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Abstract:

Nanocrystalline diamond (NCD) foils have been in use at the Spallation Neutron Source as primary stripper foils for charge exchange
injection since the machine’s inception. NCD’s low atomic number leads to reduced beam scattering while still being easy to handle, as
opposed to even lighter elements. NCD foils also have the benefit of being free-standing, and rigid when grown under the right
conditions to minimize residual stresses. This study overviews a method to mimic the Spallation Neutron Source (SNS) beam and
characterize thermally driven failure of NCD foils. To do this, a foil test stand was developed with in situ diagnostics that tracks
signs of foil sublimation and thinning. The foil test stand’s electron beam is equated to the SNS beamline by comparing peak deposited
energy densities for both beams. Post-mortem testing is also conducted to help elucidate changes the NCD foils undergo during exposure
to the beam. A COMSOL simulation was also developed as a method to assess potential future changes to the NCD film and predict how
changes to beam conditions will effect foil temperatures. This method allows for examination of the NCD foil’s thermal limits and
can be used to assess future changes to SNS stripper foils.
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Introduction

Charge exchange injection (CEI) is a process where a beam of H- ions are converted to H+ ions to increase the phase space density of a
beam for the operation of high-power proton sources such as the Spallation Neutron Source (SNS) at Oak Ridge National Laboratory. This
charge conversion is traditionally achieved through the interaction of the H- beam with either a solid material called a stripper foil, or a jet of
gas, or liquid [1]. Beam scattering due to CEI scales with both atomic number and thickness of the stripping medium [2]. Carbon based
materials are frequently used as stripper foils for the CEI process [3]. Carbon’s low atomic number results in reduced scattering of the
interacting charged particle beam compared to higher atomic number alternatives. Additionally, many forms of carbon have high thermal
conductivity and enable better heat dispersion. Carbon stripper foils are generally limited by their lifetime when exposed to beam, which
is shortened by a combination of thermal and mechanical failure. In order to extend the stripper foil lifetime and help mitigate some of these
failure mechanisms, SNS has developed a nanocrystalline diamond foil [4] with improved mechanical and thermal stability compared
to amorphous carbon foils. Though foils usually perform very well, and are often removed from service before failure, when foils do fail,
graphitization and subsequent deformation of the SNS foils are the primary failure mechanism. This deformation typically leads to higher
beam loss, or unpredictable behavior related to small changes in foil positioning that is unacceptable for operations, rather than catastrophic
failure. However, sublimation has been observed during SNS operation under non-ideal beam conditions, and as beam power density
increases with future SNS upgrades, sublimation is expected to occur and could potentially be a problem for reliable operation. While
sublimation of the SNS nanocrystalline diamond foils has been observed, an explicit examination of the limits of the SNS NCD foils has not
been thoroughly conducted.

Previous work has been done to examine the lifetimes and temperatures for carbon stripper foils. Stripper foil lifetime estimates have been
proposed in other works with regards to radiation and evaporation [5] as well as foil thickness [6]. Additionally, the temperatures generated
during charge exchange injection on the foil has been simulated [7— 10] and experimentally measured [11]. Electron beams have also been
utilized to mimic and examine the heating effects on stripper foils [6, 12]. Recently, diagnostics were developed and implemented for in situ
monitoring of pinhole formation and thinning of stripper foils [13]. In this work we examine the thermal limits of the SNS NCD stripper
foils.

One of the limiting factors in electron stripper foil research is the ability to dedicate beam time to test and change out stripper foils
in the SNS beam line. In order to expedite testing, an electron beam Foil Test Stand (FTS) was developed to emulate the heating caused
by the SNS beam [14]. The FTS mimics the energy deposition into the foil by equating the stopping power of the SNS H- beam to an
equivalent electron beam stopping power. This method does not mimic the radiation damage caused by high energy protons, however, from
SNS operational experience, foil lifetime is believed to be limited by sublimation due to heat. Several in situ diagnostics have been added
to the system for in operando monitoring to elucidate critical steps in the foil failure. Here we overview the FTS system and correlate in situ
diagnostics and post-mortem characterization to the thermomechanical failure of nanocrystalline diamond foils under electron beam
conditions that mimic the SNS beam.

Methods

Nanocrystalline diamond (NCD) films were first fabricated for test- ing at the Center for Nanophase Materials Sciences. Samples were
deposited in DiamoTek 700-6 Microwave Plasma CVD system using parameters as described in previous literature [15]. Experimentally, the
deposited material usually varies around 0.1 mg. When accounting for the exposed surface area of the silicon chip, this deposition
corresponds to an areal density of 357 to 372 pg/cm? and a thickness ranging between 1.23 and 1.28 pm for the FTS samples and a
representative SNS stripper foil. After diamond synthesis and the subsequent etching/release from the substrate, the ~1 pm thick
nanocrystalline diamond samples were mounted in the foil test stand (FTS) for test- ing. An overview of the FTS along with the associated
hardware and measurements are illustrated in Fig. 1.

FTS Hardware

Foils are first mounted to the vertical and rotational multi-motion feedthrough that is illustrated in the photograph in Fig. 1(a) and schematic
in (b). Up to four foils can be mounted in the system and the samples are able to be rotated 360°. This allows the foil to be positioned 30° from
normal to the electron beam, emulating the interaction angle of the SNS H- beam with the stripper foil. The electron beam
isgenerated with a Kimball Physics electron source that generates an approximately Gaussian beam profile. The end of the electron gun is
positioned approximately 120 mm from the foil. Along the electron gun diameter a Faraday cup is mounted on the other side of the chamber
that has a 3 mm diameter current limiting aperture. A FLIR camera is attached normal to the face of the foil. A gas analyzer is also attached
to a port and is shielded by an optically dense baffle. Typical graphs of the gas analyzer, FLIR temperature measurements, emission current,
and Faraday cup current are shown in Figs. lc, 1d, and 1e for the irradiation of a previously unexposed spot. Lastly a high definition camera
is mounted outside of a transparent vacuum window for high resolution imaging of the foil before and after exposure. The vacuum pressure
is held in the 10-* to the 10~ torr range and fluctuates during foil tests.

FTS Measurements

Once mounted on the FTS multi-motion feedthrough, the stripper foils are exposed to an electron beam that, as described below, has
comparable energy deposition in the carbon foil as the 1.0 GeV, 1.4 MW H- + H* beam. During the electron beam exposure, the FLIR IR
camera captures the two dimensional temperature profile of the foil at a calibrated exposure. The FLIR camera has a temperature
accuracy of #1% assuming an accurate object emissivity. Note that to obtain the absolute temperature the image must be calibrated
against the spot’s emissivity. The temperature profile and maximum temperature is tracked and reported throughout each run. It is important
to note that since the emissivity changes during beam exposure, the temperature measurements are slightly inaccurate in the early frames
when the electron beam first interacts with the foil. This inaccuracy is due to the emissivity change of the foil during initial
graphitization [16]. During beam exposure the residual gas analyzer is set to track specific mass-to-charge ratios (Fig. 1(c)) that are expected
to outgas or sub- lime from the foil. Some of the specific mass-to-charge ratios that are recorded look for H2O that can desorb from surfaces



due to increased temperature, and carbon/carbon byproducts that can be the results of sublimed free carbon. The Faraday cup is used to
monitor the un- scattered beam current which can be correlated to the FLIR camera temperature reading (Fig. 1(d)) and the emission current
of the electron gun (Fig. 1(e)). The foil irradiation shown in Fig. lc, d, and e is on a previously unirradiated spot. When irradiating a fresh
spot, the partial pressure spikes, and the emission current drops by approximately 10%, which subsequently decreases the foil temperature.
The drop in emission current and foil temperature is attributed to electron beam and thermally stimulated desorption of physisorbed gas-
phase products on the diamond foil, which when released subsequently interact with the electron gun cathode. The high definition camera is
used to image the foil in sifu as well as collect post irradiation photos of the exposed area. The foil holder is also used as a beam scraper,
which is incrementally raised so the measured Faraday cup current change as a function of position could be recorded, which was used to re-
construct the beam profile [see supplemental information for details].

SNS Equivalent current

The equivalent SNS and FTS peak beam currents were estimated by equating the energy deposited in the nanocrystalline diamond foil for
both beams via the relative stopping powers of the particles and the beam profiles. As will be described below, the emission current and
beam profiles are measured for the 30 keV electrons and the electron stopping power for a 30 keV electron is 8.6290 MeV cm?/g. The SNS
peak energy deposited is estimated using the stopping power of a car- bon foil for a proton and 2 electrons at their relative energies assuming
a 1.0 GeV H- beam. The recirculating proton beam is also accounted for as it strikes the foil on average 4 to 5 additional times. The peak
current including recirculating beam is estimated from realistic ORBIT simulations [17] of the entire injection process that includes all
relevant effects. Stopping power values for the convoy electrons and protons at their respective energies are 1.761 MeV ¢cm%g and 1.946
MeV cm /g, respectively. The simulated SNS beam profiles are briefly described in the supplemental information, where it is noted that the
H- and H+ distributions are slightly offset. Thus, accounting for the beam profiles, one can approximate the equivalent peak SNS and FTS
currents based on the peak energy deposited per area for each beam, where:

1.65 X i (FT S,_) = i(SNSysy+1n-)

The reader should note that this equivalence assumes the current 1.0 GeV SNS proton beam energy. After the Proton Power Upgrade,
SNS will be capable of a 1.3 GeV beam, and the energy deposition of both protons and electrons will decrease by about 5% for foils of similar
thickness.

Post mortem testing

After the foils are tested in the FTS, post mortem testing was also performed. Raman spectra were taken of the exposed foils in
multiple areas (shown later). Polycrystalline diamond is commonly examined and identified using Raman spectroscopy and gives insight to
the carbon phases present in the sample [18,19]. Scanning electron microscopy (SEM) was used to take surface images of the exposed areas
and gives insight into the potential causes of failure in the foil. Additionally, a black body source is used to measure the emissivity of the
foil’s exposed and unexposed area. To do this the foil is used as a filter between the black body source and the FLIR IR camera. This
allows us to determine the transmission from the exposed spots and calculate the emissivity [16].

Simulation

Finite element methods were used to model heat flow in the stripper foils. A Monte Carlo simulation was first performed to better estimate
the energy deposition profile of the electron beam interacting with a carbon foil at a density of 2.9 g/cm® and an areal density of 362.5
pg/cm? which corresponds to a foil thickness of 1.25 pm. The Monte Carlo algorithm used to generate individual electron trajectories has
been described previously [20] and is based on the algorithm developed by Joy [21]. The simulation of electron exposure was 3D with respect
to the electron beam — target interaction. Multiple simulations were executed to study the implications of changes in sample thickness
and the sample tilt orientation with respect to the beam. In each study, the inelastic energy loss in the z-coordinate, i.e., parallel to the beam
trajectory, was compiled as a function of the z-coordinate (depth). The total stopping power at 30 keV was determined to be 9.24 MeV
cm?/g, which is similar to the value of 8.575 MeV cm?/g given in the NIST ESTAR database [22], assuming a constant energy loss for 30
keV electrons in carbon. Subsequently, these profiles served as an energy generation term in the heat diffusion partial differential equation
that was solved using a finite element method solver. The energy loss profile was scaled to the FTS current distribution and used as the heat
source for the COMSOL model to simulate the thermal evolution of the stripper foils during electron beam exposure [23]. The percentage of
inelastic energy contributing to heat by the beam (¢) was adjusted in order to get a correct fit between experiments and simulations. As
mentioned above, the electron beam profile was measured using the foil holder, which was progressively moved to measure the collected
current. The derivative of this profile was then fit to a 1D integral of a 2D Gaussian ring function and used for the simulated beam profile.

Thermal conductivity and specific heat values are temperature de- pendent and need to be considered in the thermal model due to the high
temperature range experienced under the electron exposure. It should be noted that graphitization occurs in the temperature region above
1473 K [24] and could influence these terms. The specific heat of carbon allotropes seem to be fairly consistent with minimal variance
between its forms [25-27]. Therefore specific heat values from previous literature, up to 3000 K, were used to estimate temperature
dependent specific heat [27]. Thermal conductivity, however, can vary significantly between different diamond [28] and graphite [29-31]
samples. This is problematic as the evolution of the NCD graphitization is not specifically known. For this model, a piecewise function was
constructed for the thermal conductivity of un-graphitized foils. As NCD has a fairly flat curve at room temperature, thermal conductivity
was assumed to be constant and assigned the previously measured 10 W/(m*K) [15] until it reaches 1300 K. From 1300 to 1500 K the
thermal conductivity transitions linearly to an isotropic polycrystalline graphite estimation; at temperatures greater than 1500 K a function
that fits high temperature polycrystalline graphite is used. As will be justified below, for the pulsed simulations, the thermal conductivity of
the central graphitized spot is assumed to be polycrystalline graphite. See supplemental information for specific heat and thermal
conductivity temperature dependent functions used in the simulations.



Results and discussion

The main signatures of sublimation in the FTS are changes in temperature and Faraday cup current normalized to the emission current. Foil
thinning leads to less scattering of the primary electron beam and thus an increase in the measured Faraday cup current. Additionally, as the
foil thins due to sublimation, the electron energy deposited in the foil decreases, and consequently the temperature decreases. Thus, the
Faraday cup and FLIR IR camera readings are the primary indicators of sublimation in situ. However, changes in the electron gun emission
current can also occur during the foil testing, thus in order to compensate for changes in the electron gun current, the Faraday cup current is
normalized by the emission current. Fig. 2 is a plot of the ratio of the Faraday cup current and the emission current versus time for two
different pulsed emission beam currents. As the emission current increases, the sublimation rate increases as evidenced by the steeper slope
of the normalized Faraday cup current versus time plot.

By comparing the temperature and normalized Faraday cup current of various exposure currents, three different regimes for the foils can be
observed and are shown in Fig. 3a. First we expose a fresh foil to a 200 pA continuous wave (CW) emission current. At this current, the foil
rapidly graphitizes and the increased emissivity causes a decrease in temperature. The absolute temperature measurement in this early region
is not reliable due to the changing emissivity. The temperature decrease saturates near 300 s and during this stage, the normalized Faraday
current only slightly increases. We then increase the emission current to 300 pA, and while the temperature instantly rises ~90 K, the
normalized Faraday cup current initially equals the final value in region 1 (i.e. the fraction of emission to collected currents for the end of
region 1 and beginning of region 2 are the same). The normalized Faraday cup current in region 2 increases and there is a slight
concomitant decrease in peak temperature. The slope of the normalized Faraday cup current versus time suggests that sublimation rate is
initially high and during the second 300 s exposure begins to taper and nears saturation at 600 s; the thinning in region 2 causes a net
change of ~65% in the normalized Faraday current and an ~10 K decrease in temperature. In the third region, the emission current is
increased again to 380 pA, which causes an instantaneous increase of ~120 K in temperature. During the 300 s exposure the
temperature decreases significantly (~90 K) concurrent with an increase in normalized Faraday cup current, indicating heavy
sublimation and a potential hole formation in the film. Note the graphite vapor pressure is ~4 x 10-* Torr at 2000 K, thus
sublimation of the graphitized foil is reasonable in these electron exposure conditions. Fig. 3b shows the NCD foil after irradiation. The
graphitized region can be clearly seen along with the deformations caused to the surrounding foil.

Post mortem testing was also conducted to elucidate the changes occurring to the nanocrystalline diamond foils. Emissivity
measurements were conducted using a black body source as described in section 3.2.2.2 of Barrowclough’s dissertation [16] and
used for FLIR measurements. Raman spectra were taken in the relative regions shown in Fig. 4. The results show the central area 1 has
sharp peaks at 1325 and 1585 cm-!, which are associated with strong crystalline graphite and diamond vibrations, respectively.
Additionally, peaks around 2700 and 2900 c¢cm~' are observed and are similar to peak patterns found in carbon nano-onions [32]. The
second region has discernible peaks at 1335 and 1595 cm-' which are broader than region 1, suggestive of potentially a more
disordered material with defects [33] or a shift to smaller grain size of the sample [34]. Region 3 is an unexposed region and has two
peaks at 1330 and 1565 cm-'; the peaks are broad and indicative of the nanocrystalline diamond and an amorphous phase of carbon.
Additionally, SEM imaging was conducted on these foils in order to directly observe potential failures and can be seen in Fig. 4. Holes
in the foil caused during exposure are seen in the SEM images. This helps to determine that the cause of the failure is sublimation
rather than mechanical failure. Hole formation, noted in the yellow box, is attributed to excessive sublimation at the hot spots of the
electron gun, as there is no visible stress accumulation in the area. However, large wrinkles have also formed along ridge lines in the
exposed area. These wrinkles are attributed to mechanical stress accumulation caused during graphitization.

Beam line temperature data was obtained from the SNS with an accuracy of #2.5%. With a 1.4 MW, 1 GeV beam the peak temperature was
measured to be 1750 K. This was taken using a dual band pyrometer and is an emissivity independent reading [11,35]. The beam power was
gradually increased in steps up to 1.4 MW. The temperature versus time profile is plotted in Fig. 5. The data has an artificial dip when the
temperature goes below 1200 K, which is an artifact of the measurement method. 1750 K measurements were obtained on the FTS with a
current of 750 pA, which is also shown in Fig. 5. The FTS measurement was conducted during a 10 s exposure on a spot that was first
conditioned with 10 s sequential exposures of 250 and 500 pA beams. The cooling curves differ between the two beams and is likely an
effect of the difference in the beam profiles and sizes. Thus, while the peak temperature achieved is the same, larger spot sizes can result in a
slower thermal decay (see supplemental information for details).

To correctly model the electron beam heating and equate the FTS and SNS beams, we measured the spot size/shape of the electron
beam to determine the peak current density. This value was determined by blocking the beam from the Faraday cup with a piece of
titanium and slowly raising the titanium in 25 pm steps to progressively expose the beam to the Faraday cup. The derivative of this
data was taken with a Savitzky—Golay filter and the projection of a Gaussian ring-shaped beam was used to fit the profile. This
determination was made with the assumption of a radially symmetric beam. Radial symmetry is a reasonable assumption based on
phosphor screen images taken at low intensity which cannot be used to determine the profile at higher intensities. We used the
following model for a Gaussian ring beam profile
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where o is the standard deviation and R is the Gaussian ring radius. This allowed an estimation of the beam shape to be extracted with a ring
radius of 220 um and a standard deviation value of 75 um. The beam profile peak current densities of the FTS are estimated from this beam
shape.

COMSOL simulations were performed by emulating an electron beam at 30 keV, varying current, and the beam shape parameters
previously determined. In order to estimate the percentage of deposited beam energy that goes into heating (), a continuous wave (CW)



experiment was first simulated. A CW beam was chosen to make sure that good correlation was obtained between experimental and
simulated data before emulating the pulsed beam. Comparison with a CW beam also verifies the correct thermal conductivity has been
assumed for this temperature range, as shown in Fig. 6a. Using the temperature dependent physical parameters, electron beam profile
discussed above, and an integrated beam current of 200 pA, the CW thermal excitation curve was best fit with a simulation assuming an € of
74%. An € of 74% is not unreasonable due to the many inelastic channels through which electrons can lose energy. In a recent study, the
heating due to inelastic energy loss was estimated in ultrathin membranes (22-61 nm), and the accuracy of measuring the inelastic energy loss
was on the order of 20% consistent with our estimation of ¢ [36].

Using the determined & for the CW experiment and simulations, pulsed simulations were conducted using a 750 pA, that matched the
SNS peak temperature, and 1 mA beams. Both simulations were pulsed at 1 ms and 60 Hz (6% duty cycle) and compared against
experimental data, shown in Figs. 6b and 6c, respectively. A peak current density of 1.98 mA/mm 2 is realized in the 750 pA and
2.64 mA/mm ? in the 1 mA experiments based on the beam profiles. In the 750 pA experiment versus simulation comparison the simulated
foil has a maximum temperature of 1800 K and is very close to the experimentally observed peak temperature of 1746 K. For these
exposures there is no experimentally observed sublimation in agreement with the graphite vapor pressure curve [37]. The 1 mA beam
simulation results in a peak temperature of 2160 K, which is also in good agreement with the average peak experimental temperature
of 2080 K. This difference between simulation and experiment can be partially due to sublimation that occurs in the foil or, of course,
standard error in the experimental versus simulations values used. As the sample sublimes, the thickness decreases and the energy deposited
decreases which, as shown in Fig. 3, decreases the effective temperature of the foil. The material loss is not accounted for in the simulation
and could cause discrepancy with the experimental results.

Foil degradation was observed during the 1 mA experimental FTS runs as the normalized Faraday cup current increased during exposure
and as-revealed via post mortem pictures of the foil. The 750 wA beam showed no signs of failure and was determined to be a stable regime.
By using the SNS design beam parameters, the 750 pA and 1 mA beams correspond to an SNS peak energy deposition density per pulse
of 4.26 * 101 MeV/mm? and 5.68 * 10° MeV/mm? respectively. We used ORBIT simulations of an optimized injection to estimate the
proton and electron hit number density on the foil during well-tuned SNS operation and then use tabulated energy deposition values to
estimate the peak energy density per pulse. For a 362 ug/cm? foil the predicted peak energy deposition per pulse is 1.75 * 10'© MeV/mm?,
2.43 times lower than the 750 pA case. Based on this, the SNS should safely be able to run 3.36 MW at 1.0 GeV using foils currently used
during operation. Simulations of the 2.8 MW, 1.3 GeV scenario assumed for the future upgrades to the facility produce peak energy
deposition of 2.93 * 10! MeV/mm?, 1.45 times lower than the 750 pA case. At 1.3 GeV powers of 4.06 MW should also be
comfortable. The 1 mA limit corresponds to powers of 4.55 MW and 543 MW at 1.0 GeV and 1.3 GeV respectively, but this
represents the regime where we see foil failure. One should note the foil thickness assumed here is slightly larger than necessary but
corresponds roughly to the current operational situation. The thickness could be reduced another 10% or more if more margin is
needed. Scaling the power in this way is reasonable, but requires some caveats as the actual peak power deposited depends on
many parameters including the injected H- and recirculating proton beam profiles which can change during tuning of the beam. However, as
demonstrated in the FTS data, the equivalent energy deposition density values can be used to determine when the foils are approaching an
unstable regime where foil failure will occur.

To understand the sensitivity of the COMSOL simulation results, a sensitivity analysis was conducted. For the baseline of this
analysis a 750 pA beam with an € of 74%, ring radius of 220 pum, Gaussian standard deviation value of 75 um, and graphitized emissivity of
0.9 was used. The ring radius, Gaussian standard deviation value, current, &, emissivity, and thermal conductivity were each individually
increased by 10% and the resultant peak temperatures were simulated and compared. Table 1 is a summary of the changed simulation
parameters and the resultant simulated peak temperature and the change in peak temperature. Of course, changing the current and & have the
same effect of linearly increasing the energy deposited and this had the strongest effect on temperature. The beam’s ring radius had the next
largest effect. The rest of the changed variables had minimal impact and resulted in less than 23 K (1.3%) deviation in the peak temperature.

In addition to helping to understand the limits of what SNS standard foils can withstand, the COMSOL model will also be able to assist in
future improvements and revisions to foils. By being able to rapidly simulate different geometries and changing physical properties in the
charge injection stripper foils, this method can help to direct foil improvements in the most beneficial directions. Fast simulations
coupled with previous literature on varying NCD growth recipes and the resultant properties, will hopefully lead to improved future stripper
foils.

Conclusion

An electron beam mimic of the charge exchange injection stripper foil has been developed and the equivalent power density of the H-
ion and the electron beam has been calculated. An equivalent beam of 30 keV electrons penetrating a nanocrystalline diamond stripper
foil has been experimentally measured and simulated via a COMSOL thermal model. The Faraday cup and FLIR IR camera show indications
of sublimation that can be tracked throughout the exposure of the foil. Postmortem testing was also conducted in order to give insight into
the changes that occurred during the stripper foils’ exposure to the electron beam. The methods developed and used in this paper allow for
testing of stripper foils on a much faster time scale than would be possible in the main SNS beamline. Utilizing these methods while varying
synthesis parameters for the nanocrystalline diamond growth, will lead to a better understanding and potential improvement in stripper foil
failure limits.
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Table 1
Sensitivity analysis for COMSOL simulation parameters.

current  epsilon ringradius ringsigma emmissivity Thermal Conductivity PeakT Delta Peak T

HA um pum W/(m*K) K K

750 0.74 220 75 0.9 Normal 1801 0

825 0.74 220 75 0.9 Normal 1908 107
750 0.814 220 75 0.9 Normal 1908 107
750 0.74 242 75 0.9 Normal 1695 -106
750 0.74 220 82.5 0.9 Normal 1778 -23
750 0.74 220 75 0.99 Normal 1779 -22

750 0.74 220 75 0.9 1.1(Normal) 1779 -22
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Fig. 1. (a) Photograph and (b) schematic of the Foil Test Stand. Example outputs from the (c¢) residual gas analyzer, (d) FLIR camera and Faraday cup, (e¢) Faraday cup and
electron gun emission current.
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Fig. 2. Normalized Faraday cup current versus time demonstrating a steeper slope at higher emission current, which is indicative of a higher carbon sublimation rate.



during the second 300 s exposure begins to taper and nears saturation
at 600 s; the thinning in region 2 causes a net change of ~65% in the normalized Faraday current and an ~10 K decrease in temperature. In
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the third region, the emission current is increased again to 380 pA,
which causes an instantaneous increase of ~120 K in temperature.
During the 300 s exposure the temperature decreases significantly (~90
K) concurrent with an increase in normalized Faraday cup current,
indicating heavy sublimation and a potential hole formation in the
film. Note the graphite vapor pressure is ~4 x 10-% Torr at 2000 K,
thus sublimation of the graphitized foil is reasonable in these electron
exposure conditions. Fig. 3b shows the NCD foil after irradiation. The
graphitized region can be clearly seen along with the deformations
caused to the surrounding foil.

Post mortem testing was also conducted to elucidate the changes
occurring to the nanocrystalline diamond foils. Emissivity measure-
ments were conducted using a black body source as described in
section 3.2.2.2 of Barrowclough’s dissertation [16] and used for FLIR
measurements. Raman spectra were taken in the relative regions shown
in Fig. 4. The results show the central area 1 has sharp peaks at 1325
and 1585 cm-', which are associated with strong crystalline graphite
and diamond vibrations, respectively. Additionally, peaks around 2700
and 2900 cm-' are observed and are similar to peak patterns found
in carbon nano-onions [32]. The second region has discernible peaks
at 1335 and 1595 cm-' which are broader than region 1, suggestive
of potentially a more disordered material with defects [33] or a shift
to smaller grain size of the sample [34]. Region 3 is an unexposed
region and has two peaks at 1330 and 1565 cm-'; the peaks are broad
and indicative of the nanocrystalline diamond and an amorphous phase
of carbon. Additionally, SEM imaging was conducted on these foils in
order to directly observe potential failures and can be seen in Fig. 4.
Holes in the foil caused during exposure are seen in the SEM images.
This helps to determine that the cause of the failure is sublimation
rather than mechanical failure. Hole formation, noted in the yellow box
in Fig. 4 SEM, is attributed to excessive sublimation at the hot spots
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Fig. 3. (a) Temperature and normalized Faraday cup current versus time for 3 different runs (left). (b) Photograph of the foil after the 3 runs (right).
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Table 1
Sensitivity analysis for COMSOL simulation parameters.

current  epsilon  ringradius ringsigma emmissivity Thermal Conductivity PeakT Delta Peak T

pA pm pm W/ (m*K) K K

750 0.74 220 75 0.9 Normal 1801 0

825 0.74 220 75 0.9 Normal 1908 107
750 0.814 220 75 0.9 Normal 1908 107
750 0.74 242 75 0.9 Normal 1695 -106
750 0.74 220 82.5 0.9 Normal 1778 -23
750 0.74 220 75 0.99 Normal 1779 22
750 0.74 220 75 0.9 1.1(Normal) 1779 -22
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