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Abstract

An ideal rf photocathode gun in a w-mode configuration
supporting only a single mode with no nonlinear rf field is
studied numerically with the stimulation code PARMELA. For
a given electron bunch, the normalized emittance can be min-
imized. Both the minimal normalized emittance and the op-
timized accelerating field are proportional to the square root
of the peak current. Three possible rf photocathode guns for
LLNL-SLAC-LBL 1 GeV test are simulated. The results show
that hoth a 2 ps and a B ps half-width bunch with 817 mm-
mrad emittance and 1 nC ('harge per bunch can be generated
bV guns with (l) f= 1”69 7\/IHZ Eo = 30 MV/m (‘)) f = 1‘769
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Here fis the rf frequency, and F, is the peak mcceleratmg field.

Relativistic klystrons are being developed as power sources
to drive high gradient accelerators {1,2]. The next step is to
demonstrate that a high gradient 1 GeV accelerator can be
driven by a relativistic klystron. For this 1 GeV demonstration,
a injector must provide a low emittance (8-30 mm-mrad), high
peak current (300 600 A) electron beam within 15 degrees of rf
phase {~ 3.5 ps) in a high gradient 11.4 GHz linac {3]. The Los

Alamos photoiniector procram 4 Rl has demonstrated that
progr emor that
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rf photocathode guns may satx.sfy thls basic requirements. A
preliminary physics design of a laser-driven photocathode rf
gun has been completed at LBL [3].

We used the three-dimensional particle code PARMELA,
modified by McDonald [6], to study beam dynamics in an of
field cavity. The photoelectrons are emitted with a profile de-
termined by a laser pulse. The rf field used in PARMELA is
the sum of several Fourier-Bessel components. To study opti-
mization of the accelerating E field for the minimal emittance,
we used only the fundamental Fourier-Bessel component such
that there is no nonlinear rf field in the simulations. To study
the possible rf photocathode guns for the 1 GeV test, we used
the results of a SUPERFISH (7] calculation as coefficients of
the Fourier-Bessel components. In all our simulations, the rf
cavity consists of 2% cells (see Fig. 1). in which the first cell
is a half cell. The second and the third cells are two identical
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Fig. 1 Rf gun with a 7-mode configuration.

Optimization of Gun Parameters
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cathode gun due to several causes. One is the space charge ef-
fect which is dominant while the beam is nonrelativistic. Thls
emittance growth can be reduced by increasing the accelerating
field on and near the cathode and by shaping the radial profile
of the laser pulse thus permitting control of the radial beam
profile. The second factor is nonlinear external radial forces on
the beam. However, one can carefully shape the walls of rf cav-
ities to obtain the ideal linear transverse rf field [6]. The third
factor is the time variations of the if field over both the dura-

tion of the entire electron traveling time through the cavities
and the duration of the entire electron bunch ]pno’ﬂ"l
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For a Gaussian bunch such as the electron density takes the
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the normalized emittance contributed by the rf field as
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and contributed by the space charge effect as
1 n 1 .
e = — 24, 2)
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where /AI(A) (34 + 5)-1, a = eE /7171('2L k is the wave
numDer OI Ene I'I rlel(l I lb Lll(, (‘_'ILLLI()II rest mass, ¢ lb Lll(_
speed of light, E, is the peak accelerating field, A = o,/0,
is the aspect ratio of the bunch, I is the peak current, and
I, =4reome® /e =17 kA is the Alfvén current.

We can minimize the emittance by ('hoosmg the gun param-
eters. Iu scucxal, a au;a}l }aoc; oyuo Ty 18 dueuabl\, to reduce
beam emittance. The laser pulse length is somewhat limited by
the bunches’ phase spread in the linac. The charge or the peak
current of a bunch is determined by the applications of the gun.
For a given charge Q, Fig. 2 shows how the rf field strength
and the pulse length change the normalized emittance. The
simulation parameters are f = 1269 MHz, E, = 40, 60, 80 and
100 MV/m, Q = 2 nC, 6, = 3 mm, oy = 0,/¢=2-15 ps. The
emitting phases are chosen to minimize the exit emittance. For
a longer bunch, it has a smaller space charge induced emittance
growth, and the emittance increase is dominated by the rf field

contribution

short bunch is mainly due to the space charge forces. Hence,
if a strong rf power is not available to control the space charge
blow-up, one may use weak and long laser pulses to generate
long electron bunches with a small peak current (but the same
amount of charge in the bunch). Then, these bunches can be
shortened with magnetic compressers.

On the other hand, the emittance increase in a

For a bunch with a given peal\ current, both €7/ and €2
lllLLCGDC as Uz Lll‘vLLaDLD \DCL Eklb k}. L)). A Dh\)LtLL iaser 1){113(,
is favorable. However, generating very short laser pulses and
tracking their photoemission effects are difficult techniques.
Based on Egs. (1-2), €I is proportional to E,, and € is
inversely proportional to E,. The net emittance is greater
than the geometric sum and is less than the arithematic sum
of these two emittance components. For a given I, we find that
the emittance of a Gaussian bunch is at its minimum when the
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Fig. 2 The emittance as a function of the pulse length and
the accelerating field E,. The simulation parameters
are f = 1269 MHz, Q = 2 nC, o, = 3 mm, and
E, =40 (o), 60 (o), 80 (e) and 100 MV /m (w).
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peak accelerating ficld is given by

2 /2
E, =21/12% [3;11(‘4)] /al.kaz . (3)
€ IA
The minimized emittance is given by
7 1/2
emin = 2 Y5 Lo, {w—;zr(:’ﬂ] R (4)
Ia ’

and €7/ = €2°. In Figs. 3(a) and 3(b), we plot the optimal E
field (deseribed in Eq. (3)) and the minimal emittance (given
by Eq. (4)) as a function of if frequency. In both figures, 1=100
A, 0, =3 mm and o, =2, 7, 12, 17 and 22 ps.

Figure 3a shows that a very strong field is needed to con-
trol the space charge blow-up in a short bunch. Note that the
optimal field is inversely proportional to the frequency. Since
the breakdown field is roughly proportional to the square root
of the rf frequency [10], it 1s difficult to optimize the accelerat-
ing field at the low frequency without reaching the breakdown
limit. The rf guns for short bunches are almost always oper-
ated in a region in which the space charge effects predominate
regardless of the 1f frequency, and the emittance is not at its
minimum. For this reason, the main consideration in design of
such rf guns is maximizing the accelerating field. For longer
bunches, one can use the optimal field to obtain the minimal
emittance, which is roughly linearly proportional to the bunch
length. Therefore, the emittance per unit length is small and
uniform.

Rf Photocathode Guns for 1 GeV Test

Two different frequencies (1269 MHz and 2856 MHz) are
considered for our possible rf photocathode guns. As discussed
earlier, to reduce the emittance growth in a short bunch one
should minimize the nonlinear rf field and maximize the ac-
celerating field on the cathode and along the accelerating axis
of the gun. However, increasing the accelerating field indef-
initely would eventually cause field emission from the cavity
wall. Hence, a cavity with a small ratio of the peak sur-
face field to the peak axial field is desirable. Therefore, the
shunt impedance of the cavity should not be maximized. The
gun configurations studied in this report are similar to the
Brookhaven Accelerator Test Facility’s gun geometry, which
has little nonlinear rf field and a reasonable ratio (1.06) of the
1[11]aximum surface field to the accelerating field on the cathode
6].

The parameters of our two and a half cells gun are given
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Fig. 3 (a) The optimal accelerating clectric field and (b)
the minimal normalized emittance for an electron
bunch with a peak current I = 100 A and a radius
0, = 3 mm as a function of the rf frequency and the
bunch length.

Table I. Rf photocathode gun parameters

Case 1 Case 2 Case 3
Rf frequency (MHz) 1269 1269 2856
First cell length (cm) 5.906 5.906 2.625
Second cell length {cm) 11.812 11.812 5.250
Third cell length (em) 11.812 11.812 5.250
Cell radius (cm) 9.130 9.130 4.160
Aperture radius {cm) 1.5 1.5 1.0
Iris radius (cm) 1.5 1.5 1.0
Field on cathode (MV/m) 30 60 60
Peak surface field (MV/m) 33.6 67.2 64.8
Optimal injection phase ¢, 58° 70° 47°
Laser spot radius'® (mm) 3 3 3 3 3 3
Laser pulse half width{® (ps) 2 6 2 6 2 6
Charge per buuch (nC) 1 1 1 1 1 1
Exit peak current!® (A) 133 82 212 118 212 106
Emirtting r.m.s. e, (mm-mrad) 0.56 0.56 0.56 0.56 0.56 0.56
Normalizede, at the exit (mm-mrad) 1743  12.60 13.39 8.30 14.30 9.64
der /e, due to 1 ps jitter (%) 20 4.4 20 8.5 11 0.5
Beam cnergy (MeV) 5.0 5.0 10.0 10.0 4.1 4.1
Energy jitter (x1071) 4 2 2 2 4 8
Energy spread Avy/y (%) 0.7 0.6 0.3 0.2 0.5 0.3
Exit beam angular divergence z' (mrad) 8.8 8.3 6.0 5.3 13.4 12.1
Exit rm.s. bunch radius (mm) 4.1 3.7 3.0 2.8 3.2 3.0
Exit ram.s. bunch length Emm) 0.8 1.3 0.5 0.9 0.5 1.0
(a) for a uniform cylindrical laser pulse (b) assuming a Gaussian bunch
335
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in Table I. The cavity wall with the cathode is flat. Electron
bunches are radially expanded near the cathode because of the
space charge field. Whether shaping the cathode surface will
compensate for the space charge effeét without increasing the
emittance growth from the rf field and without increasing the
surface field on the wall still needs investigation. One can shape
the laser pulse to improve the uniformity of the radial and lon-
gitudinal profiles. Unless mentioned otherwise, we obtained all
simulation data presented in this section by assuming uniform
laser pulses in both transverse and longitudinal directions. The
total charge per bunch is 1 nC, and the bunch radius is 3 mm.

Nonlinearity of one rf gun (f = 1269 MHz and E, = 30
MV /m) is checked by turning off the space charge fields in the
PARMELA calculations. Figures 4(a) and 4(b) show results
of using a linear if field (marked with “0”) and using the rf
field calculated by SUPERFISH (marked with “A") for the
gun described in Table I. The effect of the nonlinear 1f field on
the emittance is small. However, clectrons gain more energy
in the rf field calculated by SUPERFISH. Figure 4 also shows
that the optimal injection phase ¢ of the center of the laser
pulse is 58° for these gun parameters.

To generate a 4 ps long bunch, we can use a 2 ps half width
(A z) laser pulse to generate an electron bunch. For f = 1269
MHz, E, = 30 MV/m and ¢ = 58°, the space charge blowup
is severe, and €, is 17.4 mm-mrad at the exit of the gun. Due to
the macro-pulse jittering, the fluctuation in Az is expected to
be +1 ps. The emittance fluctuation due to the jitter is intoler-
able (~ 20%). The bunch energy is about 5 MeV with a 0.65%
energy spread. The r.m.s. angular divergence is 9.3 mrad. The
r.m.s. bunch length is 0.8 mm or 2.7 ps. Assuming that the ex-
iting bunch’s longitudinal profile is Gaussian, the peak current
is about 133 Amp. The other option is to use longer pulses such
as Az = 6 ps and then to compress the bunches to a desired
length. However, preserving the emittance during compression
will take some care. For Az = 6 ps, the space charge effect is
weaker. Hence, €, (12.6 mm-mrad) and its fluctuation (4.4%)
due to the jitter reduce. The r.m.s. bunch length is 1.3 mm or
4.3 ps. The simulation shows that the correlated energy spread
at the exit is about three times of the uncorrelated spread. It
is possible to compress the electron bunch by a factor of 3.
Then, the final r.m.s. bunch length will be about 1.4 ps, and
the peak current will be 250 A.

A summary of the simulation results is given in Table 1.
Cases 1 and 2 use the same rf frequency (1269 MHz) but dif-
ferent E, (30 and 60 MV /m). Increasing E, reduces the space
charge effects, and, hence reduces the corresponding emittance
growth, energy spread, and bunch size. Cases 2 and 3 have
the same E, (60 MV /m) but different 1f frequencies (1269 and
2856 MHz). Therefore, €2° is roughly the same for both cases.
However, €7/ is larger for Case 3, so are the energy spread,
beam divergence, and bunch size.

We have also studied the effects of laser pulse shape on
emittance. Three different profiles (uniform in both r and z,
uniform in 7 and Gaussian in z, and Gaussian in both r and z)
are used in the simulations. The total laser power and the peak
laser intensity of all these three profiles are the same. We find
that the emittance is more sensitive to the shape of the laser
pulse if the pulse length is short or if the rf field is weak. For
Cases 1 and 2 in Table I, the emittance change due to different
profiles is less then 30%. Since our guns are operating in the
space charge dominating region, we find that the emittance
increases roughly by a factor of 2 as the number of electrons
in a bunch doubles.

Summary

‘We have obtained numerically both a 1.7-2.7 ps half-width
bunch and a 3-4.3 ps half-width bunch with ¢, =~ 8-17 mm-
mrad for (1) f = 1269 MHz, E, = 30 MV/m; (2) f = 1269
MHz, E, = 60 MV/m; and (3) f = 2856 MHz, E, = 60 MV /m.
The peak current is in the range of 130-210 A for the 1.7-2.7 ps
bunch and 80-120 A for the 3-4.3 ps bunch. We can double the
peak current by doubling the laser intensity. However, the
cmittance also increases by a factor of 2. Note that the rf field
used in Case 2 is somewhat bound by the breakdown criterion
because the maximal surface field on the cavity wall is about
67 MV /m, which is close to the L band’s breakdown limit.
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Fig. 4 Comparison of the 1f field effects by using a linear 1f
field (“0”) and a rf field calculated by SUPERFISH
(“A”) for a rf gun described in Table I, Case 1. (a)
The emittance €%f and (b) the dimensionless electron
energy v versus the emitting rf phase ¢, are plotted.

Since the rf photocathode guns for short bunches are almost
always operated in the space charge dominating region, it is
desirable to have a stronger accelerating field. Therefore, the
next practical question is how to build a rf cavity to support a
larger field.

Acknowledgments

The author is indebted to K. T. McDonald for valuable
discussions and for the use of his versions of PARMELA and
SUPERFISH. The author also thanks S. Chattopadhyay, D.
B. Hopkins, C. H. Kim, Kwang-Je Kim, A. H. Kung, R. H.
Miller, A. M. Sessler, G. A. Westenskow, and A. T. Young for

numerous helpful discussions.

References

[1] A. M. Sessler and S. S. Yu, “Relativistic Klystron Two-
Beam Accelerator,” Phys. Rev. Lett. 58, 2439 (1987).

[2] M. A. Allen et al, “Relativistic Klystron Research and
Development,” Proc. European Particle Accelerator Conf.,
Rome, Italy, June 7-11, 1988.

(3] S. Chattopadhyay et al., “Conceptual Design of s Bright
Electron Injector based on a Laser-Driven Photo-Cathode
Rf Gun,” Proc. 1988 Linear Accelerator Conf., Williams-
burg, Virginia, Oct. 3-7, 1988.

[4] J. S. Fraser et al., “Photocathodes in Accelerator Applica-
tions,” Proc. 1987 IEEE Particle Accelerator Conf., 1705
(1987).

[5] R. L. Sheffield, “Rf Photocathode Gun Experimental Per-
formance,” Proc. 1988 Linear Accelerator Conf., Williams-
burg, Virginia, Oct. 3-7, 1988.

(6] K. T. McDonald, “Design of the Laser-Driven Radio-Fre-
quency Electron Gun for the Brookhaven Accelerator Test
Facility,” IEEE Trans. Electron Dev. ED-35, 2052 (1988).

[7] K. Halbach et al., “Properties of the Cylindrical RF Cavity
Evaluation Code SUPERFISH,” Proc. 1976 Proton Linear
Accelerator Conf., AECL-5677, 122 (1976).

[8] Kwang-Je Kim, “ Rf and Space-Charge Effects in Laser-
Driven RF Electron Guns,” Nuel. Inst. Metheds, A275,
201 (1989).

[9] Kwang-Je Kim and Yu-Jiuan Chen, “ Rf and Space-Charge
Induced Emittances in Laser-Driven RF Guns,” Proc. 1988
Linear Accelerator Conf., Willlamsburg, Virginia, Oct. 3-7,
1988.

[10] W. D. Kilpatrick, “Criterion for Sparking Designed to In-
clude Both RF and DC,” Rev. Sci. Instrum., 28, 824
(1957).

PAC 1989



