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We demonstrated the generation of a 500-keV electron beam from a high dc voltage photoemission
gun for an energy recovery linac light source [N. Nishimori et al., Appl. Phys. Lett. 102, 234103 (2013)].
This demonstration was achieved by addressing two discharge problems that lead to vacuum breakdown in
the dc gun. One is field emission generated from a central stem electrode. We employed a segmented
insulator to protect the ceramic insulator surface from the field emission. The other is microdischarge at an
anode electrode or a vacuum chamber, which is triggered by microparticle transfer or field emission from a
cathode electrode. An experimental investigation revealed that a larger acceleration gap, optimized mainly
to reduce the surface electric field of the anode electrode, suppresses the microdischarge events that
accompany gas desorption. It was also found that nonevaporable getter pumps placed around the
acceleration gap greatly help to suppress those microdischarge events. The applied voltage as a function of
the total gas desorption is shown to be a good measure for finding the optimum dc gun configuration.
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I. INTRODUCTION

Future energy recovery linac (ERL) light sources and
megahertz repetition rate (MHz-class) x-ray free electron
lasers (FELs) require high-brightness and high-current
electron guns capable of delivering an electron beam with
an emittance lower than 1 mm mrad and currents up to
100 mA [1]. A dc photoemission gun with a GaAs or
alkali photocathode is one of the most promising candi-
dates for such guns, because a high-current beam of 9 mA
has been routinely provided by the dc gun at the Jefferson
Lab FEL [2], and a record high current of 65 mA was
recently demonstrated at the Cornell photoinjector [3].
Generation of high brightness beam with 90% normalized
emittances of 0.29 μm in the vertical plane and 0.51 μm
in the horizontal plane with bunch charge of 77 pC was
also demonstrated at the Cornell photoinjector with a
350 kV photoemission gun equipped with a GaAs photo-
cathode [4]. Further increase of the gun voltage is

desirable to reduce space charge induced emittance
growth especially for high bunch charge operation
required for a MHz-class x-ray FEL [5,6]. However,
the gun’s operational voltage has been limited to
350 kV or lower, mainly because of the field emission
problem, since the first 500-kV dc photoemission gun was
proposed in 1991 [7].
We have developed a 500-kV dc gun for ERL light

sources in Japan [8] and demonstrated the generation of a
500-keVelectron beam from a dc photoemission gun at the
Japan Atomic Energy Agency (JAEA) [9]. This demon-
stration was achieved by solving two electrical discharge
problems. One is discharge on the insulator’s ceramic
surface caused by field emission generated from a central
stem electrode. We have employed a segmented insulator
with rings to protect the insulator from the field emission
[10]. Although emission from the reverse side of the rings
may still impact the insulator directly, its maximum surface
electric field is less than one-third that of the stem
electrode. High-voltage (HV) conditioning without a cath-
ode electrode was performed to study the effectiveness of
the segmented insulator in 2009. A dummy cap was
connected to the bottom of the stem electrode instead of
the cathode electrode. We could ramp up the voltage to
550 kV and demonstrate the application of 510 kV for 8 h
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without any discharge. The details of the HV conditioning
without the cathode electrode are described elsewhere [10].
The other problem is the high-voltage prebreakdown

event between the cathode electrode and the gun vacuum
chamber wall, including an anode electrode. In the present
paper, we use the term prebreakdown as a breakdown
which releases a small portion of energy stored between
cathode and anode electrodes. The full breakdown event
discussed in Ref. [11] was avoided in our HV conditioning
by an interlock system, as described in Sec. IVA. The
prebreakdown events during HV conditioning can result
from microdischarges triggered by gas desorption on anode
electrodes of HV insulator systems with a large gap [12,13].
The prebreakdown between metal electrodes itself is not a
problem in a dc gun system. However, microparticles on
the anode may be propelled to the cathode by explosive
bursts due to gas-desorption-induced discharges and often
serve as sources of field emission. Here the microparticles
are weakly bound metal particles on the anode or the
vacuum chamber wall. In fact, we often observed a field
emission site suddenly appearing at the cathode electrode
during HV conditioning. The field emission starts at a
voltage much lower than the voltage we just reached by HV
conditioning and increases exponentially with the voltage.
We also found that the field emission sites could be
removed by simply wiping the cathode electrode with a
lint-free tissue after venting the gun chamber with dry
nitrogen gas. These observations support our postulation
that the sources of the field emission are microparticles
transferred from the gun vacuum chamber or the anode by
gas-desorption-induced discharges.
Similar field emission caused by microparticles is

observed in high-gradient rf cavities. In superconducting
rf cavities, a high-pressure rinsing (HPR) technique is
routinely used to remove residual small particulates [14]. It
is, however, difficult to completely remove those micro-
particles in the dc gun chamber, because the HPR technique
cannot be easily employed for a chamber equipped with
massive nonevaporable getter (NEG) pumps. We decided to
search for a dc gun configuration in which microdischarge
events are sufficiently reduced, thus suppressing micro-
particle transfer to the cathode.
In this paper, we present an experimental investigation of

the configuration of the gun vacuum chamber appropriate
for operation at dc voltages of ≥ 500 kV. In Sec. II, similar
previous studies of HV insulation in vacuum for large-gap
cases are surveyed. The gas-desorption induced micro-
discharge is one of the most extensively studied sources of
vacuum breakdown in the large-gap case. In Sec. III, our
gun configuration is described. In Sec. IV, the experimental
results of HV conditioning are presented for four gun
chamber configurations. The results are compared in terms
of the applied voltage as a function of the total gas
desorption during HV conditioning. We found that NEG
pumps placed around the acceleration gap greatly help to

suppress discharge events. We also found that a larger
acceleration gap is better for HV operation owing to the
lower surface electric field of the anode electrode. In Sec. V,
possible reasons that the NEG pumps surrounding the
acceleration gap suppress discharge events are discussed.
In addition, we discuss how the reduced electric field of
the anode electrode helps avoid discharge activity for the
larger-gap case. Furthermore, emittance for different gap
lengths and justification of using gas desorption as a
parameter to characterize HV conditioning are discussed.
Finally, our conclusions are given in Sec. VI.

II. HIGH-VOLTAGE INSULATION
IN VACUUM FOR LARGE GAP

High voltage vacuum insulation has been extensively
studied. It is known that three processes contribute to
vacuum breakdown in HV insulation; field emission of
electrons, transfer of microparticles, and microdischarges
[15–17]. For small millimeter size gaps, the HV phenom-
ena can be explained by field emission from the cathode
electrode on the basis of the Fowler-Nordheim theory [18].
For large gaps greater than a few centimeters, instability on
the anode always prevails. The anodic instabilities have
been described on the basis of both field-emission-based
mechanisms and microparticle exchange mechanisms,
where weakly bound metal particles on the anode or the
vacuum chamber wall are transferred to the cathode,
resulting in field emission.
Microdischarges are also anodic instabilities observed

in the large-gap case and are the result of an avalanche
discharge in a small volume of high-density vapor desorbed
from the anode. The source of the vapor may be water or
alcohol stored as a fluid in an imperfection of the chamber
walls [13]. Microdischarges are observed mainly on an
unconditioned anode as electrical pulses. The total amount
of gas released in the microdischarge bursts is roughly a
hundred times greater than the ionic part to sustain the
avalanche discharge in the burst. The desorption gas is
usually composed of water vapor, carbon monoxide,
carbon dioxide, hydrogen, and light hydrocarbons. The
quantity of gas released is given by the integral of
the pressure time curve multiplied by the pumping speed
of the chamber through the calculated conductance. The
measured amount of gas is equivalent to many monolayers
of the chamber surface.
The gas can be effectively removed from a metal surface

not only by microdischarge but also by heat treatment.
The heat treatment of electrodes in vacuum can suppress
discharge events, because heating the electrode anneals
most of the imperfections and weakly bound microparticles
on the anode surface. The field emission thresholds
increase when polished cathodes are heated in a separate
vacuum oven and wiped with ethanol before being
tested [13].

NOBUYUKI NISHIMORI et al. Phys. Rev. ST Accel. Beams 17, 053401 (2014)

053401-2



There are various candidates that may initiate micro-
discharges. Field-emitted electrons with an intensity below
the detection sensitivity level may be the precursors of
microdischarges. If there were no field-emitted electrons,
anode-initiated breakdown would be triggered only by
microparticle transfer. Microdischarges near the anode
may generate field-emitted electrons that heat a small area
of the anode. If the temperature of the small area reaches
500 °C, some fraction of the desorption products is ionized
positively and accelerated to the cathode, producing sec-
ondary electrons with a yield greater than unity per incident
ion, which causes an exponential increase in the prebreak-
down current [13]. The transition to field emission can
occur during microdischarge activity and the attendant
pressure rise.
Adding gas to a vacuum chamber is known to be

an effective method of HV conditioning [19,20]. In an
experiment on the 1-MV bushing of the International
Thermonuclear Experimental Reactor neutral beam injector
at Cadarache in France, HV conditioning up to 973 kV was
demonstrated when 2 × 10−2 Pa of hydrogen or helium gas
was added to the chamber [21]. It is reported that field
emission from cathode electrode can be significantly
reduced by introducing krypton gas into the HV vacuum
chamber while the cathode is biased at high voltage [22].
In our dc gun system, however, field emission could not be
effectively reduced with a similar processing method with
inert gas.
A polarity effect is known to occur in HV insulator

systems [23]. The vacuum chamber surrounding HV
electrodes should be used as a cathode rather than as an
anode to suppress the microdischarge activity induced by
gas desorption. This is probably because the cathode
surface field becomes lower when the vacuum chamber
is used as a cathode, resulting in less field emission and less
microdischarge activity over a smaller anode area. This
polarity effect seemed to play an important role in a study
where 500 kV was applied between two electrodes with a
15-cm gap under a vacuum pressure of 5 × 10−6 Pa without
additional gas [24]. The voltages of the two electrodes were
�250 kV with respect to the grounded vacuum chamber.
The anodic effect on the vacuum chamber wall applied only
to the −250 kV cathode electrode. Thus, the microdi-
scharge activity seems to be greatly relaxed compared
with that in a HV insulator system with a −500 kV cathode
and grounded vacuum chamber directly connected to an
anode electrode.
The x-ray photoelectric cascade is also an anode-based

current enhancing mechanism proposed recently in a
textbook [25]. The x-ray photons generated on the anode
by primary field-emitted and secondary electrons via
bremsstrahlung can generate photoelectrons by impinging
the cathode. When the number of additional photoelec-
trons exceeds that of primary electrons, the current drawn
from cathode exponentially increases resulting in vacuum

breakdown. The enhancement factor K, which is ratio of
additional electrons over primary electrons, is estimated to
be K ¼ 2.5 in the textbook [25] using secondary electron
emission yield YSE ¼ 50. However, the maximum of
secondary electron emission coefficient of titanium, which
our gun chamber is made of, is 0.9 at electron beam energy
of 0.28 keV [26]. The coefficient is generally much less
than the maximum for electron beam energy from 200 to
500 keV according to experimental results for other metals
[27]. If one uses YSE ¼ 0.2 instead of YSE ¼ 50 given in
the textbook [25], K ¼ 4.8 × 10−3 is derived. We do not
further discuss the x-ray photoelectric cascade mechanism
in the present paper, because it is difficult to find another
200 enhancement of K for our gun system at this point.
Data showing the trend of the breakdown voltages up to

800 kVas a function of the gap is presented in Ref. [17]. At
gaps larger than 40 mm, the breakdown voltage VB in units
of kV is given as a function of the gap d in units of mm by

VB ¼ 123d0.34: (1)

Those data were obtained mainly from the developments of
electrostatic mass separators in which a pair of electrodes
with opposite polarities can be used to create a high
electrostatic field between them. However, the use of a
pair of electrodes with opposite polarities is not appropriate
for an electron gun system, because the following accel-
erator system as a whole needs to be on the positive
terminal of the gun. There has not been a HV insulator
system with a hold-off voltage greater than 350 kV with a
grounded vacuum chamber connected to an anode elec-
trode at a vacuum pressure of < 1 × 10−5 Pa. In this paper,
we focus on finding a means of operating a HV insulator
system with a configuration appropriate for an electron gun
system at voltages equal to or greater than 500 kV by
suppressing the microdischarge activity on the anode.

III. 500-kV PHOTOEMISSION DC GUN AT JAEA

A schematic view of the gun is shown in Fig. 1 [28].
A GaAs wafer on a molybdenum puck is used as a
photocathode. The wafer is cleaned using atomic hydrogen
and transferred to the preparation chamber, where cesium
and oxygen are alternatively applied for negative electron
affinity activation [29]. The activated cathode is then
transferred to the cathode electrode in the gun chamber.
The photoemission beam is accelerated by a static electric
field applied between the cathode and anode electrodes.
During HV conditioning, the GaAs photocathode is
replaced with a dummy puck made of stainless steel to
avoid damage caused by breakdown or prebreakdown
events.
The acceleration gap between the cathode and anode

electrodes is surrounded by twenty 0.4-m3=s NEG pumps
(SAES getters: CapaciTorr D400-2) to reduce the amount
of residual gas, which is the source of back-bombardment
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ions generated when mA-class high current electron beam
is operated [30]. These NEG pumps are covered with mesh
HV shields made of titanium wire 1 mm in diameter. Five
ICF203 ports of the gun chamber, which are located behind
the cathode electrode, are used to install five 2-m3=s NEG
pumps (SAES getters: CapaciTorr D2000). In total, the gun
chamber is equipped with 18 m3=s of NEG pump capacity.
A 0.2-m3=s ion pump (ULVAC: PST-200 AU) is installed at
the bottom of the gun chamber to pump noble gases and
methane. The gun chamber, cathode and anode electrodes,
and stem electrode are made of chemically polished
titanium. This material was chosen mainly because its
measured outgassing rate is much smaller than that of
stainless steel [31]. After the gun system was assembled,
the ceramic insulator and gun chamber were baked at
170 °C for 50 h. A 1-m3=s turbo molecular pump was used
during baking. The same baking procedure was employed
to prepare a similar initial condition of the ceramic insulator
and gun chamber whenever the gun chamber configuration
was changed. The baking was performed prior to each HV
conditioning presented inSec. IVunless otherwise specified.
The NEG pumps were activated at the end of the baking.
The base pressure of the gun chamber was measured to be
8 × 10−10 Pa (N2 equivalent) with an ionization gauge
(ULVAC: AxTRAN) after the NEG pump activation.
A Cockcroft-Walton high-voltage power supply (HVPS)

is installed in a tank filled with pressurized SF6 gas. The
output of the HVPS is connected to the HV terminal of the
segmented insulator through an output resistor. The value
of the output resistor is 0.1 GΩ for HV conditioning
and 67 kΩ for beam generation. Because a 5-GΩ external
resistor is connected to the segmented insulator in parallel,

the output voltage of the HVPS is 510 kV when 500 kV is
applied to the insulator during HV conditioning. In this
paper, the voltage value is the HVPS voltage unless
otherwise specified.

IV. HIGH-VOLTAGE CONDITIONING WITH
VARIOUS GUN CONFIGURATIONS

As described in Sec. II, anodic instabilities such as gas-
desorption-induced microdischarges prevail in a large-gap
system. To study how the electrical prebreakdown event
occurs in a dc gun system, we assume the following
scenario based on Refs. [12] and [13]. First, microdischarge
events on an anode, including a gun chamber wall, are
initiated by microparticle transfer or field emission from a
cathode. Then the positive ions in the microdischarge
plasmas are accelerated back to the cathode, producing
secondary electrons with a yield greater than unity per
incident ion. If the additional electron current exceeds
the primary electron current, the prebreakdown current
increases exponentially. In some cases, microparticles on
the anode are propelled to the cathode by microdischarge
events and then serve as field emission sites. Once field
emission sites appeared, they could not be removed with
further HV conditioning nor inert gas processing in our
system. Removal of those field emission sites is important,
because the voltage hold-off time without any breakdown
activity was found to become shorter with increase of field
emission current [32].
On the basis of this scenario, the amount of total gas

desorption is chosen as a parameter for characterizing
HV conditioning for various gun configurations. This is
because the gas desorption is almost always accompanied
by breakdown events during HV conditioning. Each gun
configuration has a different pumping speed and thus a
different base pressure. One might think that the total
charge drawn from HV terminal during prebreakdown
events is a more appropriate parameter to characterize
HV conditioning. In our system, however, the currents
drawn from cathode to anode were not directly measured,
because our anode electrode and gun chamber are directly
connected to the ground terminal. We can only estimate the
charge drawn from the cathode electrode with measured
voltage drop of the HVPS and capacitance between anode
and cathode electrodes, which was measured to be 0.1 nF
with an LCR meter, which is an electronic equipment to
measure the inductance (L), capacitance (C), and resistance
(R) of a component [1]. Later in this section, we will show
the total gas desorption can be used as a substitution of the
total charge to characterize HV conditioning.
For a vacuum vessel with volume V, pressure pðtÞ at

time t, and outgassing rate ofQ, and a vacuum pump with a
pumping speed of S, the pressure change is given by

V
dpðtÞ
dt

¼ Q − SpðtÞ: (2)

FIG. 1. 500-kV dc photoemission gun at JAEA.
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When the vacuum vessel is filled with gases released by a
breakdown event, the vacuum pressure pðtÞ is considered
to become much greater than the end vacuum pressure,
pð∞Þ ¼ Q=S. The constant outgassing rate from the
chamber surface Q can be neglected because pðtÞ ≫ pð∞Þ,
and Eq. (2) is written as

VdpðtÞ ¼ −SpðtÞdt: (3)

The gas release upon breakdown at time t ¼ 0 is calculated
to be

−V
Z

pðtÞ

pð0Þ
dpðtÞ ¼ S

Z
t

0

pðtÞdt: (4)

Weassume that thevolumeof thevacuumvessel is the same
for all the gun configurations studied in this paper for
simplicity, although some parts inside the gun chamber
differ. We also assume that the pumping speed for each
gun configuration stays constant regardless of the pressure
increase. During HV conditioning, pressure value of the
gun chamber was recorded every 0.5 sec in our system.
To obtain gas release during HV conditioning, we set a
threshold pressure above which the right-hand side of
Eq. (4) is calculated. The threshold pressure is set well

above the base pressure because Eq. (4) holds when
the constant outgassing rate of the vacuum chamber, Q,
can be neglected. When the vacuum pressure exceeds
the threshold value owing to gas desorption upon break-
down, the pressure multiplied by 0.5 sec and the pumping
speed of the vacuum pump are integrated. This integration
yields the total gas desorption during HV conditioning.
The pumping speed is assumed to be equal to that for
hydrogen, which is described in the catalog for the NEG
pumps installed in the gun chamber. When the NEG
pumps are not installed, the pumping speed is assumed to
be equal to that of the turbo molecular pump.
The measured high voltage as a function of the integrated

gas release is shown in Fig. 2 for four gun configurations,
the details of which are described in the following
subsections. In Sec. IVA, the experimental results with a
gap of d ¼ 100 mm with NEG pumps placed around the
acceleration gap are described. The results with the same
gap, d ¼ 100 mm, but without the NEG pumps are
described in Sec. IV B. The results with a longer gap,
d ¼ 160 mm, with NEG pumps are discussed in Sec. IV C.
Finally, the results of experiments without a cathode
electrode are given in Sec. IV D.

A. Conditioning with cathode electrode
with 100-mm gap

Figure 3(a) shows a cutaway diagram of the gun chamber
for a 100-mm acceleration gap between the cathode and
anode electrodes. The static electric field calculation result
obtained with POISSON [33] with a cylindrical symmetric
axis along the beam axis is shown in Fig. 3(b). The cathode
surface electric field as a function of the beam axis Z is
shown in Fig. 3(c). The anode electric field distributions as
a function of Z and the radius R are shown in Figs. 3(d)
and 3(e), respectively. The calculated maximum absolute
values of the surface electric fields at cathode and anode
electrodes are 10.1 and 4.7 MV=m at 500 kV, respectively.
The surface electric field refers to its absolute value unless
otherwise specified in this paper. The electric field on the
photocathode center is 6.7 MV=m.
In June 2011, we reached 510 kV after 100 h of HV

conditioning with a 100-mm gap configuration. The
prebreakdown event accompanying gas desorption started
to occur at 280 kV in this conditioning. However, the
conditioning suffered from field emission which suddenly
appeared after a prebreakdown at 500 kV. A radiation
survey revealed that the field emission was generated from
a small spot on the front of the cathode electrode where
the surface electric field was greatest. It was difficult to
continue the conditioning because the radiation exponen-
tially increased with the voltage above 300 kV, and
prebreakdown events occurred many times at a voltage
much lower than 500 kV. The field enhancement factor of
the spot calculated from the Fowler-Nordheim theory was
β ¼ 340. We vented the gun chamber with dry nitrogen and

FIG. 2. High voltage as a function of integrated gas release
during HV conditioning. The blue solid line labeled (A) was
obtained with acceleration gap d ¼ 100 mm with NEG pumps
placed around the gap. The orange solid line (B) was obtained
with d ¼ 100 mm without NEG pumps. The red solid line (C)
was obtained with d ¼ 160 mm with NEG pumps. The green
solid line (D) was obtained without a cathode electrode. The
initial condition of the HV chamber and ceramic insulator prior to
HV conditioning was similar to each other, because the same
baking procedure was performed for each configuration. The
same cleaning technique of HV chamber was used for (A), (B),
and (C), as described in text.

EXPERIMENTAL INVESTIGATION OF AN OPTIMUM … Phys. Rev. ST Accel. Beams 17, 053401 (2014)

053401-5



wiped the cathode electrode with a lint-free tissue, taking
care to minimize the air exposure of the gun chamber.
The gun chamber was evacuated without baking to

1 × 10−8 Pa with NEG pump reactivation. We could ramp
up to 445 kV within an hour after resumption of con-
ditioning, probably because the gun chamber was already
conditioned. This indicates the effectiveness of wiping the
cathode electrode to remove the field emission site. We
reached 526 kV in August 2011, but another field emission
site was found by a radiation survey.
These observations indicate that small dust particles or

particulates inside the gun chamber are the sources of the
field emission, becoming positively charged in micro-
discharge activities, accelerated toward the cathode elec-
trode, and then acting as a field emission source after
adhesion to the cathode surface. We carefully examined all
the parts installed in the gun chamber and found that small
particulates remained in the screw holes of some parts
used to mount NEG cartridges. To remove as many of those
particulates as possible, all the NEG holder parts were
detached, ultrasonically cleaned with acetone, and chemi-
cally polished before reinstallation. The inside of the gun

chamber was wiped with a lint-free tissue soaked with
acetone and then cleaned by a vacuum cleaner to remove
the remaining small dust particles before all the flanges
were sealed. The same cleaning techniques with a lint-free
tissue and a vacuum cleaner were always used thereafter.
We resumed HV conditioning, anticipating that we could

successfully ramp up to 550 kV without encountering field
emission problems, because the possible sources of field
emissions, small particulates remaining in some screw
holes, were carefully removed this time. Figure 4 shows
the high voltage (top) and vacuum pressure (bottom) as a
function of time during HV conditioning. We could reach
370 kV without a prebreakdown event at the beginning of
the conditioning, although the gun vacuum chamber was
exposed to air for reinstallation of the NEG pumps and
holders for several days before all the flanges were sealed.
We continued HV conditioning carefully above 370 kV.
The gun HVPS is switched off once the conditioning is
interlocked by the threshold set-point values of the vacuum
pressure and a radiation monitor placed near the gun
chamber. The full breakdown event where all the energy
stored in the HV system is released [11] is not considered to
occur during our HV conditioning owing to these interlock
systems and large output resister of 100 MΩ between the
HVPS and ceramic insulator. The voltage breakdown
described in the present paper is limited to a prebreakdown
event where a small portion of energy stored in the gun
system is released from cathode to anode.
Figure 5 shows enlargements of Fig. 4 for the first 4 h. The

high voltage [Fig. 5(a)] and vacuum pressure [Fig. 5(b)]

FIG. 3. (a) Cutaway drawing of gun chamber configuration (A)
and (b) radial cross section showing static electric field calcu-
lation for the gun chamber. Surface electric field distributions at
500 kV (c) of the cathode as a function of Z, (d) of the HV
chamber as a function of Z, and (e) of the anode electrode as a
function of R.
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are displayed as a function of time. To show how the high
voltage drops and gas desorption occurs with every pre-
breakdown in more detail, further magnification is depicted
in the time range from 8000 to 8080 sec in Fig. 5(c). The
voltage drops roughly 10 kV and is quickly returned to the
voltage set point. This is because the prebreakdown activity
ceases upon the voltage drop. The amount of gas desorption
is similar in each prebreakdown event, as shown in Fig. 5(c).
For example, the gas desorption at 8065 sec, when the high
voltage sharply dropped to zero owing to vacuum interlock,
is estimated to be 0.7 × 10−5 Pam3. This amount of gas
release is similar to Fig. 3 of Ref. [13], where a total of
2.5 × 10−4 Torr l gas was released in four discharge events.
The threshold pressure above which the right-hand side of
Eq. (4) is integrated is set to 1 × 10−8 Pa, as represented by
the dashed line in Fig. 5(c), in this gun configuration. The
threshold pressure above which the HV conditioning is
interlocked is set to 1 × 10−7 Pa.
In this study, the amount of gas desorption is mainly used

to characterize the HV conditioning instead of the number
of breakdowns, which is used in the literature [34]. This is
because prebreakdown sometimes occurs continuously and

the number of prebreakdowns is typically more than 1,000.
The typical amount of gas released per prebreakdown event
is 1 × 10−5 Pam3 around 450 kV.
The high voltage as a function of the integrated gas

release obtained with a 100-mm acceleration gap is
indicated by the blue solid line labeled (A) in Fig. 2.
The total pumping speed is calculated from the number of
NEG pumps installed and the conductance of the vessels
used to install them. The acceleration gap is surrounded by
twenty 0.4-m3=s NEG pumps. Although these NEG pumps
are covered with a mesh made of titanium wire 1 mm in
diameter with a 6-mm spacing, the conductance to the
acceleration gap is considered to be much greater than
0.4 m3=s. Thus, the total pumping speed can be estimated
as 8 m3=s. In addition, five 2-m3=s NEG pumps housed in a
nipple chamber 147 mm in diameter are installed behind
the cathode electrode. Each NEG pump is covered with a
mesh acting as a HV shield, which is installed at the
intersection of the gun chamber and the nipple. The mesh is
composed of stainless steel wire 1 mm in diameter with a
10-mm spacing. The calculated mesh conductance is
1.35 m3=s. The pumping speed of each 2-m3=s NEG pump
is thus estimated to be 0.8 m3=s, corresponding to 4 m3=s
in total for all five of them. The total pumping speed
of the NEG pumps is thus 12 m3=s. The integrated gas
desorption, given by the right-hand side of Eq. (4), is
obtained from the experimental data shown in the bottom
panel of Fig. 4 and the estimated pumping speed
of S ¼ 12 m3=s.
The charge released from HV terminal during prebreak-

down can also be used to characterize the HV conditioning.
The charge is estimated from measured voltage drop δV
shown in Fig. 5(c) and measured capacitance of 100 pF
between HV terminal and ground [1]. Figure 6 shows high
voltage as a function of integrated charge released during
HV conditioning. The high voltage curves (A), (B), and (C)
are similar to those of Fig. 2. Therefore the total gas
desorption can be used to characterize HV conditioning as a
substitution of the total released charge, which has some
uncertainty in our measurement system as described in the
following. The measured voltage drop of HVPS δV is not
the same as that of the cathode electrode and has uncer-
tainty determined by the time interval of data recording.
The data were recorded every 0.5 sec while δV of 10 kV
can be quickly recovered in about 0.5 sec as shown in
Fig. 5(c) and Fig. 6 of Ref. [1]. In addition, we cannot
estimate δV when the voltage sharply drops to zero by our
interlock system. In that case data is excluded from the total
integrated charge. Table I lists the number of prebreakdown
events NPB, the number of interlocked events NIL during
HV conditioning, average charge released per prebreak-
down Cave, and average gas desorption per prebreakdown
Gave. Details of Table I will be discussed in Sec. V D.
Despite our anticipation that removal of the particulates

remaining in the screw holes of the mounting parts of the

FIG. 5. (a) High voltage and (b) vacuum pressure as a function
of time for the first 4 h of HV conditioning result shown in Fig. 4.
(c) Enlargement from 8000 to 8080 sec to show how the high
voltage drops and the vacuum pressure increases upon prebreak-
down event. Data were taken every 0.5 sec.
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NEG cartridges would allow us to ramp up to 550 kV, we
started to observe field emission at a voltage of around
150 kVafter a prebreakdown event above 490 kV. The total
amount of gas released during HV conditioning up to
500 kV was 2 × 10−2 Pam3, as shown in Fig. 2. Because
the typical amount of gas released per prebreakdown is
1 × 10−5 Pam3, roughly 2000 prebreakdown events were
considered to occur during conditioning. As an extrapola-
tion of the blue line (A) in Fig. 2 suggests, a 10 times
greater gas release would be required to reach 550 kV with
this configuration. The amount of total gas released is
roughly proportional to the total time required for con-
ditioning. Although the integrated time is 100 h in Fig. 4,
conditioning took a month. This means that another several
months are required for the conditioning to reach 550 kV,
even without field emission problems. At this point, we
halted the HV conditioning.

B. Conditioning without NEG pumps
placed around cathode-anode gap

Because we encountered a field emission problem before
reaching 550 kV, we removed the NEG pumps placed
around the acceleration gap, as shown in Fig. 7(a). This
removal of the NEG pumps was considered to yield two
advantages. One is that we no longer need to worry about
small particulates or microparticles that might fall from the
NEG cartridges or mounting parts. Although we tried to
remove as many of those small particulates as possible, it is
difficult to completely remove them from the gun chamber,
because the HPR technique useful for cleaning accelerator
cavities does not seem to be applicable for a gun chamber
equipped with numerous NEG pumps. The other advantage
is that the surface electric fields on both the cathode and
the gun vacuum chamber are lower than those with NEG
pumps, as shown in Figs. 7(c) and 7(d). Here red solid lines
show the surface electric field distributions without NEG
pumps, and blue dashed lines show the corresponding
fields with NEG pumps. The maximum cathode field
decreased from 10.1 to 9.6 MV=m. The surface electric

TABLE I. The number of prebreakdown events NPB and the
number of interlocked events NIL during HV conditioning,
average charge per prebreakdown Cave and average gas released
per prebreakdown Gave for various gun configurations.

Gun configuration NPB NIL Cave (μC)Gave (Pam3)

(A) 100-mm gap with NEG 1445 19 1.5 1.4 × 10−5

(B) 100-mm gap without NEG 1121 20 0.93 0.59 × 10−5

(C) 160-mm gap with NEG 973 63 2.7 1.8 × 10−5

(D) Without cathode electrode 5834 162 1.1 0.17 × 10−5

FIG. 7. (a) Cutaway drawing of gun chamber configuration (B)
without NEG pumps surrounding the acceleration gap and
(b) radial cross section showing calculated static electric field
for gun chamber. Surface electric field distributions (red solid
lines) (c) of the cathode as a function of Z and of the anode as a
function of (d) Z and (e) R at 500 kV. Blue dashed lines show
corresponding field distributions with NEG pumps from Fig. 3.

FIG. 6. High voltage as a function of integrated charge released
during HV conditioning. The blue solid line labeled (A) was
obtained with acceleration gap d ¼ 100 mm with NEG pumps
placed around the gap. The orange solid line (B) was obtained
with d ¼ 100 mm without NEG pumps. The red solid line (C)
was obtained with d ¼ 160 mm with NEG pumps. The green
solid line (D) was obtained without a cathode electrode.
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field of the gun chamber decreased from that when NEG
pumps were installed, as shown in Fig. 7(d).
Despite the removal of the NEG pumps placed around

the acceleration gap, NEG pumps with a pumping speed of
4 m3=s remained. The base pressure is roughly 3 times
larger than that shown in Fig. 4, as expected from the
pumping speed difference.
Because the cathode electric field is smaller, the HV

conditioning was expected to proceed smoothly. However,
as shown in Fig. 8, gas desorption began to be observed
above 170 kV, which is much lower than 370 kV at which
prebreakdown activity began in Fig. 4. The gun chamber
was cleaned and baked prior to the HV conditioning in a
similar manner described in Sec. III. The vacuum pressure
of HV chamber was 3.0 × 10−9 Pa at the beginning of
conditioning. The integrated gas release is given by the
orange solid line labeled (B) in Fig. 2. The threshold
vacuum pressure above which gas desorption is integrated
switched from 1 × 10−8 Pa in Fig. 5(c) to 3 × 10−8 Pa,
considering the decrease in pumping speed from 12 to
4 m3=s. Although we could reach slightly more than
300 kV after 67 h of conditioning, the conditioning speed
became slow. To determine why prebreakdown activity
started to occur at such a low voltage, we opened the gun
chamber for inspection, taking care to minimize the air
exposure. Unfortunately, we could not find any clear reason
for the prebreakdown activities at such a low voltage;
we then resumed conditioning with NEG reactivation and
without baking. We pushed the HV conditioning harder
without waiting for the vacuum to return to a pressure close
to the base level. However, it took many hours to reach even

350 kV.We could not reach 370 kVeven after the integrated
gas release amounted to 1 × 10−2 Pam3.
Finally, we concluded that NEG pumps placed around

the acceleration gap are indispensable for suppressing
prebreakdown activities between the cathode and anode
electrodes in our gun configuration. Possible reasons that
the prebreakdown activities started at such a low voltage as
170 kV will be discussed in Sec. VA.

C. Conditioning with cathode electrode
with 160-mm gap

Because NEG pumps placed around the acceleration gap
were found to be necessary for suppressing prebreakdown
activities, the NEG pumps were reinstalled at the original
positions. As a different approach to reducing the number
of prebreakdown events, we decided to change the accel-
eration gap from 100 to 160 mm (see Fig. 9). The
maximum surface electric field at the cathode decreased
from 10.1 to 9.3 MV=m. The maximum surface electric
field at the NEG mesh shield decreased from 4.4 to
3.4 MV=m, as shown in Fig. 9(d). The most noticeable

FIG. 8. High voltage (top) and vacuum pressure (bottom) as a
function of time during HV conditioning in gun configuration
(B), shown in Fig. 7(a).

FIG. 9. (a) Cutaway drawing of gun chamber configuration (C)
with 160-mm acceleration gap and (b) radial cross section
showing calculated static electric field for gun chamber. Surface
electric field distributions (red solid lines) (c) of the cathode as a
function of Z and of the anode as a function of (d) Z and (e) R at
500 kV. Blue dashed lines show corresponding field distributions
with 100-mm gap from Fig. 3.
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reduction was seen on the anode electrode, where the
maximum surface electric field was reduced from 4.7 to
2.1 MV=m. The electric field on the photocathode center
also decreased from 6.7 to 5.8 MV=m. The field decrease
on the photocathode is not favorable for the beam dynam-
ics, but the normalized beam emittance at the exit of an
injector accelerator connected to the present dc gun is
numerically calculated to be ≤ 0.5 mmmrad for a bunch
charge of 100 pC [35]. In Sec. V C, we further discuss the
optimum balance between high voltage and electric field on
the photocathode to obtain lower emittance.
Figure 10 shows the results of HV conditioning with a

160-mm acceleration gap as a function of time. The total
pumping speed of the NEG pumps was 12 m3=s. We could
reach 440 kV at the beginning of conditioning without
prebreakdown, whereas prebreakdown started at 370 kV
with a 100-mm gap, as mentioned in Sec. IVA. From these
two data at different gap lengths, the prebreakdown
initiation voltage VI in units of kV is obtained as a function
of the gap d in units of mm by

VI ¼ 67d0.37: (5)

The exponent is similar to that of Eq. (1), whereas the
proportional constant is roughly half that of Eq. (1). For
comparison, an expression similar to Eq. (5) for a gap
smaller than 40 mm can be obtained from the literature.
Figure 12 of Ref. [13] shows that the prebreakdown activity
started at 68 kV for a 10-mm gap and at 85 kV for a 15-mm
gap. These data yield VI ¼ 19d0.55. The exponent is
consistent with the breakdown voltage between 0.4-mm
and 40-mm gaps, VB ¼ 58d0.58, described in a textbook
[17], whereas the proportional constant is 3 times smaller.

Vacuum insulation with a gap larger than 40 mm has
been studied mainly for electrostatic mass separators that
use a pair of two large dish electrodes with opposite
polarities. Thus, the surface electric fields of both the
cathode and anode electrodes are simply represented by
the applied voltage divided by the gap length. For such an
electrode configuration, the surface electric field EI at
which prebreakdown activity starts is given from Eq. (5) by

EI ¼ 67d−0.63 (6)

in units of MV=m. Substituting d ¼ 160 and 100 mm
yields EI ¼ 2.7 and 3.7 MV=m, respectively. The electric
field of our dc gun, however, shows a more complicated
structure. According to the static electric field calculations
shown in Figs. 3(b) and 9(b), the absolute value of the
maximum cathode electric field at which prebreakdown
activity starts to occur is EC

I ¼ 8.2 MV=m with a 160-mm
gap, whereas that with a 100-mm gap is EC

I ¼ 7.5 MV=m.
This finding that EC

I for a 160-mm gap is higher than that
for a 100-mm gap is entirely different from the prediction
derived from Eq. (6). This issue will be discussed in more
detail in Sec. V B.
After about 200 h of conditioning, we reached 550 kVand

could maintain 550 kV for 10 min without prebreakdown.
The high voltage as a function of the integrated gas release
is indicated by the red solid line labeled (C) in Fig. 2. The
threshold vacuum pressure above which gas desorption is
integrated was set to 1 × 10−8 Pa, which is the same as in
Fig. 5(c). The total amount of gas released during HV
conditioning up to 550 kV was 2 × 10−2 Pam3.
If we assume that the transition voltage VT at which the

field emission site suddenly appears is proportional to d0.37,
as in Eq. (5), and that VT ¼ 500 kV for a 100-mm gap
because a field emission site often appears after a prebreak-
down around 500 kV, the transition voltage to field
emission is given by

VT ¼ 91d0.37: (7)

The proportional constant is smaller than that in Eq. (1),
because the breakdown voltage would be much higher
than one of the prebreakdown voltages represented by
Eq. (7). Substituting d ¼ 160 mm in Eq. (7) yields VT ¼
600 kV. This suggests that we need not worry about the
field emission that suddenly appears after a prebreakdown
near VT, as long as the gun is operated at voltages below
550 kV. In other words, we have some safety margin for
operation at 550 kV with a gap of d ¼ 160 mm.

D. Conditioning without cathode electrode

High voltage conditioning without the cathode electrode
was performed in 2009 to study whether the segmented
insulator works as well as anticipated. A dummy cap was
connected to the bottom of the stem electrode instead of the

FIG. 10. High voltage (top) and vacuum pressure (bottom) as a
function of time during HV conditioning in gun configuration
(C), shown in Fig. 9(a).
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cathode electrode. Before HV conditioning with this gun
configuration, the inside of the gun chamber was wiped
with a lint-free tissue soaked with acetone, but the vacuum
cleaner was not used to remove the remaining small dust
particles before the flanges were sealed. This is because we
had not realized how severely the microparticles affect the
HV conditioning at that time. Thus, prebreakdown activity
caused by microparticles left on the gun chamber wall may
be much greater than in the configurations with the cathode
electrode in place described in the preceding subsections.
However, an experimental result with this gun configura-
tion gives us useful information on the prebreakdown
behavior of a HV system, because the surface electric field
distributions differ greatly from those described in the
previous subsections.
Figure 11(a) shows a cutaway diagram of the gun

chamber with neither NEG pumps nor an ion pump
installed. A 1-m3=s turbo molecular pump is connected
to the gun chamber through a T-shaped pipe 147 mm in
diameter and 285 mm in length. The calculated conduct-
ance of the T-pipe is 0.7 m3=s. The pumping speed of the
system is thus estimated to be 0.4 m3=s, which is 30 times
smaller than those of the configurations with NEG pumps

shown in Figs. 3 and 9. From the pumping speed difference,
a base pressure of pð∞Þ ¼ 3 × 10−8 Pa is expected. This is
almost the same as the measured base pressure of about
2 × 10−8 Pa shown in Fig. 12. The result of a static electric
field calculation with a cylindrical symmetric axis along the
ceramic insulator center is shown in Fig. 11(b). The surface
electric field of the central stem electrode as a function of
the height H from the beam line axis is shown in Fig. 11(c).
The electric field distribution of the gun chamber wall
as a function of H is shown in Fig. 11(d). The maximum
surface electric field at the stem electrode is 14.3 MV=m
near the bottom of the stem electrode. This is much higher
than that with a cathode electrode. The maximum surface
electric field at the gun chamber wall is 3.9 MV=m, as
shown in Fig. 11(d).
Figure 12 shows the high voltage (top) and vacuum

pressure (bottom) as a function of time during HV con-
ditioning without a cathode electrode. We could reach only
250 kV at the beginning of conditioning without prebreak-
down. The occurrence of prebreakdown activity at voltages
much lower than those with cathode electrodes is attributed
mainly to the HV conditioning between the stem electrode
and the guard rings of the segmented insulator in this
measurement. We could reach 550 kV after 130 h of
conditioning and maintain 550 kV for 10 min without
any prebreakdown event. The high voltage as a function
of the integrated gas release is indicated by the green solid
line (D) in Fig. 2. The larger amount of gas desorption at
voltages lower than those with cathode electrodes can be
attributed not only to the conditioning effect between the
stem electrode and the guard rings, but also to small dust

FIG. 11. (a) Cutaway drawing of gun chamber configuration
(D) without cathode electrode and (b) radial cross section
showing calculated static electric field for gun chamber. Surface
electric field distributions (c) of the cathode as a function of
height H along the center of the stem electrode and (d) of the
anode as a function of H at 500 kV.

FIG. 12. High voltage (top) and vacuum pressure (bottom) as a
function of time during HV conditioning in gun configuration
(D), shown in Fig. 11(a). A dummy cap is connected to the
bottom of the stem electrode instead of a cathode electrode.

EXPERIMENTAL INVESTIGATION OF AN OPTIMUM … Phys. Rev. ST Accel. Beams 17, 053401 (2014)

053401-11



particles or particulates remaining on the gun chamber wall,
which were not carefully removed for this measurement.
The threshold vacuum pressure above which gas desorp-

tion is integrated changed from 1 × 10−8 Pa in Fig. 5(c) to
3 × 10−7 Pa in this gun configuration, considering that
the pumping speed decreased from 12 to 0.4 m3=s. The
pumping speed and the maximum surface electric fields of
cathode and anode at 500 kV for all the gun configurations
are listed in Table II.

V. DISCUSSION

A. Possible sources of prebreakdown activity without
NEG pumps placed around acceleration gap

As suggested by the difference between lines (A) and (B)
in Fig. 2, NEG pumps placed around the acceleration gap
are shown to help greatly in suppressing prebreak-
down activities. Without NEG pumps, the prebreakdown
activity starts at VI ¼ 170 kV with a maximum cathode
electric field of EC

I ¼ 3.3 MV=m and anode field of
EA
I ¼ 1.6 MV=m, whereas that with NEG pumps starts

at VI ¼ 370 kV with a maximum cathode electric field of
EC
I ¼ 7.5 MV=m and anode field of EA

I ¼ 3.5 MV=m, as
listed in Table III. The use of NEG pumps thus allows us
to apply more than twice the voltage and surface electric
fields with the same gap before prebreakdown activity
begins. This observation cannot be accounted for by known
phenomena such as the total voltage effect, which lets the
gap field required to maintain a given prebreakdown
current decrease with increasing gap distance [16].

One might think that a 3 times smaller pumping speed
causes prebreakdown initiation at less than half the voltage.
However, as shown in Table III, the pumping speed of
configuration (D) without a cathode electrode is more
than 1 order of magnitude smaller than those with cathode
electrodes, whereas the prebreakdown initiation voltage for
configuration (D) is 250 kV, with EC

I ¼ 7.2 MV=m and
EA
I ¼ 2.0 MV=m, which are higher than those of configu-

ration (B) without NEG pumps placed around the accel-
eration gap. Thus, the difference between lines (A) and (B)
in Fig. 2 cannot be explained merely by the pumping speed
difference in the gun configurations. The conductance of a
gun chamber 20 in. in diameter, in the center of which a
cathode electrode 164 mm in diameter and 350 mm in
length is located, is estimated to be 29 m3=s. This is much
greater than 4 m3=s, the total pumping speed of the NEG
pumps placed behind the cathode electrode. The gas
desorbed at the acceleration gap by prebreakdown events
will be quickly pumped out by those NEG pumps placed
behind the cathode electrode.
If gas desorption occurs specifically at the gun chamber

wall where NEG pumps are placed around the acceleration
gap, the reason that prebreakdown events are suppressed
by installing NEG pumps would be as follows. The
surface electric field on the gun chamber wall behind
the mesh HV shields covering the NEG pumps is almost
zero. The gas released behind the HV mesh can thus be
pumped out by the NEG pumps or expanded into lower-
density gas, suppressing plasma formation on the gun
chamber surface.

TABLE III. Experimental results for prebreakdown initiation voltage VI and absolute values of maximum surface
electric field on cathode EC

I and anode EA
I at which prebreakdown activity in the gun chamber began for various gun

configurations. Effective pumping speed S and threshold vacuum pressure Pth above which Eq. (4) is integrated to
obtain total gas desorption during HV conditionings are also listed. The gun chamber was cleaned with the same
procedure described in Sec. IVA for all the configurations except for (D). The gun system was baked at 170 °C for
roughly 50 h for every gun configuration to prepare similar initial condition of the gun chamber and the ceramic
insulator prior to each HV conditioning.

Gun configuration VI (kV) EC
I (MV=m) EA

I (MV=m) S (m3=s) Pth (Pa)

(A) 100-mm gap with NEG 370 7.5 3.5 12 1 × 10−8

(B) 100-mm gap without NEG 170 3.3 1.6 4 3 × 10−8

(C) 160-mm gap with NEG 440 8.2 3.0 12 1 × 10−8

(D) without cathode electrode 250 7.2 2.0 0.4 3 × 10−7

TABLE II. Maximum absolute values of surface electric fields of cathode EC
max and anode EA

max at 500 kV,
effective pumping speed S, and threshold vacuum pressure Pth above which Eq. (4) is integrated for various gun
configurations.

Gun configuration EC
max@500 kV (MV=m) EA

max@500 kV (MV=m) S (m3=s) Pth (Pa)

(A) 100-mm gap with NEG 10.1 4.7 12 1 × 10−8

(B) 100-mm gap without NEG 9.6 4.9 4 3 × 10−8

(C) 160-mm gap with NEG 9.3 3.4 12 1 × 10−8

(D) without cathode electrode 14.3 3.9 0.4 3 × 10−7
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Similar gas desorption activity should be observed on
the gun chamber wall where NEG pumps are not located, if
the electric field there is sufficiently high. As shown in
Fig. 7(d), the electric field at 400 < Z < 600 mm is higher
than that at 600 < Z < 800 mm where NEG pumps are
located. The anode electrode field at 20 < R < 120 mm is
2 to 5 times higher than that at 600 < Z < 800 mm, as
shown in Fig. 7(e). However, gas desorption activity is
not observed up to 370 kV when NEG pumps are installed.
One possible explanation is a weld in the gun chamber. The
20-in. pipe in the gun chamber is welded to two dished end
plates along the circumference of the pipe, as shown in
Fig. 13. If field emission or microparticles strike the weld,
gas desorption can occur, because it is very likely that the
inert gas used for the weld or ambient air is trapped there
during welding. The surface electric fields are 0.53 MV=m
at Z ¼ 750 mm, where the forward dished end plate is
welded, and 0.13 MV=m at Z ¼ 80 mm, where the back-
ward dished end plate is welded, as shown in Fig. 7(d).
Thus, we speculate that the NEG pumps placed around the
acceleration gap suppress the microdischarge events on the
forward circumference weld, where the surface electric
field is 4 times higher than on the backward weld. The
ICF406 port at the top of the gun chamber is also welded
along the circumference of the port pipe. The field at the
weld is 1.9 MV=m, which is higher than those of the dished
end plate welds. Further study is thus necessary to clarify
whether gas desorption during HV conditioning occurs
specifically at the dished end plate weld.
If a weld is the source of gas desorption, the welds

between the gun chamber wall and port pipes could also be
potential sources of gas desorption. A burring technique
which may suppress gas desorption from the welds is
employed for all the connections between the gun chamber
and pipes used in the HV conditionings described in this
paper, as shown in Fig. 13. The intersection edges are
smoothly rounded. In this way, the welds are not directly
seen by the cathode electrode, and the surface electric fields
of the welds are much lower than those without burring.

A more careful study would be required to draw a definite
conclusion on the sources of prebreakdown activity
observed without NEG pumps.

B. Difference between 100- and 160-mm gaps

As shown by lines (A) and (C) in Fig. 2, the applied
high voltages as a function of the integrated gas desorption
clearly differ between the 100- and 160-mm gaps.
Although the difference seems to be explained by the
gap effect represented by Eqs. (5) and (7), the maximum
cathode electric field at the 160-mm gap when prebreak-
down activity begins is higher than that at the 100-mm gap.
This is not explained by the total voltage effect for simple
flat electrodes, where the cathode electric field for pre-
breakdown initiation decreases with gap distance. As listed
in Table III, VI and EC

I at the 100-mm gap are lower than
those at the 160-mm gap, whereas EA

I at the 100-mm gap is
higher than that at the 160-mm gap. These results suggest
that the higher anode field with the 100-mm gap is
responsible for the prebreakdown initiation at voltage much
lower than that with the 160-mm gap. To study how the
anode field contributes to the transition of the small current
of field emission or microparticle transfer into the large
current of avalanche discharge events, a particle tracking
calculation between the cathode and anode electrodes was
performed.
Figure 14(a) shows a radial cross section illustrating the

static field calculation for the gun chamber with a 160-mm
acceleration gap. The cathode surface electric field as a
function of coordinate s along the surface of the radial cross
section of the cathode electrode is represented by ECðsÞ,
where s ¼ 0 mm corresponds to the photocathode center.
The anode position that is impinged on by electrons or
microparticles emitted from the cathode position s is
calculated by the particle tracking code GPT [36], and
the corresponding anode surface electric field is repre-
sented by EAðsÞ. If a positive ion with zero energy is
generated at the anode by a microdischarge, it is accelerated
by EAðsÞ back to the cathode position sþ Δs. Here Δs is
the deviation from the original cathode position calculated
by the GPT code. If the amount of secondary electron
emission generated by back-bombarded positive ions at the
cathode position sþ Δs is greater than that of electrons or
microparticles first emitted at the cathode position s, an
avalanche process could be initiated. In the following
paragraphs, ECðsÞ, EAðsÞ, and Δs are studied in more
detail. Although the particle motions perpendicular to the
cross section in Fig. 14(a) are not considered in this study,
they do not greatly change the results because the gun
configuration is cylindrically symmetric along the beam
axis at the acceleration gap. In addition, the Lorentz force
due to the Earth’s magnetic field or the solenoidal field is
much smaller than the electric force due to the electric field
applied between the cathode and anode electrodes.

FIG. 13. Photograph of the gun vacuum chamber.

EXPERIMENTAL INVESTIGATION OF AN OPTIMUM … Phys. Rev. ST Accel. Beams 17, 053401 (2014)

053401-13



Figure 14(b) shows the absolute values of the surface
electric fields ECðsÞ (red solid line) and EAðsÞ (blue solid
line) for a 160-mm gap at VI ¼ 440 kV. The green solid
circles show Δs. Secondary electrons can be generated
from the cathode position at a deviation of Δs from its
original position s. The directions of the deviations are

indicated by green arrows. The amount of deviation Δs is
almost independent of the cathode voltage because it is
determined by the gun configuration. The maximum anode
field is EAðsÞ ¼ 3.0 MV=m at s ¼ −95 mm. The maxi-
mum cathode field is ECðsÞ ¼ 8.2 MV=m at s ¼ −74 mm.
Field emission or microparticle transfer is most likely to
occur where ECðsÞ is high. If EAðsÞ is low, a micro-
discharge plasma would not be formed, and positive ions
would not be accelerated back toward the cathode. Thus,
EAðsÞ should also be higher than some threshold value for
secondary electron emission. If Δs is small, discharge
repeatedly occurs between similar positions of the cathode
and anode electrodes. We choose s ¼ −20 mm as a typical
position where ECðsÞ and EAðsÞ are high and Δs is small.
These conditions may lead to an avalanche process between
the cathode and anode electrodes because secondary
electron emission and subsequent plasma formation at
the anode can repeatedly occur near the original position
s. Table IV lists ECðsÞ, EAðsÞ, andΔs at s ¼ −95, −74, and
−20 mm for a 160-mm gap at 440 kV.
Figure 14(c) shows the corresponding ECðsÞ, EAðsÞ, and

Δs for a 100-mm gap at V ¼ 370 kV. The maximum anode
field is EAðsÞ ¼ 3.2 MV=m at s ¼ −118 mm. The maxi-
mum cathode field is ECðsÞ ¼ 7.5 MV=m at s ¼ −63 mm.
We choose s ¼ −20 mm as a typical position where ECðsÞ
and EAðsÞ are high and Δs is small, which may lead to an
avalanche process at the gap between the cathode and
anode electrodes. Table V lists ECðsÞ, EAðsÞ, and Δs at
s ¼ −118, −63, and −20 mm for a 100-mm gap at 370 kV.
The reason why the prebreakdown initiation voltage

for a 160-mm gap is higher than that for a 100-mm gap
can be attributed to the lower anode field EAðsÞ around
s ¼ −20 mm. Although the cathode field at −42<s<−15
is roughly 5% higher than that at 370 kV for a 100-mm gap,
the anode field, which is reduced by approximately half,
can compensate for the higher cathode field. Another
possible reason for the higher prebreakdown initiation
voltage for the 160-mm gap is the larger values of Δs

FIG. 14. (a) Radial cross section showing static electric field
calculation for gun chamber with 160-mm gap and NEG pumps.
Cathode surface electric field as a function of coordinate s along
the surface of the cathode electrode is represented by ECðsÞ,
where s ¼ 0 mm corresponds to the photocathode center. Anode
field at a position where electrons emitted from the cathode
position s impinge is given by EAðsÞ. The trajectory of the
emitted electrons is represented by the red arrow. If a positive ion
with zero energy is generated at the anode, it is accelerated by the
field EAðsÞ back to the cathode position of sþ Δs. Here Δs is the
deviation from the original cathode position s. The trajectory of
the positive ion is represented by the blue arrow. (b) Cathode field
ECðsÞ (red solid line) and corresponding EAðsÞ (blue solid line)
and Δs (green solid circles) as a function of s at 440 kV for
160-mm gap. (c) Cathode field ECðsÞ (red solid line) and
corresponding EAðsÞ (blue solid line) and Δs (green solid circles)
as a function of s at 370 kV for 100-mm gap.

TABLE IV. Absolute values of ECðsÞ and EAðsÞ and deviation
Δs at s ¼ −95, −74, and −20 mm for d ¼ 160 mm at 440 kV.

s (mm) ECðsÞ (MV=m) EAðsÞ (MV=m) Δs (mm)

−95 8.0 3.0 −14
−74 8.2 0.71 52
−20 7.0 1.3 − 7

TABLE V. Absolute values of ECðsÞ and EAðsÞ and deviation
Δs at s ¼ −118, −63, and −20 mm for d ¼ 100 mm at 370 kV.

s (mm) ECðsÞ (MV=m) EAðsÞ (MV=m) Δs (mm)

−118 6.2 3.2 −32
−63 7.5 0.074 −24
−20 6.7 2.5 −5.5
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when Δs > 0. Although the anode field values are similar
to each other when Δs > 0, a larger Δs may result in a
limited number of oscillations between the cathode and
anode electrodes, compensating for the higher cath-
ode field.
The anode field for the 160-mm gap is highest around

s ¼ −95 mm, where ECðsÞ is also high and Δs is small.
These conditions may also lead to avalanche discharge
events. The anode position at the highest EAðsÞ is the
corner of the mesh HV shields of the NEG pumps. There is
a mesh effect in which roughly 70% of the electrons
generated from the cathode electrode can pass through
without hitting the mesh. This mesh effect, which prevents
growth of the avalanche process, needs to be taken into
account around s ¼ −95 mm. The corresponding highest
anode field for the 100-mm gap is obtained around
s ¼ −118 mm, where EAðsÞ ¼ 3.2 MV=m, which is sim-
ilar to EAðsÞ ¼ 3.0 MV=m at s ¼ −95 mm for the 160-mm
gap. The cathode field is ECðsÞ ¼ 6.2 MV=m at s ¼
−118 mm for the 100-mm gap, which differs greatly from
ECðsÞ ¼ 8.0 MV=m at s ¼ −95 mm for the 160-mm gap.
If the discharge occurs mainly at the NEG corner, those
cathode fields should be similar to each other for the
100- and 160-mm gaps. This suggests that the prebreak-
down event does not occur mainly at the NEG corner,
probably because of the mesh effect.

C. Emittance at different gap lengths

The present paper focuses on an optimum gun configu-
ration to generate electron beam at voltage ≥ 500 kV to
mainly suppress space charge effect after the gun exit. On
the other hand, a high electric field on the photocathode is
also important to suppress space charge effect at the low
energy region near the photocathode. The maximum
achievable beam brightness is shown to be proportional
to the electric field [37] and the lowest emittance is
inversely proportional to the square root of the electric
field [38]. The optimum gun configuration in terms of
emittance can thus be determined by a trade-off between
high voltage and the photocathode field. Design of the
whole injector system which consists of dc gun, drive
laser, solenoids, buncher and accelerator cavities is also
important to obtain lower emittance at the exit of the
injector [6,39].
We performed numerical simulation based on the com-

pact ERL (cERL) injector [8], where our gun has been
installed to provide an electron beam. The projected
normalized emittance obtained for 500 kV and electric
field of 5.8 MV=m with 160 mm gap was 0.45 mm mrad
for 100 pC bunch charge [35]. The similar emittance was
obtained for 440 kV and electric field of 5.9 MV=m with
100 mm gap. We will continue the simulation study to find
an optimum balance between the high voltage and photo-
cathode field from the emittance point of view. We believe
the present study will serve as a starting point to find a

configuration with higher electric field on photocathode at
voltage ≥ 500 kV.

D. Gas desorption as a parameter to
characterize HV conditioning

As shown in Figs. 2 and 6, HV conditionings were
characterized with two different parameters: gas desorption
and charge released during prebreakdown events. The
tendencies of two figures are similar to each other for
configurations (A), (B), and (C), justifying use of gas
desorption as a substitution of charge released. Both
average charge and average gas desorption per breakdown
similarly increase with prebreakdown voltage as shown in
Table I. This seems to be reasonable because the energy
stored in the HV system increases with voltage. On the
other hand, tendencies of Figs. 2 and 6 for configuration
(D) are different because the average gas desorption per
breakdown is much smaller than other cases, as shown in
Table I.
The pumping speeds for configurations (A), (B), and (C)

listed in Table II are based on those for hydrogen. If other
gas species such as light hydrocarbons are main compo-
nents of desorption gas during HV conditionings, the
pumping speeds for configurations (A), (B), and (C) are
smaller than those in Table II. In fact we have observed a
certain amount of methane in desorption gas during
conditioning of configuration (A) using a residual gas
analyzer. We should further study this issue in the future.
One should carefully use gas desorption as a parameter to
characterize the HV conditioning when the vacuum pump
system is largely different.

VI. SUMMARY

We experimentally investigated an optimum configura-
tion for a dc photoemission gun to be operated at voltages
equal to or greater than 500 kV. The applied voltage as a
function of the total gas released by prebreakdown events
was found to be a good measure for determining the
optimum configuration. NEG pumps placed around the
acceleration gap between the cathode and anode electrodes
were found to be indispensable for suppressing prebreak-
down activity in our gun system. Although the underlying
physics is not clear, the gas desorption from welds that are
shielded by the NEG array in the cathode anode gap could
be the source of the prebreakdown activity. This issue
should be further studied in the future.
The acceleration gap is also shown to govern the

prebreakdown activity. The prebreakdown initiation volt-
age as a function of the gap is found to be given by
VI ¼ 67d0.37. The exponent is consistent with that of the
breakdown voltage as a function of the gap at d > 40 mm
described in a textbook. This suggests that the total voltage
effect is applicable to our dc gun system. However, a static
electric field calculation for our electron gun system shows
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that the cathode electric field is higher for a larger gap when
prebreakdown activity begins. This is different from what
the total voltage effect for simple flat electrodes predicts.
A particle tracking simulation, in conjunction with the static
electric field calculation, suggests that the higher cathode
electric field at a larger gap is compensated by the lower
anode electric field. The transition voltage where field
emission suddenly appears is obtained as VT ¼ 91d0.37,
assuming that the exponent is the same as that of the
prebreakdown initiation voltage VI and that the transition
voltage is 500 kV for a 100-mm gap.
We will continue to search for a gun configuration that

has a higher photocathode electric field at the same voltage
with a gap smaller than that of the present gun configu-
ration by applying a particle tracking simulation between
the cathode and anode electrodes. The objective is to find
the gun configuration in which the transition of the small
current of field emission or microparticle transfer into a
large current of microdischarge events is effectively sup-
pressed by a low anode electric field or a large deviation in
the position of back-bombarded positive ions from the
initial cathode position.
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