the m ic rowave  g u n  current  wi l l  b e  cont ro l led by  vary-  
ing  the ca thode tempera ture  in  a  way  s imi lar  to that p rescr ibed  
in  Fig. 2, a  feedback  circuit  o n  the heater  power  supp ly  wi l l  b e  
necessary  to stabi l ize this current.  T h e  p r o b l e m  is exacerba ted  
by  ca thode heat ing  f rom back-bombardment ,  wh ich  is especia l ly  
character ist ic of RF  guns.  Cavi ty f requency tun ing wi l l  b e  ac-  
comp l i shed  thermal ly ,  a n d  it m a y  inc lude  feedback  to contro l  
the coo l ing  water  temperature.  Tests of the thermal  character-  -  
istics of the cavity a re  in  progress.  Subsequent ly ,  RF  power  wi l l  
b e  app l ied  a n d  the b e a m  character ist ics wi l l  b e  measured .  

T h e  des ign  goa ls  that we re  es tab l ished for the gun,  for op -  
era t ion as  part  of the S S R L  pre- in jector  are:  (1)  for a  current  
densi ty  at the ca thode of J  5  1 0 0  A /cm2, each  bunch  in jected 

L  .- into the l inac shou ld  conta in  at least  log  usab le  electrons;  i.e., 
e lect rons with m o m e n t a  >  8 0 %  of the peak  m o m e n t u m  in  the 
bunch,  (2)  m a n a g e a b l e  back -bombardmen t  power ;  i.e., less than 
5  W  average,  (3)  2  to 3  M e V /c peak  m o m e n t a  in  the bunches,  
(4)  l inear,  mono ton ic  d e p e n d e n c e  of m o m e n t u m ,  p(t), o n  tim e  
for 2 0  to 4 0  ps  dur ing  a  bunch  in  o rder  to a l low bunch  compres -  
s ion  by  a n  a lpha  magnet ,  (5)  wel l -contro l led,  t ransverse b e a m -  
s ize over  a  w ide  range  of ca thode current  densi t ies (10  A /cm2 <  
J <  1 0 0  A /cm2)  for f ield levels  that p roduce  2  to 3  M e V /c peak  
m o m e n t u m  a n d  (6)  r m s  geomet r ic  (unnorma l i zed)  emi t tance of 
less than 3  A  m m  m r a d  in  both  p lanes,  over  the s a m e  range  of 
condi t ions.  

C O M P U T E R  S IM U L A T I O N S  

In this sect ion, var ious  s imula t ions of the g u n  a re  d iscussed 
with regards  to wh ich  paramete rs  we re  var ied  in  o rder  to opt i -  
m ize  the design,  a n d  what  is the pred ic ted pe r fo rmance  of the 
f inal des ign.  T h e  p r imary  tool  for s imula t ing  the g u n  was  the 
p r o g r a m  M A S K , wh ich  is a  ful ly relat ivist ic a n d  e lec t romagnet ic  
part ic le- in-cel l  code.  T h e  p r o g r a m  is very  CPU- in tens ive  a n d  is 
typical ly run  o n  a  super -computer .  For  present  purposes,  M A S K  
was  modi f ied  to run  o n  S S R L ’s V A X  8 8 1 0  computer .  M A S K  re-  
sults we re  tested part ia l ly wi th a  p r o g r a m  ca l led  R F G U N ’ wh ich  
integrates the longi tud ina l  equat ions  of mot ion  in  the p resence  
of the electr ic f ield prof i les ca lcu la ted by  S U P E R F I S H ’ a n d  in  

the absence  of space  charge.  Calcu la t ions with the s imp le r  a n d  
less-accurate  p r o g r a m  P A R M E L A  gave  s imi lar  resul ts lo  those 
g iven  by  h fASK.  

Ideal ly,  o n e  wou ld  s imula te  the ent i re gun,  inc lud ing  the 
coup l ing  cell ,  for a  full RF  pulse,  wh ich  cou ld  b e  as  long  as  2  ps. 
o r  5 7 0 0  RF  per iods  for 2 6 5 6  hlHz. T h e  ca thode wou ld  emi t  
part ic les throughout  the s imulat ion,  a l though at first these par -  
t icles wou ld  not  exit  even  the first cell .  Wi th  such  a  s imulat ion.  
o n e  cou ld  veri fy that, at s o m e  point  in  the opera t ing  cycle. use-  
ful e lect ron bunches  wou ld  e m e r g e  f rom the gun.  O n e  cou ld  a lso  
demonst ra te  whether  o r  not, in  the p resence  of beam,  the cayi t> 
osci l la ted as  des i red  in  the x -mode,  wi th the requ i red  f ield ra-  
t io be tween  the two cells. S ince  beam- load ing  power  is expec ted  
to exceed  wal l  losses by  as  m u c h  as  a  factor of 3, it is poss ib le  
that the equ i l ib r ium f ield conf igurat ion reached  by  the g u n  with 
b e a m  wil l  b e  dif ferent f rom that reached  with n o  beam.  rnfor-  
tunately, a  s ing le  such  s imula t ion  wou ld  take rough ly  six years  
of C P U  time!  

Rather  than s imula te  the’ent i re opera t ing  cycle of the gun.  
it was  dec ided  to a s s u m e  that the g u n  wou ld  reach  equ i l ib r ium 
with the des i red  f ield conf igurat ion,  in  wh ich  case  it is on ly  nec-  
essary  to s imula te  a  s ing le  RF  cycle with beam.  F r o m  such  a  
s imulat ion,  the beam- load ing  power  at the a s s u m e d  equ i l ib r ium 
can  b e  ca lcu la ted a n d  used  to assess the input  power  n e e d e d  
by  the gun.  T h e  fundamenta l  m o d e  of the cel ls  can  b e  exci ted 
very  eff iciently by  a n  an tenna  dr iven  for four  RF  per iods  by  a  
shaped,  s inuso ida l  pulse.  Wi th  p roper  pu lse  shap ing  a n d  p roper  
p lacement  of the antenna,  exci tat ion of o ther  m o d e s  can  b e  kept  
be low  1 0 e 3  of the fundamenta l .  Emiss ion  of part ic les f rom the 
ca thode can  b e  started o n  the fifth RF  cycle, a n d  the comple te  
s imula t ion  n e e d  on ly  run  for seven  cycles. 

T h e  first a n d  second  cel ls  of the g u n  were  s imula ted  sepa-  
rately, in  part  to obv ia te  the n e e d  to s imula te  the coup l ing  cell .  
a n d  in  part  to a l low eas ier  i ndependen t  var ia t ion of the electr ic 
f ield strength in  the two cells. T h e  boundary :  condi t ions be twen  
the two cel ls  cannot  b e  proper ly  s imula ted  In this way,  but  this 
p roved  un impor tan t  s ince the part ic les of interest have  kinet ic 
energ ies  of over  2 0 0  key  by  the tim e  they reach  the interface. 
S m a l l  f requency di f ferences be tween  the two cel ls  a re  inevi table 
d u e  to the nonze ro  m e s h  s ize of the s imulat ions.  These  a re  c o m -  
pensa ted  for by  ad just ing the relat ive phases  to b e  sl ight ly dif- 
ferent f rom K . Thus,  w h e n  e lect rons ar r ive in  the second  cell ,  
the f ield conf igurat ion is very  c lose to that wh ich  wou ld  exist 
if the cel ls  osci l la ted at the s a m e  f requency a n d  with a  phase  
di f ference of x. 

Hav ing  m a d e  the dec is ion  to des ign  a  g u n  based  o n  a  l -1/2 
cel l  s ide-coup led  s tand ing-wave cavity, the most  conven ien t  pa -  
rameter  at ou r  d isposa l  for modi fy ing  the longi tud ina l  d istr ibu- 
t ion was  the rat io of the on-axis,  peak  electr ic f ields, Epr .  in  the 
two cells. For  the i tA cell ,  whe re  i =  1,2, the electr ic f ields on -  
ax is  have  the fo rm E ,i(z, t) =  Ep,  E n i  s in  (wi+d,) ,  whe re  the 
E ”,(r) a re  the m o d e  patterns, no rma l i zed  to unity. T h e  relat ive 
exci tat ion of the two cel ls  is thus character ized by  a  q  E P ? / EP l .  

In o rder  to keep  back -bombardmen t  power  low, a  was  
m a d e  apprec iab ly  greater  than unity, wh ich  m e a n s  that the par -  
t icles wi l l  ga in  most  of their  ene rgy  in  the second  cell .  In o rder  
to avo id  b reak -down  prob lems,  E ,,z was  kept  be low  8 0  M \‘/m . 
wh ich  cor responds  to a  peak  sur face f ield of about  1 6 0  h lV/m.  
It was  found f rom s imula t ions with R F G U N  that for 2  <  o  <  3  
a n d  5 0  M V /m <  E ,,z <  8 0  M V /m , des ign  cr i ter ia (3)  a n d  (4)  
cou ld  b e  met.  If E P 2  is kept  constant,  then a  la rger  o  has  the ad -  
van tage  of reduc ing  the back -bombardmen t  power  a n d  p roduc-  
ing  h igh  energ ies  wi thout  increas ing  the nonl inear i t ies  in  p(t). 
A  smal le r  o  resul ts in  m o r e  cha rge  enter ing  the second  cell .  but  
in  greater  back -bombardmen t  power  o n  the cathode.  

A  va lue  of Q  N  3  was  ob ta ined  for the prototype gun.  For  
this Q , 4 0 - 6 0 %  of the part ic les emi t ted f rom the ca thode reach  
the second  cell ,  d e p e n d i n g  o n  E P 2 . T h e  vast major i ty  of the 
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particles that do not reach the second cavity return to hit the 
cathode. but with about half the average kinetic energy of the 
particles that exit the first cell. For 60 hfV/m < &z < 80 
M\‘/m, S5-90% of the particles in the second cell exit by the 
desired route. The remaining particles are accelerated back into 
the first cell or hit the cavity walls. 

-. The transverse distribution is affected by many factors, in- 
eluding the rate of acceleration in the first cell, the focusing nose 
near the cathode, the size of the cathode, the current density, 
the radial electric fields produced by the noses in the second cell, 
and the thermal energy of electrons (this latter effect is negli- 
gible). Of these, the focusing nose near the cathode, the size 
of the cathode, and the current density are most readily var- 
ied and controlled. The rate of acceleration in the first cell is 
limited by the desire to keep back-bombardment low. For sim- 

- plicity in construction and design, the noses in the second cell 
were unaltered from a standard Varian design. However, due to 
the RF nature of the focusing from these noses, they affect the 
beam emittance, and modifying their shape may be worthwhile 
in future designs. 

To the authors’ knowledge, there is no prescription for 
- optimum radial fields near the cathode for an RF gun that emits 

a long pulse, for which the time dependence of the RF focusing 
dominates the emittance, though such a criterion does exist for a 

.- short pulse. 3,g From simulations with h1.4SLi, it was found that 
_ the emittance is a weak function of the shape and position of 

the focusing noses: provided that the beam is not focused to a 
waist in the first cell. Hence, the focusing was made only weakly 
convergent; i.e. only sufficient to keep the beam from hitting 
the “anode” nose and the drift-tube walls between the first and 
second cells. In order to further reduce transverse space-charge 
effects and maximize the lifetime of the cathode, the cathode 
current density was kept low by using a g-mm-diameter cathode. 
A beam tube diameter of 7.6 mm was chosen to maintain a high 
shunt impedance with minimum beam interception. No claim is 
made that the optimum possible combination has been’found. 

Figure 3 shows the comparison of numerical results 
from SVPERFISH and experimental results from a bead-drop - 
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Fig. 3: The longitudinal electric jicld pro- 
film along the beam cenierline ihrough the gun 
(solid = computed; dashed = measured). 

measurement of the axial electric field of the cavity of Fig. 1. 
Figures 4(a), (b) and (c) shows that the beam size mcreases as 
the current density is increased for a fixed accelerating field. .4 
comparison of Figs. 4(a) and (d) shows that the beam size-and. 
in fact, the emittance-decreases with decreased accelerating 
field; for the lower accelerating field, this smaller emittance may 
be a result of less charge entering the second cell. Figure 5 gives 
the enero spectra versus bunched-beam charge. Q. for various 
RF accelerating field levels. Figure 6 shows the dependence of 
emittance and accelerated charge on the peak cathode current. 
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Fig. 4: Transverse phase-space distribuiion at the gun erif with Q = 3 in all cases: (a) EPz = 75 MV/m 
and J = 10 A/cm2, (b) EP2 = 75 MV/ m and J = 40 A/cm?, (c) EP2 = 75 MV/m and J = SO A/cm’, 
and (d) E,,2 = 60 MV/m and J = 10 A/cm’. 
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