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ELECTRON LINAC INJECTOR DEVELOPMENTS*
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Summary

There is a continuing demand for improved injectors
for electron linacs. Free-electron laser (FEL) osciflators
require pulse trains of high brightness and, in some appli-
cations, high average power at the same time. Wakefield-
accelerator and laser-acceleration experiments require
isolated bunches of high peak brightness. Experiments
with alkali-halide photoemissive and thermionic electron
sources in rf cavities for injector applications are de-
scribed. Forisolated pulses, metal photocathodes (illumi-
nated by intense laser puises) are being employed. Re-
duced emittance growth in high-peak-current electron
injectors may be achieved by linearizing the cavity electric
field's radial component and by using high field strengths
at the expense of lower shunt impedance. Harmonicaily
excited cavities have been proposed for enlarging the
phase acceptance of linac cavities and thereby reducing
the energy spread produced in the acceleration process.
Operation of injector linacs at a subharmonic of the main
linac frequency is also proposed for enlarging the phase
acceptance.

Introduction

The continuing demand for electron injectors with
higher brightness comes from a variety of applied disci-
plines. FEL oscillators require linac injectors capable of
delivering pulse trains of electron bunches with high
charge density.! Wakefield accelerators operated at high
repetition rates aiso require pulse trains with high peak
brightness. Laser acceleration experiments? need
essentially isolated or low repetition-rate pulses of very
small charge. For some of these applications, experiments
are being carried out on alkali-halide and Ill-V compound
semiconductor photoemitters3 and on thermionic elec-
tron sources®in rf cavities. For isolated pulses, short-
wavelength, intense laser pulses are used to illuminate
metal photocathodes.

In addition to novei sources of electrons for high-
quality beams, injector linac performance is being im-
proved. The end use of a linac beam may require a high
peak-brightness beam, as does an FEL. Peak brightness
can be increased by bunching, provided that the emit-
tance growth that inevitably occurs is not too large. How-
ever, emittance growth is excessive if the beam is too
tightly bunched at a low energy. Hence, the trend in
improved injector linac design is toward initial accelera-
tion of a partly bunched beam in a low-frequency (sub-
harmonic) linac section. Because electrons become
relativistic very rapidly in a typical linac, further bunching
at moderate energies can only be done with the magnetic
bunching method.> An additional improvement can be
made by the addition of the third harmonic of the accel-
erator frequency, thus flattening the top of the rf wave-
form. This facilitates the acceptance of longer bunches in
an accelerating fieid that is nearly constant during the
transit of the bunch through the cavity.

Limitations to Emittance and Brightness

In comparing emittance and brightness, it is essen-
tial to state one's definitions at the outset to avoid con-
fusion. In this paper, emittance refers to a phase-space
area,® the action integral of classical mechanics. Further-
more, the inclusion of the factor i in the emittance helps
to confirm that one is dealing with a phase-space area.

*Work performed under the auspices of the U.S. Dept. of Energy and
supported by the U.S. Army Strategic Defense Command.
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The rms emittance formulation,” which is convenient to
use in accelerator discussions, is defined as E = 4 [<x2>
<x'?2> - <xx'>2]"2_ |n this formulation, the rms emit-
tance is equal to the total phase space area for a K-V
distribution.” In analogy with the definition of brightness
introduced in electron microscopy,® the normalized peak
brightness of a charged particle beam is defined asBn =
I/(ExEy), where | isthe peak current and Ex and Ey are the
normalized transverse phase-space areas of the beam.

The emittance of an electron beam is limited at its
source by the radius of the electron emitting surface and
by the temperature of the emitter. Maore precisely, the
lower limit of the normaiized rms transverse emittance of
a beam from a thermionic emitter of radiusrc ata uni-
form temperature Tis E 2 mre [kT/mgc?]'2, (units:
m-rad). Foratypical thermionic emitter at 1160 K, for
which the thermal energy of the emitted electrons is
about 0.1 eV, the minimum emittance of a beam with
total current | (amperes) and current density J (amperes/
cm?)isE, = 5.0x 107 n (11) /2,

Commonly used dispenser cathodes are limited to a
current density ] = 10 A/cm2. Semiconductor photo-
emitters, on the other hand, are capable of delivering?
over 200 A/cm?, and their effective temperature may be
low enough to produce low-emittance beams of high
intensity. Measurements at low currents'0 yielded an
average energy spread of less than 0.2 eV. An additional
advantage of the photoemissive electron source is the
possibility of controliing the temporal profile of the
electron bunch by tailoring the laser pulse used to
generate the current pulse. These capabilities of the
photoemissive electron source are being exploited in an
injector-linac experiment at the Los Alamos National
Laboratory.

Even higher current densities have been reported
from cesiated thin films illuminated by an intense laser
beam 0. The temporal profile of the electron emission
lags that of the laser pulse, indicating a thermionic rather
than a photoelectric emission process.

Brightness can, in principle, be increased by emit-
tance filtering. The rms emittance of a beam is strongly
influenced by the particles in the beam halo. Ifthe halois
selectively scraped off by a beam aperture in the middle
of a lens (where the beam diameter is at a maximum in a
periodic transportline), the rms emittance may be more
strongly attenuated than is the beam current' 'so that an
increase in brightness can be realized.

Jones and Peter!2 have suggested a method of
reducing emittance growth for an "rf gun” cavity. Itisto
be expected that the charge density in the bunch wiil be
nearly uniform as the bunch leaves the photocathode,
provided the laser pulse is ideally square; the space-
charge force in the bunch will in this case be linear. Jones
and Peter derived a cavity shape based on equipotential
surfaces near the beam axis that produces a linear radial
electric field. The superposition of the linear space-
charge force and the radially linear external electric field
should resuit in minimum emittance growth in an acceler-
ated bunch. indeed, an ISIS'Z code simulation of a 100-ps-
long, 10-nC bunch accelerated to 1 MeV in a 100-MHz
cavity 4 cm long had a normalized emittance growth of
only 51 109 m-rad.

Conventional Injector-Linac Systems

In the recent past, conventional injectors for high
peak-current linacs have used electronically pulsed
dispenser cathodes with one or more subharmonic
buncher cavities.>'3-15 This arrangement permits the
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compression of a bunch, which initially straddled many
(up to 10) rf cycles of the main linac frequency, into a
single rf bucket. Bunching by the velocity-modulation, or
klystron, method becomes increasingly difficult as the
mean velocity of the electrons approaches the velocity of
light. Therefore, the electron gun voltage is restricted to
about S00 kV or less. In contrast to ion bunching systems
in which linearizing the velocity profile through the
bunch can be done to advantage, a linear voitage vari-
ation over the electron bunch as it passes through a
buncher cavity will fail to produce linear bunching
because the velocity profile along the bunch is non-
linear,? '3 a result of relativistic kinematics. A second
subharmonic buncher can be used to partially compensate
for the asymmetric bunching. A second buncher may also
be effective in correcting for distortions from space
charge. Young™ has suggested using a second buncher
cavity at the third harmonic of the first cavity to correct
for such asymmetries.

After the bunch passes through the buncher cavity
and a drift space, further bunching can occur in the first
few cells of an injector linac. These first few cells can
either be %raded-beta cells of a standing-wave linacor a
tapered phase-velocity section of a traveling-wave linac.
Until bunching is complete, the accelerating gradient
should be moderate at first and then ramped up gradually
to the final gradient of the main linac.

In an rf accelerating cavity, the radial force on a
particle crossing the gap depends, in part, on the rf phase
angle of the particle. Using a thin-lens approximation for
an rf gap, Weiss '® has shown that the increase in rms
emittance, when a bunch of particles of finite size crosses
anrfgap, is AE, .. = (x¥/A)? The emittance growth is due
to the rf radial forces that depend an the phase and radial
coordinate of a particle. Clearly, rms emittance growth in
an rf gap is minimized with a small beam radius as well as
with a low-frequency cavity.

The optimum choice of frequency for the injector
linacis a subharmonic of the main-linac frequency. This
choice allows a longer bunch to be accelerated to a
moderate energy before bunching is complete, thereby
minimizing the space-charge density in the bunch while
the energy is subreiativistic. When the beam energy
reaches 10 MeV or so, further bunching can be effected by
the magnetic phase-compression method (see below).

A second linac stage with a higher subharmonic
frequency could be used and followed by a second phase
compression. Thus, the bunching and preliminary acceler-
ation can be accomplished in several subharmonic fre-
quency stages with the phase width of the bunch being
the same in all stages. The constancy of the phase width is
easily realized by having the phase-compression factor
equal to the frequency ratio between the two stages.

The energy spread impressed on a bunch by the
sinusoidally varying field in an accelerating cavity can be
significantly reduced by adding a third harmonic to the
fundamental wave in the correct proportion to flatten the
wave crest.'”-'8 This reduction occurs when the third-
harmonic amplitude is one-ninth of the fundamental and
its phase such that the third harmonic field decelerates
the beam when the fundamental accelerating field isat a
maximum. Obviously, the rf cavity must be appropriately
designed to be resonant at both the fundamentai and the
third harmonic.'8 In addition, there is an increased com-
plexity in a second rf power supply with its amplitude and
phase controis. The result may be, in some cases, well
worth the additional complication because the phase
acceptance at the wave crest is considerably enlarged. For
example, the phase range for an amplitude variation less
than 0.1% goes from 5° for the fundamental alone to 37°
for the harmonically resonant cavity. '8

*L. Young, Informal Workshop on High-Current Electron injectors,
Los Alamos National Laboratory, February 19-20, 1986.
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An additional advantage accrues from the use of the
third harmonic. For a limited radial distance from the
cavity axis, the rf field remains flat-topped to the extent
that the ratio of the third harmonic field to the funda-
mental field remains 1:9. The range of the flat-topped
field from the axis depends on the design of the cavity.
Emittance growth is also reduced because nonlinear
radial forces arising from the off-axis azimuthal magnetic
field are approximately zero for the phase range of
interest.

One of the advantages offered by the harmanically
resonant cavity can be realized by using two separate
cavities, one at the fundamentai frequency and the other
adjacent to it at the third harmonic. if the third-harmonic
cavity is phased correctly to subtract one-ninth the peak
energy gained in the fundamental cavity, the energy
variation off the peak is largely canceled. The energy-
spread reduction can also be done effectively, for funda-
mental cavities grouped together in a tank, by using a
single third-harmonic cavity. Figure 1(a) shows a
PARMELA simuiation of an electron bunch acceierated
from 10 to 19 MeV in nine 1.3-GHz cavities. The curvature
in the phase-energy scatter plot is removed by deceler-
ating the bunch by 1 MeV (at the centroid) in 3.9-GHz
cavities Fig. 1(b). Detailed simulations are needed to
study the effects on emittance growth by separated
fundamental and third-harmonic cavities.
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Fig. 1(a). Scatter piot in longitudinal phase
space for a beam accelerated from 10 to
19MeVin a 1.3-GHz tank.
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Fig. 1(b). Correction of the curvature of Fig. 1
(a) by a third-harmonic cavity subtracting 1.0
MeV at the centroid of the bunch.
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intrinsically Bright Electron Sources

The use of photoemissive electron sources for
polarized beams in linacs'? and for other uses3 has given
rise to their application in FEL linacs and wakefield-
acceleration experiments.<Y For rf-linac-driven FELs, the
required electron puise train is naturally produced by a
mode-locked laser illuminating a photoemitter. A laser-
illuminated photocathode can be used in a dc gun config-
uration in much the same way that it is employed in the
laser-klystron?! or lasertron.?2 On the other hand, a more
rapid acceleration rate can be achieved if the photoca-
thode is placed in the rf field of a resonant cavity because
an rf cavity can sustain a higher surface field than can adc
diode.?3 Therf gun, shown schematically in Fig. 2, forms
the heart of an experimental program at the Los Alamos
National Laboratory to develop an intrinsically bright
electron source for linacs. If the transverse electron
velocities in the photoelectron beam do not increase too
rapidly with beam current, a bright beam shouid be
obtainable. Early simuiation calculations with the ISIS
code at Los Alamos, however, showed that the leading
and trailing edges of the bunch contained higher emit-
tance components than did the midsection.'2 It follows
that although a completely bunched beam can be pro-
duced by a laser illuminating a photoemitter, a penalty is
paid in emittance. Therefore, a compromise is adopted in
which an rf gun delivers to an injector linac a bunch that
is longer than the optimum bunch length in the main
linac. After acceleration to several million electron volts,
a magnetic phase compressor shortens the bunch.
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Fig. 2. The rf gun cavity.

The Los Alamos FEL operates at 1300 MHz. A logical
choice for the frequency ofthe subharmonicinjectorlinac
is 433.3 MHz, a frequency for which a suitable klystron for
low duty-factor operation is available. Figure 3 is a sche-
matic diagram of a staged injector linac proposed for the
Los Alamos FEL linac. The first section at 433 MHz com-
prises an rf gun and four accelerating cavites. The first
two cavities are separately excited, whereas the final
three are coupled through two off-axis cavities, the group
of three coupled cavities being operated in the n/2 mode.
Next is a 1.3-GHz cavity whose function is to flatten the
top of the effective accelerating field; the mean beam
energy is reduced in the process from 6 to 5.3 MeV.
Finally, a bunching or energy-ramping cavity in the first
section prepares the bunch ?’ r magnetic compression in a
quartet of dipoles. The 90-ps puise with a phase width of
16° at 433 MHz is compressed to 30 ps or 16° of phase in
the second injector stage operated at 1.3 GHz. After
acceleration to about 15 MeV, the flat-topping and
magnetic-compression functions are repeated. A final
magnetic compression could be carried out at the end of
the main linac.
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Fig. 3. Block diagram of a staged injector
linac comprising a photoelectric rf gun source,
a subharmoniclinac, a magnetic phase com-
pression system followed by a second injector
linac at the main linac frequency and a second
magnetic compressor.

Magnetic Phase Compression

Relativistic particles can be bunched by utilizing the
path length difference in a system of bending magnets
for particles of different momenta. The longitudinal
phase space occupied by an ensemble of particles must be
elongated and rotated so that a correlation exists be-
tween energy and phase. In this respect, a magnetic
phase compressor system is similar to the energy compres-
sion system used with some intermediate-energy_electron
linacs to reduce t he energy spread of the beam.24-27 A
magnetic phase compressar differs from an energy com-
pressor only in rotation of the phase space of the bunch to
produce a narrow phase spread rather than a narrow
energy spread. Figure4(a)isa Iongitudinal phase-space
diagram such as would be produced by an rf cavity oper-
ated as a buncher to put an energy ramp on the bunch
but with the centroid unchanged in energy. in asystem
of dipoie magnets (see Fig. 3), the path length difference
produced for particles with differing momenta is repre-
sented in TRANSPORT notation by the Rsg matrix element.
For a positive Rsg element, bunching will occur if the
phase-energy diagram is as shown in Fig. 4 (a); fora
negative Rsg element, the silope of the scatter plot of Fig.
4 (a) must be reversed. Figure 4 (b) shows the bunching
effect of 3 set of magnets with Rgg = 0.24 cm/%.

The energy spread that makes the magnetic phase
compression possible can be reduced if the bunching is
left incomplete, as in Fig. 4 (b). Segall?8 has suggested the
use of a second rf cavity to compress the energy spread
impressed on the bunch by the first cavity. Figure 5 shows
the result of a final set of cavities, which put a reversed
energy ramp an the bunch to reduce the energy spread.
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Fig. 4(a). Energy ramp impressed on the
bunch by an rf cavity and

(b) partial phase compression after passing
through a set of magnets with R, = 0.24
cm/%.
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Fig. 5. Energy spread reduced from that of
Fig. 4 (b) by an energy ramp of reversed slope
to that of Fig. 4 (a).

Conclusions

An improvement in the performance of conven-
tional injector linacs can be realized if the bunching
process is done more gradually than is usually the case
and at a lower (hence, subharmonic) frequency than the
main linac frequency. It follows that only the first of
several bunchers can be of the klystron or velocity
modulation type. After an initial acceleration stage in a
subharmonic-frequency linac, magnetic bunching is
carried out before further acceleration in a higher
frequency linac.
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A potential improvement in electron guns, especially
for high-average-current applications, lies in the rf gun,
based on a mode-locked laser-illuminated photocathode
in the first rf cavity of the injector linac.

Acknowledgments

I would like to thank J. Adamski, J. Orthell, J. P. Labrie,
L. Detch, N. Norris, R. Miller, R. Koontz, H. Hanerfeld, W.
Herrmannsfeldt, I. Edighoffer, T. Smith, and W. Chen as
well as numerous members of the Acceierator Technology
Division at the Los Alamos National Laboratory for
valuable discussions held at an informai workshop on
high-current electron injectors held at Los Alamos in
February, 1986.

References

1. J. M. Watson, "The Los Alamos Free-Electron Laser,” IEEE
Trans. Nucl. Sci. 32 (5), 3363 (1985).

2 "Report of Near Field Group,” in Laser Acceleration of Particles
(Malibu, Caiifornia, 1985), Chan Joshi and Thomas Katsouieas,
Eds., AIP Conf. Proc. No. 130, 234 (American institute of Physics,
1985).

3. I Fraser, R. Sheffield, E. Gray, and G. Rodenz, "High-Brightness
Photoemitter injector for Electron Accelerators,” IEEE Trans.
Nucl. Sci. 32 (5), 1791 (1985).

4. G. A. Westenkow and J. M. J. Madey, Lasers and Particle Beams
2,223(1984).

5. See, for exampie, M. James, J. Clendenin, S. Ecklund, R. Miller, J.
Sheppard, C, Sinclair, and J. Sodja, "Update on the High-
Current injector for the Stanford Linear Collider,” IEEE Trans.
Nucl. Sci. 30 (4), 2992 (1983)

6. A_}. Lichtenburg, Phase-Space Dynamics of Particles, (John
Wiley & Sons, Inc., New York, 1969).

7. P. Lapostolie, “Possible Emittance Increase Through
Filamentation Due to Space Charge in Continuous Beams,”
IEEE Trans. Nucl. Sci. 18 (3), 1101 (1971).

8. C. Leleune and J. Aubert, "Emittance and Brightness:
Definitions and Measurements,” in Applied Charged Particle
Optics, A. Septier, Ed. (Academic Press, New York, 1980).

9. C. Lee, P. Oettinger, E. Pugh, R.Klinostein, J. Jacob, }. Fraser,
and R. Sheffield, "Electron Emission of Over 200 A/cm® from a
Pulsed-Laser trradiated Photocathode,” IEEE Trans. Nuci. Sci. 32
(5), 3045 (1985).

10. C.S. Lee, "Photoelectron Energy Distribution of Cs3Sb," J.
Appl. Phys. 54 (8), 4578 (1983).

11. ). Weir, G. Caporaso, F. Chambers, R.Kalibjan, J.Kaliman, D.
Prono, M. Siominski, and A. C. Paul, "Improved Brightness of
the ATA Injector,” IEEE Trans. Nuci. Sci. 32 (5), 1812 (1985).

12. M. E. Jonesand W. K. Peter, “Particle-in-Cell Simulations of the
Lasertron,” |EEE Trans. Nucl. Sci. 32(5), 1974 (1985).

13.  ).S. Fraser, “Subharmonic Tripte Buncher for a High-Efficiency
Free Electron Laser,” IEEE Trans. Nucl. Sci. 30(4), 3115(1983).

14. G. Mavrogenes, W. Gallagher, T. Khoe, and D. Ficht, "High
Charge Picosecond Pulses with a Double Gap Subharmonic
Buncher,” IEEE Trans. Nuct. Sci. 30 (4), 2989 (1983).

15. 1. Adamski, W. Gallagher, R. Kennedy, and A.Yeremian, "A
_High Current injector for the Boeing Radiation Laboratory FEL
Experiment,” [EEE Trans. Nuci. Sci. 30 (4), 2989 (1983).

16. M. Weiss, "Bunching of intense Proton Beams with Six-
Dimensional Matching to the Linac Acceptance,” unpublished
CERN report CERN/MPS/LIN 73-2, February 1973.

17. T. Energa, L. Durieu, D. Michelson, and R. Worsham,
"Deveiopment of Flat-Topped RF Voltage for TRIUMF," IEEE
Trans. Nuct. Sci. 32 (5), 2936 (1985).

18. C. Hess, H.Schwettman, and T. Smith, "Harmonically

Resonant Cavities for High Brightness Beams, “1EEE Trans.
Nucl.Sci. 32 (5), 2924 (1985).

414



19

20.

21,

22.

23.

Proceedings of the 1986 International Linac Conference, Stanford, California, USA

C. K. Sinclair and R. H. Miller, "A High Current, Short Pulse, RF
Synchronized Electron Gun for the Stanford Linear Collider,"”
IEEE Trans. Nuct. Sci. 28 (3), 2649 (1981).

W. Willis, "Switched Power Linac," in Laser Acceleration of
Particles {Malibu, Califormia, 1985), Chan Joshi and Thomas
Katsouleas, Eds., AIP Conf. Proc. No. 130, 4211 (American
Institute of Physics, 1985).

G. A. Loew, "The SLAC Linear Collider and a Few ideas on
Future Linear Cotliders,” Proc. 1984 Linac Conf., Gesellschaft
fur Schwerionenforschung, Darmstadt report GSI-84-11, 282
(September 1984).

M. Yoshioka, M. Mutou, Y. Fukushima, T. Kamei,H. Matsumoto,
H. Mizuno, S. Noguchi, I. Sato,T. Shidara, T. Shintake, K. Takata,
H. Kuroda,N. Nakano, H. Nishimura, K. Soda, M. Miyao, Y.
Kato, T. Kanabe, and S. Takeda, "Lasertron,” Proc. 1984 Linac
Conf., Gesellschaft fur Schwerionenforschung, Darmstadt
report GSi-84-11, 469 (September 1384).

W. D. Kilpatrick, “Criterion for Sparking Designed to Inciude
Both rf and d¢,” Rev. Sci. Instrum. 28, 824 (1957).

415

24.

25.

26.

27.

28.

M. C. Crowley-Milling, “Linear Accelerators as injectors for
Cyclic Machines,” in Linear Accelerators, P. M. LaPostolle and
A. L. Septier, Eds., (North-Holland Pubiishing Co., Amsterdam,
495, 1970).

H. Herminghaus and K. H. Kaiser, “Design, Construction and
Performance of the Energy Compressing System of the Mainz
300 MeV Electron Linac,” Nudl. Instrum. & Methods 113, 189
(1973).

W. A. Gillespie and M. G. Kelliher, "The Energy Compressor at
the Glasgow 170 MeV Eiectron Linac,” Nucl. Instrum. &
Methods 184, 285 (1981).

N. Afanas‘ev, A. Buki, Yu. Vladimirov, A. Dovbnya, G. ivanov,
G. Kramskoi, L. Makhnenko, V. Polishchuk, S. Ryadnykh, N.
Shevchenko, and V. Shendrik, “Energy Compressor for a 300
MeV Electron Linac,” Sov. Phys. Tech. Phys. 29 (31), 308 (1984).
S. B. Segail, "Hybrid Accelerator Design for a Free-Electron
Laser," IEEE Trans. Nucl. Sci. 32 (5), 3380 (1985).

TH2-2



