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Experimental results of an rf gun and the generation of a multibunch beam
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At the laser undulator compact x-ray source at KEK, our group has designed and built a new rf gun with a
larger mode separation of 8.6 MHz and higher Q value than earlier guns. This paper presents details on the
design and fabrication, low-power measurements, and tuning procedures followed in the fabrication of the
gun cavity. We also give a detailed account of experiments performed with this gun and present
measurement results. We have successfully generated 100 bunches per train with a 50 nC charge at
41 MeV and 300 bunches per train with a 160 nC charge at 5 MeV, with low peak-to-peak energy difference.
In the future, we plan to go up to a 0.5 nC charge per bunch in an 8000-bunch train at low energy and a 2 nC
charge per bunch in a 100-bunch train at high energy. This will make it possible to have higher charge
available for laser-beam collisions, thus enabling the generation of high flux soft x rays using the low-energy

electron beam and approximately 30 keV x rays using the high-energy electron beam.
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I. INTRODUCTION

A. rf gun and accelerator

Our group at KEK has designed and developed a com-
pact, S-band Laser Undulator Compact X-ray Source
(LUCX) [1,2]. The LUCX setup is shown in Fig. 1 below.
This test bench has an rf photocathode gun to inject a low-
emittance beam with a bunch spacing of 2.8 nsina 3 m long
S-band traveling wave, constant-gradient linear accelerator
(linac). When the beam is injected, the linac accelerates the
bunches to 40 MeV energy with a peak-to-peak energy
difference of less than 0.7% using a AT compensation
technique [3]. This high-energy beam then goes through a
quadrupole doublet to reach a beam size of the order of
40 pm in the interaction region. The beam collides with a
pulsed laser inside a supercavity and produces intense
x rays via the mechanism of inverse Compton scattering.
Our group recently used this setup to produce 30 keV x rays
with a flux of 1.2 X 10° photons per second [4]. To increase
the flux further, we began working on various systems to
optimize the parameters and achieve a higher flux.

Changes were initiated in the rf gun and the accelerator
to improve the performance. Our group designed a new rf
photocathode gun cavity to increase the mode separation
and the quality factor [5-7]. The cavity profile of the rf gun
is changed from the Brookhaven National Laboratory
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(BNL) type IV to a new curved-surface type as shown in
the next section. The mode separation between the operat-
ing 77 mode and zero mode was increased from 3.5 MHz in
the old gun to 8.6 MHz in the new gun. Once the new rf gun
was fabricated and installed, we measured various parame-
ters and found that its energy spread was more stable for
phase variations than the old gun with smaller mode sepa-
ration. Simulations done by Linac Coherent Light Source
(LCLS) and other groups have demonstrated this stability
[8-10], and our measurements confirm the predictions.
One of the main aims of our work is to generate long
bunch trains. Specifically, we seek to produce a very long
pulse train with a bunch spacing of 2.8 ns and accelerate
the train using a normal conducting accelerator. Earlier we
demonstrated a 100 bunch beam with 2.8 ns spacing and a
50 nC charge at 40 MeV beam energy. We then worked out
a new scheme, as proposed earlier, to make a series of long
bunch trains with a higher charge per train [11]. We
replaced the linac in our setup with a drift tube and
achieved a 5 MeV beam with a 160 nC charge in 300
bunches with a peak-to-peak energy difference of less
than 0.85%. Encouraged by the results, we are now build-
ing a 3.5 cell rf gun capable of attaining 10 MeV beam
energy with 8000 bunches per train and 0.5 nC charge per
bunch, mainly for application in medicine and other fields.
This paper presents the experimental results of the mode-
separated rf gun and the generation of a 300 bunch train.
To increase the flux of photons coming from an inverse
Compton source like LUCX, various options are available.
The designer can increase the charge per bunch to a high
value and increase the repetition rate to a moderately high
value to increase the number of electrons colliding with the

© 2011 American Physical Society
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Setup of the LUCX test facility. The rf gun is installed at the left end and the dump is positioned at the bottom right. The

collision chamber is the interaction region where the electron beam collides with the laser pulse to produce x rays via inverse Compton
scattering. Two independent laser systems are used, one to produce electron bunches in the rf gun and one to produce laser pulses to

collide with the bunches.

laser photons per second. In this approach the main
problem is that the emittance of beam increases with
charge which may result in degrading effects after colli-
sion. The other option is to build a source with low charge
per bunch and very high repetition rate, for example
200 Hz or above. This ensures that the emittance is low.
The main problem in this approach is the difficulty to
sustain high repetition rate operations. The heat dissipated
is very high in such a case and the drift in parameters due to
temperature is prominent. Further, it is tough to get high
repetition rate components for laser system and the cost of
laser system becomes very high. A simpler option, there-
fore, is to go for low charge per bunch with many bunches
per train and operate at moderate repetition rates. In this
approach, the main technological problem is to achieve the
low bunch-to-bunch energy difference by proper beam-
loading compensation. However, once this technology is
achieved, the designer gets low-emittance beam and the
large number of bunches per train ensures that the charge
available per unit time for collision is sufficiently high to
get a large flux after collisions with laser pulses.

B. Laser system for the rf gun

The seed laser is a neodymium vanadate (Nd: YVO4)
mode-locked oscillator with a 357 MHz frequency. The
average power is 7 W at 1064 nm wavelength and pulse
duration of 7 ps (FWHM). The infrared pulses produced at
2.8 ns (corresponding to 357 MHz) pass through a Faraday
isolator into a Pockels cell. The Pockels cell chooses the
number of pulses from within a range of 1 pulse to 8000
pulses for the operation. The selected pulses pass through a
double pass amplifier, then through another Pockels cell to
enhance the contrast ratio. Then they pass again through an
amplifier. The high-power pulses are then passed through

nonlinear optics beta barium borate crystals to produce the
fourth harmonic. The final outcome is a 266 nm ultraviolet
(UV) laser with a (FWHM) pulse length of 12.5 ps.

II. DESIGN, FABRICATION,
AND CONDITIONING OF THE RF GUN

A. The rf gun structure

The rf gun design was changed to increase the mode
separation to 8.6 MHz while also increasing the Q and
shunt impedance. The advantage of the larger mode sepa-
ration is an increase in the stability of the energy spread
over phase variations. To attain our target of generating
8000 bunches per train with 2.8 ns spacing, we will require
a long pulse-width klystron. In the near future, we will
install a new klystron with a pulse width of 24 us. The
higher mode separation will help to control and minimize
the increase in zero mode effects and other degrading
effects resulting from the use of this longer pulse-width
klystron.

The structure of the original LUCX rf gun (hereinafter,
the “old gun”’) was close to the BNL structure. Our main
modification at KEK, after years of experience, was to
replace the Helicoflex seal joint with a brazing joint.
Another major change was to introduce the new ‘‘defor-
mation tuners’ in the tuner region [12]. These tuners do
not penetrate the gun cavity, but maintain a wall thickness
of about 2 mm. A screw-type mechanism is used to move
the tuner, and with it the cavity wall, up or down, and
thereby change the cavity frequency. Each cell has four
diametrically opposed tuners, and the cavity frequency can
be changed up to =1 MHz. The original LUCX rf gun
cavity had a mode separation of 3.52 MHz and a field
balance (Ey¢/Efy) of 1.30. Our target was to increase
the separation to 8.6 MHz.
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The mode separation was increased by increasing the
coupling between the cells through two adjustments,
namely, increasing the iris diameter and reducing the
length of the drift tube between the half cell and full cell.
We decided to maintain a field balance of 1.0 and selected
an 8.6 MHz target for final mode separation, after consid-
ering various fabrication restrictions and tuning conditions.
Figures 2 and 3 below show the old and new rf gun profiles,
as predicted by SUPER FISH [13]. Table I below shows the
comparative parameters for the guns developed.

One of the first challenges we faced in fabrication was
the curved internal profile of the cavity. We had two
options for the machining of this profile. The first option,
one frequently practiced, was to cut open the cavity along
the center of the rf slot and turn it uniformly in two halves
to make a full cell. We decided not to use this option, as it
would require a complicated brazing procedure at the rf

o 2 3 ¢4 3 ¢ 7 8 2 10

FIG. 2. Profile of the old rf gun. The old gun was close to the
BNL Type IV gun.
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FIG. 3. Profile of the new rf gun. The iris diameter is increased
to increase the mode separation.

TABLE I. Measurement results for the new and old rf guns.
Simulated Measured
New Gun  New Gun Old Gun  Unit
Frequency 2855.64 2855.61 2855.74  MHz
Mode separation 8.67 8.63 3.52 MHz
Field balance 1.0 0.98 1.3
0 18000 15000 7900
Coupling B 1.0 1.0 0.6

slot joint. The second option, the option we chose, was to
divide the full cell into sections, part going in as a half cell
and the remaining section coming out as a full cell, with a
slot opened for the rf feed port. This option resulted in
a small step of less than 30 wm in the full cell, but at a
position with lower surface fields. The location of this step
was chosen to ensure that it will not become a source of
dark currents. The gun was fabricated and the measured
dark current data was low as expected. A visual inspection
of the inner surface after brazing showed no significant
difference, and the Q was sufficiently high. This is a
confirmation that the step in the full cell does not exert
any negative influences in the cavity parameters. Figure 4
shows the picture of the cells before brazing. Figure 5
shows the complete rf gun after brazing, welding, and
tuning. Figure 6 shows the results of field pattern measure-
ments taken by the bead pull method.

The cells were fabricated by starting from a higher
frequency and gradually stepping down to the desired
frequency and field balance. It took a total of eight cuts
of about 10 to 20 uwm each on the diameter of the cavities
to achieve a field balance of 1.0 at a 7 mode frequency of
2856 MHz. After brazing, we achieved the 1.0 field bal-
ance by using the tuners in the half cell to adjust the
frequency downward by about 100 kHz. The cells were
fabricated from a Hitachi OFHC copper processed by hot
isostatic pressing (HIP) [14].

FIG. 4. The rf photocathode gun structure before brazing.
Some part of the machined full cell is seen in the center and
the other remaining part is in the cavity next to it, at the left in
the photograph. The full cell is formed out of this asymmetric cut
by brazing.

063501-3



ABHAY DESHPANDE et al.

Phys. Rev. ST Accel. Beams 14, 063501 (2011)

FIG. 5. Complete rf gun after the final tuning. A pair of tuners
is positioned just above the water-cooling pipes in each cell.
Similar pairs are positioned on the diametrically opposite side.
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FIG. 6. Measured and simulated field balance for the new gun,
after final tuning. The measurements were taken by the bead pull
method using a vector network analyzer. The field pattern was
measured after each cut on the cavity surface.

Once the rf gun was fully fabricated, we installed it at
our facility and carried out rf processing for 150 hrs at a
pulse width of 2 ws and power of about 10 MW. Next, we
coated the cathode with cesium-telluride (Cs,Te) and con-
ditioned the gun by operation for another 100 hrs. At
30 days after the coating, the quantum efficiency was found
to be around 0.5% and the dark currents were substantially
low. At this point we turned on the beam and measured the
beam quality. Figure 7 shows the results of the dark current
measurement, together with data of the dark currents from
the old gun for comparison. The old gun had a quantum
efficiency of ~0.3% at the time of measurement. The plots
clearly show that the new gun shows less dark currents than
the old gun, even with slightly higher quantum efficiency.

B. Photocathode at LUCX

The bunch charge in the rf gun depends on the laser
power, the choice of photocathode material, and the injec-
tion phase. The details of the laser system for the gun have
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FIG. 7. Measured dark current for the old and new rf guns
under similar input power conditions. The new gun shows less
dark current than the old gun while maintaining higher quantum
efficiency.

been discussed earlier. The injection phase, meanwhile,
can be controlled by the user. Because the injection phase
also influences the energy spread, we have decided to
operate at a phase setting where a minimum energy spread
is attained. At LUCX we have achieved stable operation
with a Cs,Te photocathode technology. The Cs,Te has a
comparatively short lifetime at the peak quantum effi-
ciency [15]. The quantum efficiency (QE) of Cs,Te de-
creases rapidly over time. In our system, for example, it
declined to around 0.5% in about one month after coating.
In our earlier gun, the cathode lasted for as long as about
three years with a QE of about 0.3% in high fields of about
130 MV/m [16]. This successful operation in the presence
of fields of over 130 MV /m is a significant achievement
and boosts our confidence in the Cs,Te photocathode.
Our system uses a molybdenum plug inserted in the rf
gun via a load lock mechanism. As an initial conditioning
before the Cs, Te coating, the plug is inserted at the cathode
position and subjected to high fields. The plug is also

Photon Energy [eV]
1 2 3 4 5 6 7

—-LUCX
0.1 4 —— Powell

0.01 ¢

0.001

Quantum Efficiency

0.0001

0.00001 -

0.000001

FIG. 8. Measured dependence of quantum efficiency on inci-
dent photon energy. The blue curve corresponds to the LUCX
data. The brown points correspond to the data from Powell from
Ref. [17].
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cleaned through this conditioning, and at the completion of
the process it is transferred to the coating unit using a
vacuum chamber. Once the plug is inside the coating
chamber, a 10 nm thick coating of telluride is applied.
Then the cesium deposition is commenced, and the quan-
tum efficiency (QE) is monitored over time. The photo-
current peaks at some point, and then starts to fall. In our
process, the coating is discontinued when a stable QE of
nearly 3% is reached. Next, the QE is measured as a
function of photon energy. Figure 8 shows the LUCX
coating data in blue dots and the data from Powell in brown
dots [17]. When we use this photocathode in our gun with
our laser system, we easily achieve a charge of around 1 nC
per bunch and stable operation with a gradient of
130 MV /m.

III. BEAM PARAMETER MEASUREMENTS

The rf gun was carefully tested to find the actual opera-
tion parameters at which a low emittance can be achieved.
The bunch charge was maintained at 1 nC or more during
most of the measurements. Because the energy of the
electrons generated from the photocathode is few electron
volts, the space-charge forces are strong, resulting in a high
emittance beam. To compensate for this degradation, a
high gradient of 130 MV /m is set at the cathode position.
Stable operation at this high gradient depends upon good
conditioning of the system, as well as a clean cavity
surface. A high gradient at the cathode ensures a low-
emittance beam with a high bunch charge. In our setup,
this high gradient is achieved via careful control of the
processing and the maintenance of a good vacuum. A
focusing solenoid is introduced at the exit of the rf gun
for emittance compensation [18]. In our setup, the 3-meter
long, constant-gradient, traveling-wave linac tube acceler-
ates the beam to 50 MeV, and a quadrupole doublet after
the linac is used to measure the emittance by the quad scan
method. Careful tuning is required to ensure that the beam
is in good condition before the measurements are com-
menced. A beam-based alignment (BBA) procedure is
applied to ensure that solenoid field variations do not
change the beam axis. For a fixed solenoid field, we find
the beam position using the beam position monitors
(BPM). Then we vary the solenoid field by =5 A
(0.012 T) and monitor the variations in the BPM. By
changing the laser position at cathode by moving the
mirror, we ensure that the variation in BPM reading is
less than 10 wm for the above field variation.

A highly sensitive alumina fluorescent plate (AF995R,
Demarquest Co.) is selected for use as the screen material.
The screen is made of 0.5% chromium oxide doped with
alumina and reaches peak scintillation at a wavelength of
693 nm. A 100-um thick screen is mounted on an inserting
device at 45° relative to the beam. The main disadvantage
of this type of screen is a slight enlargement of the scintil-
lation indicating a larger beam size than that of the original

beam. This disallows the use of the screen for precise beam
size measurements. But with its high sensitivity to even
picoampere charge, the screen is very useful for finding
beams and monitoring dark currents. Thus, we use the
screen mainly for tuning and use an optical transition
radiation (OTR) screen for beam size measurements.

One step, in the initial tuning for low emittance, is to
minimize the energy spread. After the BBA procedure, the
bunch charge variation is determined as a function of the
injection phase. The results from this measurement are
used to set the injection phase to the minimum energy
spread position. In our case, we defined the laser injection
phase as zero when the cathode field was zero. Our simu-
lations showed a minimum energy spread at 36° phase.
The injection phase was set accordingly and the beam
image was obtained on the screen after the bending mag-
net. The combined use of this screen and the bending
magnet allowed the calibration of the screen for energy
variations, thus enabling measurement of the energy spread
of the beam. The injection phase was then varied and a final
phase was assigned corresponding to the minimum energy
spread. Most of our measurements were done at this
setting.

After the tuning, the emittance was measured with a
quadrupole magnet and the OTR screen located after the
collision chamber. The normalized emittance was mea-
sured as a function of the solenoid field and a minimum
emittance of 1.89 = 0.17 mm mrad was observed in the
vertical plane. Figure 9 shows the solenoid scan for
emittance measurement.

The energy and energy spread were measured at the
screen after the bending magnet. Figure 10 shows the
variation of the energy spread as a function of the injection
phase for a beam with a 1.6 nC charge. As the bunch charge
is also a function of the injection phase, the charge is
adjusted for each phase position by varying the laser
power. For comparison, the figure also plots the measure-
ment results for the old gun with less mode separation. The
operating conditions and bunch parameters were the same

Norm. Emittance [x mm mrad]
w

0+ ; ; ; ; ; ; ; ; ;
0.17 0.172 0.174 0.176 0.178 0.18 0.182 0.184 0.186 0.188 0.19
Solenoid Field [T]

FIG. 9. Solenoid field scan for emittance minimum. The emit-
tance was measured by the quad scan method. The charge per
bunch was 1 nC.
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FIG. 10. Energy spread as a function of the injection phase for
the old and new guns.

for both measurements. The new gun clearly remains much
more stable against the variations of the injection phase.

Simulations by other groups have shown that the energy
spread is stable for small variations of the injection phase
for systems with larger mode separation [8—10]. Our results
demonstrate that an increased mode separation can help
maintain a low-energy spread over more phases. This
brings additional stability to the operation of the rf gun
over environmental parameters and thus increases the
reliability of the gun.

IV. MULTIBUNCH BEAM GENERATION

A. Method of beam-loading compensation

Our group has worked with a consistent focus on gen-
erating a multibunch beam with a lower peak-to-peak
energy difference. In earlier experiments using the AT
(Delta T) method for beam-loading compensation with
the old gun, we attained a multibunch beam at 40.5 MeV
with 100 bunches per train and 0.5 nC charge per bunch [3].

The equation below gives the energy gain with the
loading term for the standing-wave rf gun:

2JBP.ZT?
(1+p8)

ZT2aT1 — e~ tw)/Ta
_ wotl7q [ e R _], 1
20, 1 —e /T 2

where S is the coupling, P, is the input power, ZT? is the
effective shunt impedance, w, comes from the frequency
of the gun, and Q, is the quality factor. 7, is the cavity
filling time, ;,; is launch time for the first bunch, and 7, is
the bunch spacing. The loading term depends on the charge
per bunch.

From Eq. (1) we can see that the bunch-by-bunch energy
for the multibunch beam with a fixed charge and fixed
bunch spacing depends on the injection time and input
power. A balance between the filling time and injection
time should be reached in order to compensate for the
bunch-to-bunch energy difference. This method for

VrrG = (1 — e /o)

minimizing the energy spread by varying the injection
time is referred to as the “AT (Delta T) method for
beam-loading compensation.” For a given injection time,
we can increase the power to achieve a good compensation.
This is especially useful for attaining good compensation
with a high charge and high energy. In theory, a very low
peak-to-peak energy difference can be achieved at high-
energy levels, such as 50 MeV, for high charge bunches,
simply by increasing the power and injecting the beam
earlier. In practice, however, the achievable level of power
has limits and an injection performed too early will result
in high single bunch energy spread.

Equation (2) shows the beam energy with loading for a
traveling-wave linac:

Vace = YPZT2L(1 — ¢77)

. 2
_ i ZT [1 — e~ 2l=0)/1/]
—27
2(1 —e™%7)
t—t t
B - BRI B —"], @)
Iy Iy

where 7, is the filling time, P, is the input power, ZT? is the
shunt impedance, L is the length of the linac, i is the
average current, t, is the injection time for the first electron
bunch, ¢, is the bunch spacing, and 7 is an attenuation
parameter.

Earlier papers from our group discuss the simulation
results for multibunch beam loading [3,5]. Equations (1)
and (2) can be used to calculate the various combinations
of power, charge, and injection timings for minimizing the
peak-to-peak energy differences for long bunch trains. In
the next section we present our measurement results and
discuss the methods we followed to achieve those results.

B. Experiment No. 1: 100 bunch, 41 MeV

A traveling-wave linac was used for the high-energy
acceleration. A pulse compression scheme, the resonant
ring compression scheme (RRCS) developed at KEK [19],
was applied to satisfy the higher power requirement for
compensation of the 50 nC charge in the 100-bunch train.
This scheme is very similar to the SLAC energy doubler
(SLED), but it uses traveling-wave resonators instead of
standing-wave cavities [20,21]. The klystron delivers
4 us, 40 MW peak power to the RRCS, resulting in
1 us, 120 MW peak power after compression. This power
is split and delivered to the rf gun and to the linac. With the
linac in place and with the power compression scheme on,
100 bunches per train were launched at a 0.5 nC charge per
bunch. Then, by varying the injection timing, this 50 nC
beam was compensated to attain a minimum peak-to-peak
energy variation. Figure 11 shows the measurement results.

Our observations confirmed that if the charge is in-
creased, more power is required to compensate for the
beam-loading effect. This is why a high-power klystron
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FIG. 11. Beam loading for 41 MeV, 50 nC in 100 bunches.

must be used when an increase in the bunch charge or
number of bunches is required.

In our experiments, we achieved a favorable loading
compensation and were able to get a peak-to-peak energy
difference of less than 0.7% with the new gun for 50 nC in
100 bunches. Longer bunch trains are confirmed to lead to
additional beam loading, and simulations have shown that
they also lead to higher peak-to-peak energy differences.
While this rules out the use of the existing linac for long
pulse train acceleration, a standing-wave rf gun serves well
for the generation of longer bunch trains. This was our
reason for replacing the linac with a drift tube [11]. The
results of a simulation of the beam performance from the
cathode of the gun to the dump with the ASTRA simulation
code [22] confirmed that the low-energy beam travels the
entire distance to the dump at an approximately 11.5-meter
distance from the cathode, using the same set of magnets.
After careful tuning and many trials, the electron bunches
were successfully transferred from the gun to the dump
with no loss [23].

5.4

C. Experiment No. 2: Low-energy
beam with more than 100 bunches

As mentioned above, the linac was replaced with a long
drift tube. Next, through a conditioning of over 50 hrs,
vacuum conditions similar to those in experiment No. 1
were regained. The system was then tuned by the methods
described earlier, and the beam profile was observed on the
OTR screen after the bending magnet. The schematic lay-
out was shown earlier in Fig. 1 and the only difference in
low-energy beam generation setup is that the linac is
replaced by a long drift tube. A BPM and integrated current
transformer (ICT) are placed nearby the screen. Direct
measurement of the bunch-by-bunch energy is impossible
with our setup. Instead, the energy difference is determined
through the use of the BPM, ICT, and OTR screen in
combination with the bending magnet. The reading on
the ICT is an indication of beam loss, when it occurs.
The bending magnet and screen help to measure the single
bunch energy, and the BPM registers the orbit for the
measured bunch. In the multibunch mode, the average
energy and the deviations from the orbit are found with
the same BPM. The deviations can be correlated to the
energy difference with respect to the average energy, hence
the bunch-to-bunch energy difference can be measured.
The screen is positioned at a distance of about 10 meters
from the rf gun. For a high charge beam, the space-charge
forces may result in a blowup of the beam size. Our setup
uses the solenoid and quadrupoles to maintain the beam
size. If the bunch-to-bunch energy difference is too large,
the chicane may reject off some of the bunches. The energy
difference, however, can impart a slightly different orbit to
the bunches as they pass through the chicane. This results
in a positional difference which, if too large, causes some
bunches to collide with the wall of the drift chamber.
Hence, very careful tuning is needed and the beam loss
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FIG. 12. The top (brown), middle (red), and bottom (blue) curve plot 100-bunch mode at 40 nC, 230-bunch mode at 80 nC, and

300-bunch mode at 160 nC, respectively.
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TABLE II. Measurement results for multibunch beam.
Number of bunches 100 100 300
Energy [MeV] 41 53 5.25
Charge per bunch [nC] 0.5 0.5 0.55

Peak-to-peak energy difference [%] 0.7 0.36 0.85

must be monitored to ensure that none occurs across the
drift tube.

Upon completing these initial settings, we planned an
experiment for a 300-bunch beam. We found, at this point,
that the Pockels cell for the laser was capable of generating
300 bunches. Above 300 bunches, the Pockels cell wave-
form begins to ring and thus becomes unusable. The beam
was carefully tuned, starting from 4-bunch mode and
gradually proceeding upwards to 36, 100, 150, 230, and
finally 300 bunches. The system was carefully tuned at
each stage to ensure that the beam went to the dump. Next,
the bunch charge was gradually increased to 0.55 nC per
bunch. Figure 12 shows the results for 100-, 230-, and 300-
bunch mode operation. The 100-bunch mode was per-
formed at a charge of a 40 nC charge; the 230-bunch
mode, at 80 nC; and the 300-bunch mode, at 160 nC.

As the bunch charge increased, the beam clearly had to
be injected earlier to ensure good compensation. This
resulted in a low-energy beam. To get a similar level of
energy in each case, more power will be needed into the rf
gun. As seen from the above plot, 300 bunches per train
were successfully generated at 5 MeV with a 160 nC total
charge. The peak-to-peak energy difference was 0.85% for
this 300-bunch train. The peak-to-peak energy difference
continued to rise as the bunch number increased. Table II
below shows the comparative results for multibunch beam
generation. Figure 13 compares the calculated and mea-
sured values for the same input conditions.

This setup successfully generated a long bunch train
with high charge and a low-energy difference. The
Pockels cell had to be changed in order to attain longer
pulse trains from the laser. Upon completing a planned
upgrade for the laser system, we plan to achieve 8000

5.3

—=Measured
—— Calculated

E [MeV]

5.15 1
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0 50 100 150 200 250 300

Bunch Number

FIG. 13. 300 bunches, total charge generation of 160 nC, and
comparison with calculation.

bunches at 5 MeV with a 0.5 nC charge per bunch [2].
The recent results obtained by PHIN gun are for similar
high charge accelerations and are very encouraging [24].
The important thing in our setup is that we transport the
bunches to a long distance of about 10 m with a low peak-
to-peak energy difference. For the high-energy case, our
target is to achieve 100 bunches with a 2 nC charge per
bunch. A high-power, long-pulse klystron will be required
for both trials. To meet this condition, we will be upgrading
to an rf power system with a separate klystron with a peak
power of 24 MW and a pulse width of 24 us for the rf gun.
The existing 40 MW klystron with the RRCS will then
drive the linac. This will be possible by the end of this year.

V. DISCUSSIONS AND REMARKS

Our group has designed and successfully commissioned
a larger-mode-separation rf gun at the LUCX facility at
KEK. We use a Cs,Te photocathode and successfully
operate the rf gun at a high gradient of 130 MV /m at the
cathode. This is one of the most interesting features of our
rf gun activity. We increased the separation between 7 and
zero mode to 8.67 MHz and tuned the gun to a field balance
of 1.0. The measured normalized transverse emittance was
around 1.89 = 0.17 mm mrad. We measured the energy
spread as a function of the injection phase and compared
the same with the data from the old gun with 3.5 MHz
mode separation. The large-mode-separation gun had less
energy spread variations over large phase variations. This
is the first observation of this kind and confirms the need
for large-mode-separation rf guns. The higher mode sepa-
ration will increase the stability of the gun, help to produce
good-quality beams over long runs, and become an essen-
tial precondition for long-pulse-width rf power.

A multibunch beam with lower peak-to-peak energy
differences will be very crucial for inverse Compton
sources. It will boost both the charge delivered per second
and the x-ray flux per second. Our group proposes the
launch of an 8000-bunch train with an 0.5 nC charge per
bunch. This high charge per train will be focused in the
collision chamber at about 8 m from the cathode. This
paper establishes the basic research work towards this goal.
In our current experiments, we successfully accelerated
100 bunches with a 50 nC charge at 41 MeV with a
peak-to-peak energy difference of less than 0.7%. We
then accelerated 300 bunches with a 0.55 nC charge per
bunch (160 nC charge) at 5 MeV with a peak-to-peak
energy difference of less than 0.85%. This was one of
our most important results.

The acceleration of a longer train is still restricted by the
limitations of the Pockels cell. Replacement of the Pockels
cell will help us achieve longer pulse trains. Then, our next
step will be to replace the klystron and rf power delivery
system to input 24 MW, 24 us rf power in the gun.

We have started building a 3.5 cell rf gun as an extension
of the newly designed rf gun reported here. This will help
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us achieve energy of around 10 MeV at the gun exit. In the
next stage we plan to build a compact, high gradient linac
to achieve a 30 MeV beam with 8000 bunches. The entire
accelerating system will be small enough to fit on a
3-meter-long, 1-meter-wide table.
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