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Abstract

A research and devel opment effort has been underway to redlize
ahigh-brightness, low-emittance rf photoinjector to produce 1 to
3 nC bunch of photoelectronsat an energy of up to 20 MeV with
a normalized rms emittance of 10 7 mm—mrad or less. It con-
sistsof ahalf cell at the photocathode and seven full cells, oper-
ating in 2856 MHz, m—mode, standing wave. Numerical calcu-
lations with POI SSON/SUPERFISH and PARMELA codes in-
dicate that the design goa can be achieved within realistic con-
straints on mechanical device tolerances and rf source availabil-
ity. Thelatest among the series of numerical model sissomewhat
similar to the SLAC type accelerator in geometric dimensions,
although the device characteristics are vastly different.

I. INTRODUCTION

In order to raise the gain of a free-electron-laser oscilla
tor/amplifier, or to increase the luminosity in high-energy parti-
cle colliders, it is compelling to produce alow-emittance, high-
brightness electron beam. Since the emittance is approximately
an invariant in a drift space, it must be kept low during accel-
eration, especialy when the electrons are non-relativistic. The
BNL typel%—cell gun has a dipolemode caused by the side cou-
pling of rf to the cellswhich givesrise to emittance growth. The
BNL/SLAC/UCLA rf gun [1] is believed to improve the situa-
tion by eiminating the asymmetry at the first cell and through
higher gradient at the cathode. The energy at the exit, however,
is still too low to drive even an infrared FEL so that one needs
to append a linac, standing or travelling wave, to boost the en-
ergy at thecost of structural complexity and added expense. The
AFEL [2] of LANL is acompact system without an additional
booster linac, and it isacomplicated structure. Even fabricating
acopy of it will bequiteinvolved. Thereforeitisdesirableto de-
sign a simple system that meets the performance reguirements.
The design reported here contends to be such a device.

1. BOUNDARY CONDITIONS

Unlike an accelerator with open boundaries both at the en-
trance and the exit, an injector has a longitudinally asymmetric
boundary condition. The field balance among the cells can be
achieved by adding a half cell at the end [3]. This turns out to
be quite artificial ; when an opening of adequate size is made for
particle exit, the broken symmetry forces the rf power to accu-
mulate near the cathode [4] and it decays out as one moves away
fromit. Similar field unbalance can be seen at the photoinjector
of the APEX [5] system. The recipe to avoid this problemisas
follows. A number of full cellsare connected in seriesand ahalf
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Overdll length 42.0cm
Full cell length 5.250 cm
Cél diameter 8.2220 cm
Last cell diameter 8.2006 cm
Iris diameter 2.400cm
Irisradius of curvature | 0.3200 cm
Disk thickness 0.6400 cm

Tablel

Geometric dimensions of the 7%—cel | injector

cell isadded at either end, as mentioned above. Adjust theinner
radiusof al cellsby the same amount for acorrect resonance fre-
guency and mode separation. Take onefull cell out. Thishasan
individual resonance frequency f,, different from that of the as-
sembly. Prepare a full cell with an identical aperture to others
on one side, but with along drift, which serves as an rf choke as
well as abeam exit, on the other. Tunethe frequency of thiscell
to f using theinner diameter asa control knob. Then add to the
rest of the assembly. A fine tuning of thelast cell must be done
to maintain the overall resonance frequency and field balance.

1. SUPERFISH RESULTS

The geometric parameters obtained through the procedures
described above are shown in Table I, and the distribution of the
accelerating field along the axisis shown in Fig 1. With the di-
mensions shown above as input, the SUPERFISH code [6] pro-
duced thefield distributioninside the cavity that can be approx-
imately represented by

E.(z) = Epsin(kz)

wheretheaxia field £,=97 MV/mat » = 0 for theinput power
of 24 MW, k = 27 fy/c isthe wavenumber for the frequency
f0=2.856 GHz. The dectrica characteristics of the design is
summarized in Tablel.

V. CONSIDERATIONS AT HIGH POWER

The disk thickness is comparable to those in the SLAC trav-
elling wave structure, and much thinner than either BNL [7] or
Grumman/BNL gun [8] disks. The latter, a 3-1/2 cell injector,
has water channels to remove the dissipated heat from the disks
at highduty cycle. The present design has the surface power dis-
sipation of about 3 kW/cm? around theiris, and twice as much at
the rest of the disk. This rate goes up to 15 kW/cm? at the wall
with the input power of 24 MW. With a duty cycle low enough,
say 10 pulsesper second, cooling and tuning by temperature con-
trol will belessof aproblem. If themaximum surfacefieldistoo
high at the operating rf power level, it may bethe source of dark



Resonance freg. 2856 MHz
Separation to next mode 1.3 MHz
Cavity @, unloaded 17,200
Transit time factor 0.737
Effective shunt impedance | 45.3 M{2/m
Input rf power 24 MW
Accdl. field at cathode 97 MV/m
Max. surfacefield 134 MV/m

Tablell
Summary of SUPERFISH resultsfor the device, with the
driving input rf power of 24 MW
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Figurel. Magnitude of the accelerating field in MV/m for z=0
to 45cm. The full scale is 100MV/m, and the last cell ends at
39cm.

current, or it may cause abreakdown. From the SUPERFISH re-
sult, itisabout 130 MV/m, not too highto be acause for concern.
Another factor of practical importanceisthe available length of
thehigh-power rf pulse. Thefill timeis, inthe case of astanding-
wave structure, 7¢;; = Q. /w Where (), istheloaded ). If the
rf power iscritically coupled, @1 isone half times the unl oaded
@, leading to afill time of about 0.5 s at w/27=2.856 GHz.

V. PARTICLE DYNAMICS

With a photoel ectron bunch of afew nanoCoulombs over the
bunch length of afew picoseconds, the space-charge forces be-
come dominant in the emittance growth. For a photoinjector,
a compensation is done by applying a solenoidal focusing field
over thefirst few cells. Inthiscase theaxial field isnulled out at
the cathode by a bucking coil. Although this method was shown
to be effective, it isnot a part of theinjector. It can be added on
for the optimization of thebeam characteristics. The phaseof the
rf when the photoel ectronsare emitted isan important parameter.
Again, it can be experimentally chosen for either highest parti-
cle energy or the lowest energy spread. Without regard to these
points, the PARMELA code was used for the purpose of demon-
gtration. For an electron bunch of 3 nC, 2 mm radius, and 3.5 ps
length, 2000 particles were followed throughout the 40 cm long
injector followed by the drift space of 60 centimeters. At about
z =55 cm, the particlelosses begin to occur and continuesto the
end, where about 80% of the chargeisleft. Theinitiation of the
particlelossisaccompanied by adlightincreaseinthetransverse
rms beam size and a sharp decrease in normalized emittancein
and y. At theinjector exit, the emittance is about 35 mm—mrad.
It increases afew percent over a 10 cm distance. For amost lin-
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Figure 2.  Electron momentum in MeV/c. At z= 40cm,

P.=23.5MeV/c
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Figure 3. Charge in nC of the photoel ectron bunch for z=0 to
100 cm. At =100 cm, about 80% of the original charge of 3nC
isretained.

ear increase in beam size by asmall fraction and about same rate
of particle loss, the emittance is lowered by more than factor of
five. Thisseemstoindicate that the largest contributionin emit-
tance is from those uncorrelated in phase space. Nevertheless,
therest of the bunch propagates a ong the drift space with most
of the charge still retained. The energy spread is on the order of
afew percent in the acceleration period. At the exit, it is about
0.3%, and at the end of the simulation, it is lowered to 0.12%.
The final momentum of the beam was 23.5 MeV/c. During the
drift the bunch length was shortened to the fina value of 2 ps
whereasit wasasteady 3.6 psduringthe accel eration phase. The
plots of these parameters are shown in Figs 2 through 7.

V1. COUPLING AND OTHER ASPECTS

In principle, the rf power may beintroduced into the cavity in
many ways. The BNL gun employs magnetic coupling to sup-
press a zero-mode by driving both cells, whereas the new design
cals for the full-cell drive to minimize the dipole-mode effect.
The same rationale may be applied for the 7-1/2 cell structure,
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Figure4. Transverse sizes of the bunch x,.,,,s and
Yrms iNCM. At z=1m, they are bout 0.4 cm.
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Figure5. The normalized rms emittancesinx andy.
At z=1m, they are about 4 mm-mrad.
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Figure 6. The bunch length in picoseconds.
At z=1m, it isabout 2 ps.

feeding the power through the last cell. In fact, a study was re-
ported on driving afive-cell superconducting cavity [9] from the
downstream end of the structure. Whether eectric coupling is
better than magnetic coupling hasto be resolved during the cold
test.

VII. CONCLUSION

Based on the wave studies and particle ssimulations, an au-
minum model has been made. Aside from the measurements of
the field structure through a bead pull method [10], there are a
series of low-power tests possible. This series includes scatter-
ing parameter measurements in the steady state, and transient-
coupling studieswith pulsed low power at about 1 watt. Higher-
order-mode outcoupling needs to be investigated if more than
one microbunch isdesired in every macropulse. While progress
is gtill being made in the search for reliable photocathode ma-
terials with high quantum efficiency, it is equally important to
explore an injector that is simple to manufacture, and which has
high shunt impedance with lower content of unwanted modes.
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Figure7. Theenergy spread in %. At z=1m, itis0.12%.
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