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Abstract

The symmetrized 1.6 cell S-band photocathode gun devel-
oped by the BNL/SLAC/UCLA collaboration is in opera-
tion at the Brookhaven Accelerator Test Facility(ATF). A
novel emittance compensation solenoid magnet has also
been designed, built and is in operation at the ATF. These
two subsystems form an emittance compensated photoin-
jector used for beam dynamics, advanced acceleration and
free electron laser experiments at the ATF. The highest ac-
celeration field achieved on the copper cathode is 150MV

m ,
and the guns normal operating field is 130MV

m . The max-
imum rf pulse length is 3µs. The transverse emittance of
the photoelectron beam were measured for various injec-
tion parameters. The 1 nC emittance results are presented
along with electron bunch length measurements that indi-
cated that at above the 400 pC, space charge bunch length-
ening is occurring. The thermal emittance,εo, of the copper
cathode has been measured.

1 INTRODUCTION

The BNL/SLAC/UCLA S-band emittance compensated[1]
photoinjector has been installed at the Brookhaven Accel-
erator Test Facility(ATF) as the electron source for beam
dynamics studies, laser acceleration and free electron laser
experiments. The 1.6 cell rf gun is powered by a single XK-
5 klystron, and is equipped with a single emittance com-
pensation solenoidal magnet. There is a short drift space
between the photoinjector and the input to the first of two
SLAC three meter travelling wave accelerating sections.
This low energy drift space contains a copper mirror that
can be used in either transition radiation studies or laser
alignment. There is also a beam profile monitor/Faraday
plate located 66.4 cm from the cathode plane. The pho-
toinjector beam line layout is presented in Fig. 1.

The high energy beam transport system consists of nine
quadrupole magnets, an energy spectrometer, an energy se-
lection slit and a high-energy Faraday cup. Diagnostics lo-
cated in the high energy transport consist of beam profile
monitors and strip lines. The strip lines are used for an on
line laser/rf phase stability monitor.

The drive laser is a Nd:YAG master oscillator/power am-
plifier system. A diode pumped oscillator mode locked at
81.6 MHz produces 21 psec FWHM pulses at 100 mW
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Figure 1: The BNL/UCLA/UCLA 1.6 cell S-band photoin-
jector

of average power. Gated pulses seed two flash lamp
pumped multi-pass amplifiers and are subsequently fre-
quency quadrupled. This nonlinear process leads to a fac-
tor of two reduction in the laser pulse length. The 266 nm
beam is transported to the rf gun area via a 20 meter long
evacuated pipe. A spherical lens and a pair of Littrow
prisms are used to compensate for the anamorphic mag-
nification introduced by the 72o incidence on the cathode.
The time slew across the cathode caused by this oblique in-
cidence is also corrected by using a diffraction grating. The
spot size of the laser beam on the cathode is 2 mm diameter
edge to edge.

2 EMITTANCE STUDIES

The normalized transverse rms emittance,εn,rms, was mea-
sured using the two screen method. The measuredεn,rms

values that are reported are greater than or equal to the real
beam emittance. Table 1 list the relevant beam parameters
used during these beam dynamics studies.

Laser Spot Size 1 mm radius hard edge
Cathode Field 130 MV

m

rf Gun Beam Energy 5.75 MeV
Final Beam Energy 40 MeV
Cathode Magnetic Field ≤ 5 G

Table 1: Beam Study Parameters
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2.1 Low Charge

PARMELA[2] was used to simulate the emittance compen-
sation process and the subsequent acceleration to 40 MeV.
A correlation of the minimum spot size with an emittance
minimum was noted during these simulations. This was ex-
perimentally verified during the commissioning of the 1.6
cell rf gun, using the beam profile monitor located at the
output of the second linac section, as can be seen in Fig. 2.
The result in Fig. 2 is for a total bunch charge of 0.329
± 0.012 nC, an electron bunch length ofτ95% = 10.9 psec
with anεn,rms = 1.17± 0.16π mm mrad.
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Figure 2:εn,rms andRrms versusBz,max

The dependence of transverse emittance on the bunch
charge under two different experimental conditions are pre-
sented in Fig. 3. The linear dependent emittance ver-
sus charge was conducted under constant solenoidal mag-
net field that was optimized for a total charge of 390 pC
and only the laser energy on the cathode was varied. For
the quadratic dependent emittance versus charge, as the
laser energy was varied the beam was optimized using the
solenoidal magnet and steering magnets to produce the
smallest symmetric beam profile at the first high energy
profile screen. Note that even under these diverse exper-
imental condition the measured emittance are consistent
with the data in Fig. 2.

We have noted that at Q=0 for the linear dependence
emittance versus charge there is a residual emittance term
of 0.8 π mm-mrad. This term is due toεo, εrf andεmag.
The magnetic term can be neglected since the initial cath-
ode spot size and the small magnetic field at the cathode
will contribute only 0.03π mm mrad [3]. The rf contri-
bution should be small, since there is no transverse space
charge forces to cause beam size expansions in the rf gun.
The beam, in this limiting charge case, will only sample a
small portions of the rf fields which decrease the rf contri-
bution byσ2

x [4]. The beams intrinsic thermal emittance
including the Schottky correction is given in Equation 1. A
theoretical estimate of the thermal emittance at 130MV

m for
a copper cathode was found to be 0.5π mm-mrad.
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Figure 3:εn,rms versusQt

εo ≤ 0.8 π mm mrad (1)

Due to laser power limitation, rf gun bunch compression
and the Schottky effect it was not possible to keep the total
charge constant for different laser injection phases. There-
fore in Fig. 4 the plot ofεn,rms as a function of laser in-
jection phase is not for a constant charge but for a decreas-
ing charge from a maximum of 400 pC to a minimum of
178 pC.
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Figure 4:εn,rms versusφ

2.2 1 nC Emittance Studies

For X-ray free electron laser application such as the Linear
Coherent Light Source(LCLS)[5] the relevant photoinjec-
tor parameters are 1 nC,τ95% = 10 psec and 1.00π mm
mrad normalized rms emittance. The measured and LCLS
values are presented in Table 2.

Parameter LCLS Experimental Results
QT 1 nC 1.020± 0.059 nC
τ95% 10 psec 14.7 psec
εn,rms 1.00π mm mrad 4.74± 0.24π mm mrad

Table 2: 1 nC emittance results
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Simulation results using PARMELA with a longitudi-
nal flat top electron pulse ofτ95% = 10 psec, full width
tenth maximum (FWTM), indicate that aεn,rms ≤ 1 π mm
mrad is attainable[6]. The results of our experimental stud-
ies present two challenges. First is the increasedτ95% and
second is the larger than expectedεn,rms. These are not un-
related since the emittance contribution due to rf scales as
σ2

z . Therefore an important issue is to find the mechanism
causing the electron bunch length to increase. Two pos-
sible mechanisms were studied; laser pulse bunch length-
ening due to laser power saturation in a doubling crystal,
or space charge bunch lengthening. Experimental studies
of the correlation of the laser power andτ95% were under-
taken. Figure 5 shows the results of these studies. While
keeping the total electron bunch charge constant at 360 pC,
the laser intensity in the green(λ = 532 nm) was increased.
The results is thatτ95% = 10.9 psec. Keeping the laser in-
tensity in the green constant and varying the uv on the cath-
ode to increase the electron bunch charge from 400 pC to
1 nC results in an increase in theτ95% from 10.9 psec to
14.7 psec(Fig. 5). This clearly shows that the 1 nC electron
bunch length is not due to the laser pulse length but due
to some beam dynamics issue, almost surely longitudinal
space charge forces.
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Figure 5:τ95% versusIgreen with Qt constant.τ95% versus
Qt with Igreen constant.

PARMELA simulation do not show the space charge
bunch lengthening seen in these experiments and this sim-
ulation error is being investigated. This debunching effect
due to space charge forces can be corrected by decreas-
ing the laser pulse length and using the debunching effect
to lengthen theτ95% to the required 10 psec. This tech-
nique has the drawback the longitudinal phase mixing of
the electron pulse could possible occur thereby degrading
the emittance compensation process. A second possibility
is to increase the laser spot size. But this would increase the
emittance due to the rf emittance contribution, the remnant
magnetic field at the cathode and also increase the intrin-
sic thermal emittance. Using a longitudinally flat top laser
pulse would seem to be the best solution since the magnetic

and thermal emittance would not increase and the longitu-
dinal space charge forces would be decreased in the central
portion of the bunch.

Due to the non-uniformity of the transverse laser
pulse and transverse variation of the cathode quantum
efficiency, the electron bunch transverse charge density
ρ(x, y) is not uniform. Laser assisted explosive electron
emission(LAEEE)[7] has been used to smooth out this ef-
fect. The measured improvement inεn,rms due to LAEEE
are presented in Table 3. Qualitative data for QE(x, y) of
the copper cathode is not available, but for the magnesium
cathode LASEEE improved the QE(x, y) by a factor of
two, from an order of magnitude variation across the cath-
ode spot to a 50% after LASEEE.

Before Laser Cleaning
Qt 918± 77.5 pC
εn,rms 5.18± 0.25π mm mrad

After Laser Cleaning
Qt 1020± 58.7 pC
εn,rms 4.74± 0.24π mm mrad

Table 3: High charge emittance study results before and
after LAEEE

3 CONCLUSION

We have presented the results of emittance studies of the
BNL/SLAC/UCLA 1.6 cell S-band emittance compensated
photoinjector. Emittance as a function of laser injection
phase, charge and peak magnetic field have been presented
in the low charge regime. Emittance results for the 1 nC
regime are presented before and after laser assisted ex-
plosive electron emission cleaning. Longitudinal bunch
lengthening has been observed in the 1 nC studies and pro-
posed solutions have been presented to counteract this ef-
fect. We have measured an upper limit to the beams intrin-
sic thermal emittance and found it to beεo ≤ 0.8 π mm
mrad.
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