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Gas conditioning was shown to eliminate ﬁeld emission from cathode electrodes used inside DC high
voltage photoelectron guns, thus providing a reliable means to operate photoguns at higher voltages and
ﬁeld strengths. Measurements and simulation results indicate that gas conditioning eliminates ﬁeld
emission from cathode electrodes via two mechanisms: sputtering and implantation, with the beneﬁts of
implantation reversed by heating the electrode. We have studied ﬁve stainless steel electrodes (304L and
316LN) that were polished to approximately 20 nm surface roughness using diamond grit, and evaluated
inside a high voltage apparatus to determine the onset of ﬁeld emission as a function of voltage and ﬁeld
strength. The ﬁeld emission characteristics of each electrode varied signiﬁcantly upon the initial application
of voltage but improved to nearly the same level after gas conditioning using either helium or krypton,
exhibiting less than 10 pA ﬁeld emission at  225 kV bias voltage with a 50 mm cathode/anode gap,
corresponding to a ﬁeld strength of  13 MV/m. Field emission could be reduced with either gas, but there
were conditions related to gas choice, voltage and ﬁeld strength that were more favorable than others.
Published by Elsevier B.V.

Keywords:
Field emission
Gas conditioning
Photo electron guns

1. Introduction
Field emission is the primary mechanism that limits the maximum
achievable bias voltage, and therefore the electron beam energy, of DC
high voltage photoemission electron guns [1–3]. Low level ﬁeld
emission from the cathode electrode has the effect of degrading the
vacuum which in turn reduces the photocathode lifetime due to ion
bombardment [4–7]. High levels of ﬁeld emission can damage photogun components, in particular the high voltage insulator.
Many accelerator applications require photoguns operating at
500 kV bias voltage for producing low emittance beams, comprised
of a train of electron bunches [8,9]. The beam emittance degrades in
the ﬁrst few centimeters of acceleration due to space charge forces
within the electron bunch. However, space charge forces decrease
with the beam energy, hence the desire to operate photoguns at the
maximum possible voltage. Unfortunately and without exception,
efforts to operate photoguns at 500 kV and maximum ﬁeld strength
greater than 10 MV/m have met with problems due to ﬁeld emission.
Most publications reference beam production at bias voltage less
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than 400 kV [10–14]. A recent publication [15] describes successful
beam delivery at 500 kV using segmented insulators which shield
the insulator from harmful ﬁeld emission.
Groups working on energy recovery linac projects have been at
the forefront of efforts to construct very high voltage photoguns.
The photoguns at Jefferson Laboratory's Free Electron Laser [16,17]
and Daresbury Energy Recovery Linac Prototype [18,19] use stainless steel electrodes polished to mirror-like ﬁnish using diamond
grit. The Cornell University group uses electropolished stainless
steel electrodes [20,21] and groups in Japan rely on chemicallypolished titanium alloy electrodes [22]. The cathode/anode gaps in
these photoguns are typically  100 mm with the intention of
keeping ﬁeld strength below 10 MV/m, although higher ﬁeld
strengths are sometimes reached at photogun locations associated
with the cathode electrode support structure.
Field emission has been studied for decades, originally as a
desirable mechanism to obtain free electron beams. In the 1950s
effort was devoted to suppressing and eliminating ﬁeld emission.
Unwanted sources of ﬁeld emission are assumed to originate
primarily from sharp tips protruding from the electrode surface
and from inadvertent contamination. Current conditioning [23] is
typically the default technique for “processing” a new electrode
inside a DC high voltage photogun, whereby voltage is applied to
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the electrode in small increments, allowing the pre-breakdown
ﬁeld emission current to stabilize and ideally, the ﬁeld emission
current decreases to a smaller level over time as ﬁeld emission
sources “burn off”. Current conditioning as a means to eliminate
ﬁeld emission can be unreliable and time consuming.
Gas conditioning as a means to reduce ﬁeld emission current
was originally introduced by Lyman et al., in 1966 [24–26] and
used by Bekuma [26,27]. Later, Alpert et al. [25] showed that gas
ions selectively bombard metallic micro-protrusions at a higher
rate, based on the site's localized ﬁeld enhancement factor, β. For a
time, the effectiveness of gas conditioning was assumed to be
related to the transformation of sharp tips into blunt tips, by the
process of sputtering. But when gas conditioning was also demonstrated to eliminate ﬁeld emission from non-metallic emitters
[28–30], a full appreciation of the technique grew to include ion
implantation which serves to increase the work function of the
metal. Latham described the reduction of ﬁeld emission via
implantation as “current quenching” and presented experimental
evidence that current quenching was electronic in origin [31,32].
He studied a variety of gasses (H2, D2, He, Ar, N2, SF6) and
demonstrated that each was effective at eliminating ﬁeld emission
but the voltage at which the process was performed was a critical
parameter, indicating that helium was more effective at eliminating ﬁeld emission at lower voltage while heavier gasses were more
effective at higher voltage [33].
In the 1970s when the DC high voltage photogun community
worked vigorously to construct spin-polarized electron sources
using GaAs photocathodes, there were many instances of problematic ﬁeld emission, even for photoguns operating at just 100 kV.
Frequently, the ﬁeld emission was attributed to inadvertent
deposition of cesium on the cathode electrode (with the cesium
originating from the photocathode activation process). Loadlocked photogun designs helped to solve this problem, by moving
the photocathode activation process outside the high voltage
chamber. Field emission problems that remained were often
“solved” by operating the photogun at a reduced voltage. Only
relatively recently [12], with the increased interest in lowemittance beams and very high bias voltages, has the photogun
community sought alternatives to the current conditioning
technique.
In this work, stainless steel (304L and 316LN) electrodes were
evaluated inside an ultrahigh vacuum apparatus at voltages to
225 kV with cathode/anode gaps ranging from 20 to 50 mm,
providing a maximum ﬁeld strength of  18 MV/m for the smallest
gap. All of the stainless steel electrodes were polished to mirrorlike ﬁnish with root-mean-square surface roughness between 10
and 30 nm [36] using silicon carbide paper and successively ﬁner
diamond grit. Field emission results among the samples varied
signiﬁcantly upon initial application of voltage. This variability is
likely attributable to inadvertent contamination of the electrode
surface.
Each electrode was then gas conditioned consecutively with
helium or krypton: if ﬁeld emission persisted following conditioning with one gas species, further conditioning was implemented
using the other gas. Conditions were varied to investigate whether
one gas was more effective than the other, and to determine under
what conditions ﬁeld emission was most efﬁciently reduced.
Ultimately, both gasses demonstrated success at eliminating ﬁeld
emission, however it was difﬁcult to make ﬁrm conclusions as to
which gas worked best, because once ﬁeld emission was eliminated using one gas, further gas conditioning with the other gas
was not possible.
The performance of all electrodes improved to comparable levels
with inert gas conditioning, exhibiting ﬁeld emission less than 10 pA
at  225 kV bias voltage with a 50 mm cathode/anode gap, corresponding to a ﬁeld strength of  13 MV/m. The beneﬁt of inert gas

conditioning was partially eliminated by purposely heating the
electrode to temperature  250 1C for hours, conﬁrming empirical
observations reported in Ref. [14] Experimental results and accompanying modeling using the programs SRIM and TRIM (Stopping
Range of Ions in Matter, and Transport of Ions in Matter, respectively) [37] suggest that gas conditioning serves to eliminate ﬁeld
emission via sputtering but also via ion implantation which would
serve to increase the work function near the surface of the electrode.

2. Helium and krypton gas conditioning
Literature data [34,35] on electron impact ionization was used
to calculate the electron impact ionization probabilities (cross
section) for helium and krypton as a function of electron beam
energy (Fig. 1a). The two curves mimic each other, however with
the ionization probability of krypton roughly an order of magnitude higher than helium. The peak ionization for both gas species
occurs at  100 V, and drops by more than three orders of
magnitude at 225 kV, the maximum voltage studied in this work.
It is important to note that the energy spectrum of the ﬁeld
emitted electrons within the cathode/anode gap is broad, with
electrons leaving the cathode electrode at zero velocity, and then
gaining energy until reaching the anode. Ionization probabilities
can be used to estimate the ion production rate over a small
distance, dx, by considering the following equation,
Number of ions ðs  1 Þ ¼ ng ne CSðTÞdx

ð1Þ

where ng describes the gas atomic number density (atoms/m3)
introduced into the vacuum chamber, ne is the number of electrons
per second within the cathode/anode gap arising from ﬁeld
emission, and CS represents the ionization cross section illustrated
in Fig. 1a. The symbol T represents the kinetic energy of the
emitted electron at a distance x from the cathode surface, equal


to x=Gap eV where Gap describes the distance between the

Fig. 1. (a) Ionization cross section for helium and krypton, and (b) calculated ion
yield per second as a function of distance from the cathode surface assuming a
pressure of 5  10  6 Torr and ﬁeld emission current of 13 nA at 200 kV.
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cathode and anode electrodes, e is the charge of the electron and V
is the bias voltage applied to the cathode electrode. To determine
the total number of ions reaching the cathode surface per second
as a function of distance from cathode surface, Eq. (1) can be
integrated with respect to kinetic energy and by noting that
dx ¼ Gap=eV dT,
Z
Gap ðx=GapÞeV
Total Number of ions ðs  1 Þ ¼ ng ne
CSðTÞdT
ð2Þ
eV 0
The following parameters where used to obtain the result in
Fig. 1b: gas pressure 5  10  6 Torr, a ﬁeld emission current of
13 nA at the cathode bias voltage of 200 kV, with the cathode/
anode gap set to 3 cm. Notice that nearly half of all ions originate
within 1 mm of the cathode electrode surface.
From a sputtering point of view, massive krypton will be
more effective at turning sharp ﬁeld emitter tips into blunt tips
compared to helium, but other factors must be considered when
implementing gas conditioning inside a DC high voltage photogun,
including the cathode/anode geometry, the orientation of electrostatic ﬁeld lines, and where the ions are created within the
cathode/anode gap. Most DC high voltage photoguns employ
curved electrodes, which in turn, produce curved electric ﬁeld
lines. Electrons will follow these curved electric ﬁeld lines but
comparatively slow moving ions will have trajectories that can
deviate signiﬁcantly. Only ions produced at locations with straight
electric ﬁeld lines, or near the cathode surface are guaranteed to
impact the electrode near the ﬁeld emitter. In summary, the
location where the ion was created within the cathode/anode
gap determines the energy of the ion at impact, which in turn
inﬂuences sputtering yield and implantation depth. The curved
ﬁeld lines will reduce the likelihood of higher-energy ions produced near the anode reaching the ﬁeld emitter.
3. Experiment
3.1. Apparatus
Pierce-type cathodes with 251 focusing angle (6.35 cm dia.,
2.85 cm thick) were attached to an inverted insulator that extends
into the ultrahigh vacuum test chamber (Fig. 2). Each electrode
had a shape identical to electrodes used at the Continuous
Electron Beam Accelerator Facility (CEBAF) [38] with a hole in
the middle (1.28 cm dia.) to accommodate a GaAs photocathode if
it were used in an actual polarized photogun. However for these
tests, a piece of polished stainless steel was used in place of the
GaAs photocathode. The electrodes were polished with silicon
carbide paper and diamond paste of successively ﬁner grit as
described in Ref. [39].
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The polished stainless steel anode was a ﬂat plate with a
Rogowski edge proﬁle, electrically isolated from ground and
attached to a sensitive current meter (Keithley electrometer model
617). The anode could be moved up or down to vary the cathode/
anode gap and therefore the ﬁeld strength. Cathode/anode gaps
discussed in this paper refer to the distance between the curved
portion of the cathode closest to the anode surface. Field emission
was assumed to originate from the region of the cathode electrode
subjected to the highest ﬁeld strength, which corresponds to an
annular region with radius slightly larger than the portion of the
electrode closest to the anode [39].
A  225 kV commercial high voltage power supply was used for
the experiment. The high voltage power supply and the ceramic
insulator accommodate “industry standard” high voltage cables
with R-28 connectors. A 100 MΩ conditioning resistor was placed
in series with the cathode electrode via an oil tank that served to
protect the apparatus in case of sudden discharge of stored energy.
The resistor also serves to protect the electrode via a negative
feedback mechanism – as current increases, a larger voltage drop
occurs across the resistor, reducing voltage at the electrode.
Prior to the application of high voltage, the entire vacuum
apparatus was baked at 200 1C for 30 h to achieve vacuum level in
the 5  10  11 Torr range. Pumping was provided by a 220 L/s ion
pump and a SAES Getters GP-500 non-evaporable getter pump which
was partially activated during the bakeout. Every effort was made to
keep the vacuum conditions consistent from sample-to-sample.
An assessment of the ﬁeld emission properties of each test
electrode involved monitoring vacuum level via the ion pump
current, x-ray radiation with Geiger monitors placed around the
apparatus, and the anode current with a digital electro-meter,
while increasing the applied voltage. High voltage was ﬁrst
applied to the electrode using the largest cathode/anode gap of
50 mm where the maximum ﬁeld strength reaches 13 MV/m at
 225 kV bias. Upon successful high voltage processing (aka,
current conditioning), the gap could be decreased to achieve
higher ﬁeld strength. The smallest gap used for the tests was
20 mm and provided maximum ﬁeld strength of  18 MV/m
when the cathode was biased at 225 kV. Field strength values
were estimated using the electrostatic ﬁeld mapping program
POISSON [40]. Smaller gaps provided signiﬁcantly higher ﬁeld
strength, but sometimes produced catastrophic breakdown and
electrode damage.

3.2. Gas conditioning protocol
Gas conditioning involved introducing an inert gas into the
vacuum chamber while the cathode electrode was biased at high
voltage using a gap/ﬁeld strength that produced signiﬁcant ﬁeld

Fig. 2. Photograph of the dc high voltage ﬁeld emission test stand used to evaluate each cathode electrode (left), a schematic view of the insulator, test electrode and anode
used to collect the ﬁeld emission (right).
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Fig. 3. Examples of (a) current quenching using a10 mm cathode/anode gap, and (b) current ampliﬁcation using a 30 mm cathode/anode gap, during helium gas
conditioning at different pressures.

emission ( few μAs or lower). Gas was introduced to the vacuum
apparatus via a leak valve set to provide pressure in the range of
5  10  6 to  5  10  4 Torr (nitrogen equivalent). A sudden reduction in anode current was indicative of the elimination of a ﬁeld
emission site. Gas conditioning typically was performed for 30–60 min
and repeated multiple times, depending on the performance of the
test electrode in the ﬁeld emission reduction process. Details relating
to implementation can be found in Ref. [39].
Inert gas pressure and cathode/anode gap could be varied to
observe two distinct anode current trends: current ampliﬁcation
and current quenching. Current ampliﬁcation can be explained by
noting that the ionization of the supplied gas produces additional
free electrons that travel to the anode in addition to those
originating from ﬁeld emission sites. Furthermore, ions bombarding the cathode electrode, and electrons striking the anode
electrode desorb additional gas (most likely surface-bound hydrogen) that can in turn become ionized. The other trend – current
quenching – describes the situation where the observed anode
current is reduced during gas conditioning. This phenomenon
occurs when a sufﬁcient number of ions blanket the electrode
surface, increasing the work function of the material, thereby
quenching the ﬁeld emission (at least temporarily, during gas
conditioning).
Fig. 3 shows examples of both anode-current trends observed
using the same electrode but under different conditions: helium
pressure 5  10  5 Torr versus 5  10  6 Torr, and cathode anode
gap 10 and 30 mm. The black (blue) lines represent the observed
anode current before (during) gas conditioning, as a function of
applied high voltage. Field emission could be reduced under both
conditions. These tests did not reveal that inert gas pressure, or the
magnitude of the anode current, were key factors in determining
the efﬁcacy of gas conditioning.

4. Results
4.1. Field emission versus voltage (I–V curves)
The ﬁeld emission characteristics of four diamond-paste polished
stainless steel electrodes are presented in Fig. 4. Each plot shows ﬁeld
emission current as a function of voltage at four different cathode–
anode gaps, before and after gas conditioning. During the initial
application of voltage, the 304L electrodes exhibited ﬁeld emission
at bias voltage at or below  100 kV, whereas the 316LN electrode
performed better, with ﬁeld emission onset of   150 kV or higher. It
should be noted that the small sample set precludes making a
deﬁnitive statement about properties of speciﬁc grades of steel. After
gas conditioning, all four electrodes exhibited similar performance,
with no ﬁeld emission (o10 pA) at 50 mm gap and  225 kV bias
voltage corresponding to a ﬁeld strength of 13 MV/m. One electrode
required just one gas conditioning cycle, while the other electrodes
required multiple cycles. For those electrodes that required extended

conditioning, implementation was alternated between gas species in
30–60 min intervals until no noticeable improvement was observed.
The longest cumulative conditioning period was 3.5 h.
Table 1 lists the ﬁeld strength (at the highest-ﬁeld strength
region of the cathode) at which each electrode produced 100 pA of
ﬁeld emission. The value 100 pA was chosen because it was large
enough to accurately apply a Fowler–Nordheim ﬁt to the data.
Before gas conditioning most of the electrodes exhibited ﬁeld
emission at ﬁeld strengths between 5 and 10 MV/m. After gas
conditioning, for the gaps 40 and 50 mm, none of the electrodes
exhibited 100 pA of ﬁeld emission corresponding to ﬁeld strengths
13.8 and 12.6 MV/m, respectively.
It is common to re-plot I–V curves like those in Fig. 4 as Fowler–
Nordheim line plots, showing the variation of the quantity log(I/E2)
as a function of 1/E, where I is the ﬁeld emission current and E is the
average surface ﬁeld strength. Such a representation can be used to
estimate the ﬁeld enhancement factor, β, and the ﬁeld emission
emitter area, Ae, using the expressions below [39]:
slope ¼

dðlog 10 I=E2 Þ
2:84  109 φ1:5
¼
dð1=EÞ
β

ð3Þ

"
#
 0:5
1:54  10  6 Ae β2  104:52φ
intercept ¼ Log 10 ðI F =E ÞE-1 ¼ Log 10
φ
2

ð4Þ
where φ is the work function of the material. As illustrated in
Table 2, gas conditioning yielded smaller ﬁeld enhancement factors
and larger emitter areas for each electrode, consistent with the
notion that ﬁeld emitter tips become blunted and wider as a result
of gas conditioning. Considering all electrodes, the average value for
the ﬁeld enhancement factor, β, reduced from 473 to 197, and the
calculated emitting area increased from an average value of
4.5  10  18 to 2.8  10  17 m2. Also noteworthy, the individual postgas conditioning values for β and Ae exhibit smaller deviations from
the average values, suggesting that gas conditioning provides a
means to evaluate the true ﬁeld emission characteristics of materials, rather than the unpredictable properties of an electrode suffering contamination. However, it should be mentioned that ﬁeld
emission from large area electrodes likely originates from multiple
emitters, whereas Eqs. (3) and (4) were derived for a single emitter.
Some researchers question the validity of the Fowler–Nordheim
line plot analysis for large area electrodes, wondering if calculated
values of β and Ae represent characteristics of one emitter or a
“distribution” of values associated with many emitters [41].
4.2. Helium versus krypton
Effort was devoted to determining the relative effectiveness of
helium versus krypton. Electrodes were conditioned with one gas
under different pressure and gap conditions, and then conditioned
using the other gas if ﬁeld emission persisted. However, the
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Fig. 4. Field emission current versus bias voltage and anode/cathode gap for 304L stainless steel electrodes (top) and 316LN electrodes (bottom). Each plot shows ﬁeld
emission behavior before (solid symbols) and after (open symbols) gas conditioning with helium and krypton. For all cases the lines between data points represent Fowler–
Nordheim ﬁts. The error in these measurements is comparable to the size of the data point symbol, and smaller for electrodes post-gas conditioning.

Table 1
The ﬁeld strength (MV/m) at which each electrode exhibited 100 pA of ﬁeld
emission at different gaps before and after gas conditioning. For entries with ( 4)
symbol, ﬁeld emission current did not exceed 100 pA at  225 kV, and consequently, the ﬁeld strength must exceed the maximum value provided by the high
voltage power supply. The labels “1” and “2” are bookkeeping designations that
denote different electrodes of the same material.
Turn on ﬁeld strength (MV/m) at 100 pA, before gas processing vs. gaps
Gap (mm)
50
40
30
20

304L#1

304L#2

316LN#1

316LN#2

6.4
6.6
6.2

4.9
5.4
5.5
6.6

412.6
413.8
415
15

8.7
8.1
9.1
10.5

Turn on ﬁeld strength (MV/m) at 100 pA, after gas processing vs. gaps
50
412.6
412.6
412.6
412.6
40
413.8
413.8
413.8
413.8
30
13.6
13.5
415
12.9
20
14.4
17.3
14.1

Table 2
Summary of Fowler–Nordheim line plot analysis: ﬁeld enhancement factor, β, and
emitting area, Ae, before and after gas conditioning, for four stainless steel
electrodes. The statistical variations in the values listed below are small, with
chi-squared ﬁt parameters close to unity. More signiﬁcant are the large systematic
variations between different electrodes, which point to the unpredictable nature of
ﬁeld emission, and challenges associated with preparing identical electrode
samples. The labels “1” and “2” are bookkeeping designations that denote different
electrodes of the same material.

β/pre-gas
β/post-gas
Ae (m2)/pre-gas
Ae (m2)/post-gas

304L#1

304L#2

316LN#1

316LN#2

228
134
9.7  10  19
1.1  10  17

972
299
8.4  10  20
7.1  10  17

217
185
1.7  10  17
3  10  17

475
171
2.5  10  20
1.4  10  19

performance of the electrode was very difﬁcult to control: once the
electrode performance improved to a high level, further gas conditioning was not possible (i.e., the electrode did not ﬁeld emit and
consequently, ions were not created). Smaller gaps could be used to
achieve signiﬁcantly higher ﬁeld strength, which could initiate more
ﬁeld emission, but often small gaps resulted in breakdown which

Fig. 5. Helium (top) and krypton (bottom) ion implantation depth for helium and
krypton as a function of ion energy. The dashed lines with data points represent the
implantation depth corresponding to the peak of the distribution, with adjacent
solid lines representing depths 7 0.5 sigma from the peak value.

damaged the electrode. A cumulative assessment based on tests of
ﬁve electrodes led to the following generalized observation: helium
was more effective at eliminating ﬁeld emission using lower voltage
and smaller gaps, whereas krypton was more effective at higher
voltage and larger gaps. But it must be stated that this is a very
preliminary “conclusion”: there were examples of effective ﬁeld
emission reduction under conditions contrary to this statement that
could be related to effects of any gas on a virgin electrode regardless
of the gas kind. It must also be noted that krypton gas conditioning at
small gaps sometimes resulted in degraded performance, serving to
enhance ﬁeld emission.
To better understand the experimental results, the computer
simulation codes SRIM and TRIM (Stopping Range of Ions in
Matter, and Transport of Ions in Matter) [25] were used to estimate
the stopping depth of implanted gas ions within the cathode
electrode and the level of sputtering. Fig. 5 shows the implantation
depth for monoenergetic helium and krypton ions, as a function of
ion energy. Ion implantation depth represents a distribution of
values: the dashed line for each gas species shows the implantation depth for the peak of the distribution, with adjacent lines
representing the range of depths 70.5 sigma from the peak.
Comparing the two simulations, it is obvious that helium ions
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Fig. 6. Sputtering yield of monoenergetic helium and krypton ions on stainless
steel, versus ion energy.

penetrate much deeper into the stainless steel compared to
krypton. Helium ions are implanted at depths to 6000 Å, whereas
krypton ions are implanted at depths o 1000 Å. Assuming
implanted ions serve to reduce ﬁeld emission (at least in part)
due to increased work function, it would be beneﬁcial to helium
gas process at lower voltage, where the implanted ions are closer
to the surface. This result is consistent with experimental observation – helium gas processing was generally more effective at lower
voltages and smaller cathode/anode gaps. More massive krypton
ions are implanted at shallow depths for all ion energies tested.
Consequently, krypton ion implantation would serve to increase
the work function of the electrode for any ion energy tested.
Fig. 6 shows the results obtained using the program TRIM,
which characterizes the sputtering yield of helium and krypton
ions on stainless steel, as a function of ion energy. Krypton has a
signiﬁcantly higher sputter yield compared to helium, over the
entire ion energy range tested. For krypton ions with energy
greater than 1 kV, multiple atoms are sputtered from stainless
steel for each bombarding krypton ion, whereas many helium ions
are required to sputter away a single atom from stainless steel over
the entire energy range tested. This would certainly be beneﬁcial
when dealing with an electrode suffering from contamination, and
sputtering would serve to transform sharp tips into blunt tips,
assuming the ions are delivered to the emitter. But excessive
sputtering can lead to enhanced ﬁeld emission [42] and this could
potentially explain why sometimes krypton gas conditioning
resulted in higher levels of ﬁeld emission from test electrodes.

4.3. Reversing the effects of gas conditioning
In order to decouple the beneﬁts of ion implantation and
sputtering, a ﬁfth stainless steel electrode was gas conditioned
and then heated to 250 1C in situ, for approximately 8 h, using a
small heater inserted into the bore of the ceramic insulator. These
heating conditions provide ample time for implanted ions to
diffuse from the electrode surface and into the bulk electrode
material (per Fick's law), because the number of implanted ions is
relatively small. The logic behind the heating test was the following. If the ﬁeld emission suppression mechanism was purely due
to sputtering, then heating would not change the ﬁeld emission
current after conditioning. If the mechanism was purely due to
changes in the work function, then heating would reverse the ﬁeld
emission current back to levels prior to conditioning. Fig. 7a shows
ﬁeld emission current as a function of voltage for one of the 316LN
electrodes at 40 mm gap before (solid black circles) and after
(open black circles) gas conditioning, as well as after cathode
electrode heating (red). The ﬁeld emission levels increased after
heating, but the electrode still performed better than it did
initially, suggesting that the cumulative beneﬁt of gas conditioning
is composed of both sputtering and ion implantation, with the
latter being reversible. These results indicate that heating the

Fig. 7. (a) Field emission current as a function of bias voltage for a 40 mm cathode/
anode gap, before (black) and after (open) gas conditioning and after heating (red).
(b) Fowler–Nordheim logarithmic line plots of the post-Kr-processing and postheating results shown above. The change in slope of the two lines was used to
estimate the change in the work function associated with ion implantation.

electrode served to enhance diffusion of ions within the material,
reducing the concentration of ions at the surface of the electrode.
To estimate the increase in the work function associated with
gas conditioning, the I–V curves representing the post-Krprocessing and post-heating results were re-plotted as Fowler–
Nordheim line plots (Fig. 7b). The ﬁeld enhancement factor β was
calculated from the post-heating result, by evaluating the slope of
the line and assuming a typical work function for stainless steel of
4.4 eV. It is reasonable to assume that heating the electrode does
not change the physical characteristics of the electrode (i.e., β
remains the same). For the calculated value of the ﬁeld enhancement factor (β¼236), the work function must increase by
 1.16 eV to ﬁt the post-krypton processing result, an amount
consistent with reports in literature [43].

5. Conclusion
Five stainless steel electrodes (304L and 316LN) were polished to
approximately 20 nm surface roughness using diamond grit and
evaluated inside an ultrahigh vacuum test stand to determine the
onset of ﬁeld emission as a function of voltage and ﬁeld strength. The
ﬁeld emission characteristics of each electrode varied signiﬁcantly
upon the initial application of voltage, with the 316LN stainless steel
electrodes performing better than the 304L stainless steel electrodes.
The performance of all electrodes improved to nearly the same level
using gas conditioning with helium and/or krypton, with ﬁeld
emission less than 10 pA at  225 kV bias voltage and for a 50 mm
cathode/anode gap, corresponding to a ﬁeld strength of  13 MV/m.
Some electrodes reached higher ﬁeld strengths without ﬁeld emission, at smaller gaps. Field emission could be reduced using either
gas, but helium gas conditioning was more effective at lower voltage
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and small gaps (10–20 mm), whereas krypton gas conditioning was
more effective at higher voltages and larger gaps (30–50 mm). Both
gasses were effective at pressures in the range of 5–50  10  6 Torr
and the beneﬁts of gas conditioning were typically realized during
20 min-long processing periods.
Measurements and accompanying simulation results obtained
using the computer simulation codes SRIM/TRIM suggest that gas
conditioning effectively eliminates ﬁeld emission sites via sputtering but also as a result of ion implantation which serves to increase
the work function of the electrode. This statement is supported by
the observation that ﬁeld emission suppression effects of ion
implantation could be partially reversed by heating the electrode,
which depletes the electrode surface of implanted ions due to
desorption and diffusion. The simulation results also support the
general trend that helium gas conditioning was more effective at
lower voltages because this yields a shallow implantation depth,
which is better suited to increasing the work function of the metal.
Empirical observations reported in Ref. [14] are now understood
with the contributions presented in this work.
There are practical considerations associated with gas conditioning that were not addressed experimentally or using the
simulation software, namely, curved electrodes generate curved
ﬁeld lines. For example, krypton offers advantages over helium: it
is easier to ionize compared to helium and has a higher sputtering
yield, however, depending on location of the ﬁeld emitter, krypton
ions may not follow the ﬁeld lines to the location of the ﬁeld
emitter. Another issue that was not raised in the paper relates to xray radiation – krypton ion bombardment generates signiﬁcantly
higher levels of x-ray radiation which could conceivably be
problematic for some users depending on their available shielding.
Future work could employ an ion gun to sputter-clean and
implant the entire electrode, rather than just locations near an
active ﬁeld emitter. The ion gun would also provide a monochromatic ion beam that could provide a more accurate experimental
assessment of sputter yield and the most effective implant depth,
and conditions could be more accurately modeled.
The results and methodologies presented are highly signiﬁcant
to the present development of 500 kV DC photoemission guns at
various institutions (Cornell, JLab, JAEA, Daresbury) with the goal
to generate ultra-bright electron beams required for proposed Free
Electron Lasers based on energy recovery accelerators to produce
x-ray beams with unprecedented ﬂux and brilliance.
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