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In an x-ray driven cavity experiment, an intense flux of soft x-rays on the emitting surface produces significant emission
of photoelectrons having several kiloelectronvolts of kinetic energy. At the same time, rapid heating of the emitting
surface occurs, resulting in the release of adsorbed surface impurities and subsequent formation of an impurity plasma.
This numerical study explores a simple model for the photoelectric currents and the impurity plasma. Attention is given
to the effect of varying the composition of the impurity plasma. The presence of protons or hydrogen molecular ions
leads to a substantially enhanced cavity current, while heavier plasma ions are seen to have a limited effect on the cavity
current due to their lower mobility. Additionally, it is demonstrated that an additional peak in the current waveform can
appear due to the impurity plasma. A correlation between the impurity plasma composition and the timing of this peak

is elucidated.

I. INTRODUCTION

A recent series of experiments at the Z generator inves-
tigated the electrical currents induced in cavities which are
exposed to intense soft x-rays with energies on the order of
1-10 kiloelectronvolts (keV).!> The cavity geometry is cylin-
drically symmetric and all cavity surfaces are electrically con-
ductive; there is continuous electrical contact across the entire
cavity. On the top of the cavity is a circular window with ra-
dius » = 20 mm. The window is semi-transparent to x-rays,
electrically conductive and also absorbs incident electrons. X-
ray energy from a nearby Z-pinch wire array passes through
the window to reach the gold-plated emitting surface on the
bottom of the cavity.

Due to the large atomic number of gold, the emitting sur-
face has a relatively high quantum yield for soft x-rays. When
the emitter is illuminated by soft x-rays, fast photoelectrons
having several keV of kinetic energy are emitted. The cavity
includes a B-dot sensor to measure the return current from
the top electron absorber to the bottom emitter. Given a
sufficiently intense x-ray pulse, the electric current travers-
ing the cavity gap is limited by the space charge barrier. In
this case, the concentration of negative space charge above
the emitter will electrostatically repulse many of the emitted
electrons back into the emitter. The situation is similar to
that in the analysis presented by Jaffé.> Jaffé considered the
space charge limiting of a beam of monoenergetically emit-
ted electrons traversing the gap between two grounded, par-
allel planes. More recently, Luginsland et al. considered
a two-dimensional, monoenergetically emitted beam of elec-
trons which transits a grounded cavity.* They found that, if
the beam is turned on very quickly, electromagnetic induction
can affect the virtual cathode formation and subsequent steady
state behavior.

This study examines the effect of impurity plasma on the
photoelectric current. In a typical shot, the gold surface ab-
sorbs around 15 kJ/m? of x-ray energy over a 30 ns interval,
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with most of the energy deposition occurring between ¢ = 3 to
4 ns. This rapidly heats the emitting surface and the inventory
of adsorbed impurities is released from the surface by thermal
desorption early in the shot. Some fraction of the desorbed
impurity gas will be ionized by impact with photoelectrons or
by other mechanisms.

Section II describes the cavity model and its approxima-
tions. Quantitative agreement between model solutions and
any experiment is not expected. Rather, the intent is to gain
insight into the effect of the impurity plasma and the signif-
icance of its composition. It should be noted that the impor-
tance of the conditioning of electrode surfaces is well known
for high power vacuum electronics.’~® Unlike the x-ray driven
cavity, in which all surfaces are electrically grounded, in these
devices a large potential difference may exist across the top
(say anode) and bottom (say cathode) electrodes, and impu-
rities may come off both. In high power vacuum electron-
ics, the electrode impurity plasmas have been observed to ex-
pand across the anode-cathode gap.%!° The diode impedance
drops as the electrodes are bridged by an electrically conduc-
tive plasma. An anode plasma can serve as a space charge lim-
ited emitter of ions. When space charge limited emission of
protons from the anode is modeled, the beam current of a 1D
electron diode in steady state operation is increased by a factor
of 1.86 over the non-relativistic Child-Langmuir space charge
limit.'12 In the context of high power vacuum electronics,
it is well established that the population of protons and hy-
drogen molecular ions in the impurity plasma are of elevated
importance in high power, short pulse applications compared
to the populations of heavier ions.!> Weber et al. found that
conditioning a tantalum anode with a preheating pulse just be-
fore energizing the anode-cathode gap significantly enhanced
the performance of a high power diode.'* They noted that, al-
though some quantity of tantalum would be vaporized during
the main discharge, the large atomic mass of tantalum ions en-
sures that they would have a minimal effect during the short
100 ns pulse compared to impurity ions. In the x-ray driven
cavity, heavy gold ions resulting from ablation of the emitter
surface are expected.

Section III presents the calculation results. The elevated
importance of impurity plasma ions with a low molecular
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mass is demonstrated with a sequence of calculations which
vary the relative quantity of light impurity ions in the injected
plasma. Calculations with only massive impurity ions confirm
that ions with a high molecular mass take too long to transit
the cavity gap to have a significant impact on the maximum
cavity current in the short pulse device under consideration.
Additionally, the results give an intuition on how a population
of impurity ions, having a given molecular mass, will affect
the photocurrent waveform shape.

Section IV presents a summary and discussion. Avenues
for future work are suggested, especially regarding the deter-
mination of the important physical processes occurring on the
emitter surface and self-consistent calculation of the impurity
plasma formation.

Il. PROBLEM SPECIFICATION

A 1D-3V, electrostatic, particle-in-cell (PIC) model is used
in this work. Still, it is convenient to use the EMPIRE
particle-in-cell (PIC) code, which is capable of carrying out
both electrostatic and electromagnetic simulations in two-
and three-dimensional spaces using a variety of mesh topolo-
gies. The implementation and numerical methods of EMPIRE
have been described by Bettencourt et al.!> A periodic two-
dimensional grid, having rectangular grid elements, is used.
The grid has a uniform 2 um spacing in the non-periodic (x)
direction and is two elements wide in the periodic direction.
The width in the periodic direction is 13 yum, so computa-
tional particles can be considered to be charge sheets which
are represented with an infinite number of line charges ex-
tending along the periodic direction. With these parameters,
the electric field in the periodic direction was confirmed to be
negligible with a typical magnitude around 10~8 V/m. Time
step size is set to correspond to a Courant-Friedrichs-Lewy
(CFL) number of unity for 10 keV electrons.

The electrostatic boundary conditions set the electric po-
tentials of the emitting surface at x = 0 and the top surface
at x = d to ground. Absorbing particle boundary conditions
are applied to both surfaces; all computational particles are
absorbed when they are incident on cavity surfaces. Photo-
electrons and impurity plasma constituents are injected nor-
mally from the plane which represents the heated photoelec-
tric emitter. X-rays are considered to be normally incident on
the top of the cavity, and the interaction between the x-rays
and the semi-transparent window is considered to be negli-
gible although this is acknowledged to be a simplifying ap-
proximation within the model. Therefore, an area 7r? of the
emitter can be considered to be illuminated by x-rays. For
convenience then, the electric currents reported in section III
are the 1D current densities scaled by an areal factor of 772

In these calculations the emitter surface is irradiated with a
blackbody spectrum,
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FIG. 1. A plot of the approximate quantum yield for gold, ¥ (hv),
for soft x-ray photons up to 20 keV. The N, M and L shell primary
photoelectrons and the L shell Auger photoelectrons are accounted
for in this model.

where kg is the Boltzmann constant and % is Planck’s con-
stant. The spectrum temperature is chosen to be 7 = 1.6 keV
so that the average photon energy is 6 keV. The x-ray fluence
is @ = 15 kJ/m?, so the energy deposited in the gold emitter
is then 18.85 J. The pulse shape of the x-ray intensity is given
by a time resolved measurement of the normalized x-ray in-
tensity generated by a wire array load during shot Z2234 on
the Z generator.'® With these parameters, the computed cavity
current mimics the experimentally measured current for shot
72234 quite well. Note that the x-ray pulse has two peaks:
one at# = 5 ns and a smaller peak at t = 25 ns.

The approximate quantum yield for gold, Y (2v), was com-
puted using the procedure outlined by Burke.!”!® The N, M
and L shell primary photoelectrons and L shell Auger pho-
toelectrons are accounted for. The quantum yield Y (hv) is
plotted in Fig. 1. This procedure also yields the photoelectron
energy distribution (EEDF), dY /dE(E,hv). The normaliza-
tion of the EEDF is such that,

dy

Y(hv) = JE (E,hv) dE, (2)
where AV is the energy of an incident photon and E is the en-
ergy of an emitted photoelectron. Calculation of the primary
photoelectron yields requires information about the disconti-
nuities in the x-ray mass absorption coefficient at absorption
edges. That information was obtained from the tabulations
provided by Biggs and Lighthill.!” The average fluorescence
yield for the L shells tabulated by Hubbell et al. were used to
compute the Auger photoelectron yield.??

The EEDF for high energy photoelectrons driven off a gold
surface by this x-ray spectrum can be computed by a convo-
lution of the monoenergetic EEDF with the blackbody spec-
trum,

dy ay
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To provide insight into the form of dY /dE(E), Fig. 2(a) plots
dY /dE(E,hv) for several values of v as well as B(hv,T).
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FIG. 2. Panel (a) shows the monoenergetic EEDFs, dY /dE(E,hv),
for several photon energies as well as the x-ray blackbody spectrum
used in this calculation. The blackbody spectrum is plotted in nor-
malized units. The plots of these quantities provides insight into the
form of the EEDF for the photoelectrons used in this calculation.
Shown in (b) is the approximate EEDF, dY /dE(E), for photoelec-
trons emitted from a gold surface that is driven by a blackbody soft
x-ray spectrum corresponding to a temperature of 7 = 1.6 keV. The
average photoelectron energy is £y = 2.8 keV. This EEDF is ob-
tained by convolving the monoenergetic EEDF with the x-ray spec-
trum.

The form of the monoenergetic EEDFs shown in Fig. 2(a)
are reflective of processes involved in photoelectron produc-
tion. Especially, photoelectrons are created some distance
under the surface and then lose energy as they scatter to-
wards the surface. A plot of dY /dE(E) is shown in Fig. 2(b).
The average energy for primary and Auger photoelectrons is
Ep=2.8keV. The quantum yield for these high energy photo-
electrons, ¥ = 5.2 x 1073, can then be obtained by integrating
Eq. 3.

Besides these high energy primary photoelectrons and
Auger electrons, there will be a significant population of low
energy secondary photoelectrons, also referred to as delta rays
or knock-on electrons. Typically, for keV soft x-rays, low en-
ergy secondary photoelectrons account for between 50 to 90%
of the total number of emitted photoelectrons.?!?*> To account

for secondary photoelectrons, a beam of electrons is injected
from the emitting surface with temperature 7 = 10 eV. The
emitted current density is set equal to that of the high energy
photoelectrons. Including secondary photoelectron emission,
the total quantum yield of the present model is 1.04 x 1072,
Another consideration is that the emitter surface is made of
some substrate covered with a thin plating of gold. For the
purpose of computing photoelectric emissions due to incident
soft x-rays, a gold coating thicker than about 10 nm can be
considered be to a solid gold surface.??

In this photoelectron emission model, high energy photo-
electron emission velocities are normal to the emitting sur-
face, although it is recognized that this simplifying assump-
tion is not physically accurate. The ITS code, for example, is
capable of computing a more realistic emission model.>?

Impurity plasma is injected from the emitting surface at a
constant rate after the surface temperature would be above 760
K, at fp = 3.8 ns. The impurity plasma electrons and ions are
injected with a temperature 7 = 1 eV. The start time of plasma
injection, fy, in these simulations was informed by a calcula-
tion of the emitter surface temperature and impurity desorp-
tion. The surface temperature was computed using a simple
model for x-ray heating. The emitter was considered to be
a semi-infinite slab having the thermal conductivity and heat
capacity of room temperature gold. A detailed description of
the method used to compute the surface temperature was given
by Roberds et al.>* The volumetric heating profile was com-
puted according to the mass absorption coefficient for gold as
given by Biggs and Lighthill and the assumed Plankian x-ray
spectrum.!® X-rays are assumed to deposit all of their energy
as thermal energy upon absorption; all other processes have
been neglected.

The impurity desorption flux is taken to be given by the
Polanyi-Wigner equation,?

[(r) = k6 (r)exp (k;f(at)) “4)

6(1) = —I(1), )

where here T is the surface temperature, k = 1013 s7! is a
frequency factor and E, = 0.5 eV is the desorption activation
energy. The adsorbate surface density, 8, decreases in time
with the desorption rate and the initial adsorbate density is
0(t =0) = 10" m2. The computed surface temperature and
fraction of desorbed impurities are plotted in Fig. 3. When the
surface temperature reaches approximately 760 K, which oc-
curs at 3.8 ns, approximately half of the impurities have been
desorbed. The start time of plasma injection from the emit-
ting surface is therefore taken to be #y = 3.8 ns. The inclusion
of heat conduction in the temperature calculation has a signifi-
cant effect on the result; the decrease in temperature starting at
7 ns is due to heat conduction. A more sophisticated model for
the surface temperature and x-ray heating source does affect
the computed temperature, but would unnecessarily compli-
cate the analysis in what follows. Note that given the present
model, nearly all of the impurities have desorbed before the
melting temperature, about 1300 K, is reached. It should be
emphasized that Eq. 4 does not prescribe an injection flux in
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FIG. 3. Computed temperature of a gold surface heated by a 15 kJ/m?
x-ray pulse. Room temperature thermal properties for gold were as-
sumed, and a simple model for the volumetric heating profile was
used. The rate of impurity desorption is given by the Polanyi-Wigner
equation. This calculation informs the start of impurity plasma in-
jection in the x-ray driven cavity simulations. Approximately half of
the impurities have desorbed at r = 3.8 ns.

the simulations. This model for desorption is merely used
to determine a start time for impurity plasma injection which
proceeds at a constant rate.

The injected impurity plasma is composed of heavy ions
and light ions (as well as plasma electrons). Two types of
light ions, denoted H+ and H,+, will be considered. The H+
ions have the mass of a proton. An Hj+ ion has twice the
mass of an H+ ion. The heavy ions, H,O+, have 18 times
the mass of an H+ ion. The injected plasma composition is
characterized by the parameter Hy,., which is the fraction of
plasma ions which are light ions. Hg, is varied to study the
effect of plasma composition on the cavity current.

The model described in this section intends to capture the
essential phenomena of interest: transport of the impurity ions
into the cavity due to the electron space charge field and the
subsequent reduction of the space charge barrier which is as-
sociated with an enhanced electron beam current. Here, the
space charge barrier is defined to be the minimum value of
the electric potential times the charge of an electron. It pro-
vides a measure of the strength of the cavity current limiting
effect and it will tend to increase as the emitted photocurrent
increases. Emitted photoelectrons will be reflected back to-
wards the emitting surface if the potential barrier exceeds the
kinetic energy of emitted electrons; a virtual cathode forms in
this situation.

lll. RESULTS

Several cases characterized by the parameter Hy,. and by
the type of light impurity ions are considered in this section.
In the reference case there is no impurity ion emission; only
the emission of photoelectrons takes place in the reference
case. In all other cases, impurity plasma ions are injected at
a rate 3.8 x 101 m~—2ns~! from 7 until the end of the run at
t =30 ns. Note that currents reported in this section have been
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scaled by a factor of 772 since the 1D calculation result is a
current density with units A/m?. Although an electrostatic
treatment is used for this problem, the displacement current
is significant and is included in the reported cavity current.
The reported cavity currents are therefore equivalent to those
given by the Shockley-Ramo theorem (within the error asso-
ciated with computing the time rate of the electric field).2°
In this section, the reported currents result from applying a
41 order low pass Butterworth filter, with a 10 GHz cutoff,
to the current output by the simulation.?’ Filtering is used so
that the results are easier to interpret. Without any filtering
or time averaging, the instantaneously measured currents are
quite noisy.

Results for the reference case and the case which includes
emission of only heavy impurity ions HyO+ (Hf,e = 0) are
shown in Fig. 4. There are two peaks in the cavity current
corresponding to the two maxima in the x-ray intensity. The
cavity current is strongly limited by the space charge bar-
rier throughout the pulse for both the reference case and the
Hgo = 0 case; cavity currents remain significantly below the
emitted photocurrent as shown in Fig. 4(a). While the maxi-
mum emitted photoelectron current is 5.4 kA for high energy
photoelectrons, the peak cavity current for both cases is 96 A
att = 5 ns. The space charge barriers are shown in Fig. 4(b).
The peak space charge barrier value is 8.5 keV for both the
reference case and Hy,. = 0. Note that the current associ-
ated with the fraction (2%) of photoelectron emissions having
an energy above 8.5 keV is 110 A during peak photoelectron
emission. This is quite close, within 15%, to the computed
peak cavity current of 96 A.

The Hie = 0 cavity current steadily increases relative to
the reference case after the first current peak at t = 5 ns. The
effect of the impurity ions on the cavity current can be un-
derstood in terms of their effect on the space charge barrier.
A lowering of the potential barrier, due to an introduction of
positively charged ions, results in an increased current. The
evolution of ion and electron densities is of interest and this
is plotted in Fig. 4(c) for the H,. = 0 case. A quasi-neutral
plasma forms near the emitting surface and rapidly expands.
In the interval from ¢ = 8 to 10 ns, the expansion proceeds at
an average speed 280 mm/us. The expansion of the plasma
effectively shortens the electrode gap width, since the elec-
tric field is roughly zero in the plasma region and no space
charge limiting fields can set up there. Late in the pulse, the
expansion of the plasma has significantly shortened the effec-
tive gap width and the cavity current is increased compared to
the reference case.

The plasma expansion is driven by the acceleration of the
ions due to the electron-space-charge electric field. This
was determined by considering a problem similar to the case
Hirae = 0, but which omits the emission of high energy elec-
trons. It was seen that, when there is no emission of the high
energy photoelectrons to drive a strong electric field in the
cavity, the plasma expansion occurs much slower. Also note
that the ions lead the plasma electrons in the expansion, so that
there is a layer of ion space charge at the expansion front. The
electron density in the transition between the quasi-neutral
plasma and the ion layer is approximately consistent with the



Boltzmann relation,

ne(x) = moexp ("’(")T“””) , (©)

where ng and T, are the electron density and temperature (in
eV) in the quasi-neutral plasma, ¢(x) is the electric potential
and ¢ is the electric potential in the plasma. Since short-range
collisions are not modeled and the grid resolves the Debye
length, T, is determined by the injection temperature of low
energy electrons.

When a population of light impurity ions are injected along
with the heavy impurity ions, the results are qualitatively dif-
ferent. Results for cases including light impurity ions of type
H+ are shown in Fig. 5. These cases exhibit a peak in the
cavity current at around # = 10 ns, while for the reference
and Hf,e = 0 cases the peak is at t = 5 ns. For Hppe = 1,
a quasi-neutral plasma fills the domain so that space charge
fields are suppressed; it can be seen in Fig. 5(b) that the space
charge barrier is zero after t = 10 ns. For Hy,e = 0.05 and
Hirae = 0.25, a minimum in the space charge barrier occurs
when the cavity current peaks at # = 10 ns. Fig. 5(c) shows the
evolution of the electron and ion densities for the Hp, = 0.25
case. For all instants in time shown, there are two high ion
density regions separated by a rarefied region. The dense
region closest x = 0 is predominately filled with H,O+ ions
while the region closest x = d contains only H+ ions. This
can be explained in terms of the time history of the electric
field and the difference in ion mass between H+ and H,O+:
light H+ ions are drawn from the plasma near x = 0 by the
electric field. The H+ ions are rapidly accelerated across the
gap. The peak in the cavity current at = 10 ns approximately
coincides with the light ions reaching the top of the cavity at
x=d.

Note that, for Hy,. = 0.25, the plasma expansion proceeds
more slowly compared to Hg,c = 0. In the interval from
t = 8 to 10 ns, the expansion proceeds at an average speed
220 mm/us, approximately 15% slower than Hg,. = 0. In-
deed, the electric field at the expansion front is stronger for
the Hge = O case over this interval.

If the more massive Hp+ light impurity ions are injected
instead of H+, neutralization of the space charge barrier oc-
curs more slowly due to the longer transit time of the heavier
ions. Fig. 6 shows the cavity current for two cases, one with
light impurity ions of type H+ and the other with Hy+. Both
cases are Hy,. = 0.05. For Hy+, the cavity current peak and
the minimum in the space charge barrier occur about 2.5 ns
later than for H+. This is remarkably close to the slow down
of 2.6 ns that is consistent with slowing due to the factor of
2 difference in mass between the ion types given static and
uniform electric fields.

IV. SUMMARY OF RESULTS AND FURTHER
DISCUSSION

The results presented in section III indicate that cavity cur-
rents are significantly affected by impurity plasmas. The pres-
ence of impurities which contain hydrogen may have a much
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FIG. 4. Results for the reference case and the case with only heavy
impurity ions, Hg,e = 0. The computed cavity currents are plotted
in (a). The emitted photocurrent (peak 5.4 kA) and incident x-ray
intensity (shown on a log scale) are also plotted in (a) to indicate
the magnitude of space charge limiting. Note that the plotted emit-
ted photocurrent quantity only includes the high energy primary and
Auger photoelectrons. The space charge barriers are plotted in (b).
The space charge barrier is defined to be the minimum value of the
electric potential times the charge of an electron. In (c), the evolu-
tion of the ion and electron densities over time is shown for Hg, = 0.
Note that in (c), the electrons are indicated in grayscale and the ions
in color.

larger effect on cavity currents compared to impurities which
can only lead to the appearance of heavier ions. The struc-
ture of computed current waveforms are strongly modified by
including an impurity plasma containing hydrogen molecular
ions or protons. The reference case, in which no impurity
plasma is injected, and the case with only heavy ions exhibit
two peaks in the cavity current waveform. Some cases with
light ions (protons or hydrogen molecular ions) exhibit a third
peak. One of the current peaks will coincide with the stream
of light ions reaching the top of the cavity. This peak therefore
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FIG. 5. Results for cases in which light impurity ions of type H+
are injected. The computed cavity currents are plotted in (a), the
space charge barriers are plotted in (b) and the evolution of the ion
and electron densities, for the Hp,. = 0.25 case, are shown in (c).
A stream of light ions is drawn from the impurity plasma, and the
cavity current peak at + = 10 ns coincides with the stream of light
ions reaching the right of the cavity.

occurs slightly later when the impurity plasma contains heav-
ier, less mobile, Hy+ compared to H+. Experimentally, three
peaks in the cavity current are often observed when the x-ray
intensity has only two peaks. The results presented here may
therefore be of use in interpreting the experimental results of
x-ray driven cavity experiments.

It is acknowledged that a more sophisticated two- or three-
dimensional electromagnetic model will account for phenom-
ena such as electrostatic spreading of the electron beam, mag-
netic self-pinching and electromagnetic induction. The beam
space charge will cause a radial spreading, especially around
the edge near r = 20 mm. Radial electrostatic spreading may
be an important secondary effect in this device. Magnetic self-
pinching of a monoenergetic beam will occur if the beam ap-
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FIG. 6. The result for the case Hf,. = 0.05 in which light impurity
ions of type Hy+ are injected is compared to the case Hg,e = 0.05
with H+ light ions. An Hy+ ion has twice the mass of an H+ ion.
The computed cavity currents are plotted in (a) and the space charge
barriers are plotted in (b). The case with Hy+ ions has a cavity current
peak at r = 13 ns, 2.5 ns later than for the H+ ion case. Correspond-
ingly, the minimum in space charge barrier about occurs 3 ns later
for the Hp+ case. This follows from the slower transit time of the
more massive Hy+ ions.

proaches the critical current,

o= 22 famcEy, @
Hoed

where e is the elementary charge, m, is the mass of an elec-
tron, Uo is the vacuum permeability and Ej is the initial elec-
tron kinetic energy. This expression is obtained by equating
the Larmor radius of an electron at the beam edge to the gap
distance d.2® For Ey = 2.8 keV, which is the mean kinetic en-
ergy of the emitted photoelectrons, I. = 1.8 kA. Since the
maximum computed cavity current is an order of magnitude
smaller than /., magnetic self-pinching seems unlikely to be
important.

As mentioned in section I, the effect of electromagnetic in-
duction in a somewhat similar problem was explored by Lu-
ginsland et al.* They found that whether an electrostatic ap-
proximation is appropriate or not depends on the rate of in-
jection turn on and the initial kinetic energy of injected elec-
trons. However, there are some significant differences be-
tween the present x-ray driven cavity problem and that con-
sidered by Luginsland et al. For example, the EEDF is not
monoenergetic in the present case. Therefore, in order to gain
confidence in the suitability of electrostatics for this prob-
lem, some supplementary two-dimensional calculations were
undertaken. The emitted photoelectric current and EEDF in




these problems are identical to those described above. The
results for an electromagnetic model were nearly identical to
those obtained using an electrostatic model.

The calculation for the emitter surface temperature indi-
cates a temperature exceeding 3000 K. Since this is well above
the boiling temperature for gold at experimental vacuum pres-
sures, ablation of gold metal can be expected. At a pressure of
10 mTorr, the boiling temperature is about 1700 K.?° Indeed
for a shot having a fluence of 15 kJ/m?, the average intensity
is about 3 x 10'> W/m? over a 5-ns interval. It is well known
that nanosecond laser pulses at this intensity cause significant
ablation.’® Given that the emitter surface will undergo a phase
change, there is an open question as to whether thermionic
emission of electrons could influence the behavior long after
the x-ray intensity becomes small. Further, it is possible that
explosive emission of gold droplets and gold ions could be oc-
curring. Vogel and Hoft found that a 20 ns laser pulse having
an intensity of 10'' W/m? can lead to this sort of explosive
activity.3! However the gold ions may be too heavy and immo-
bile to have an effect on the photocurrent of the x-ray driven
cavity experiments; this would be consistent with the findings
of Weber et al. regarding the effect of tantalum ions in high
power diodes. An investigation of these effects and their in-
fluence on x-ray driven cavity currents may be of interest in
the future.

In this work, an impurity plasma was injected from the
emitting surface when the surface temperature would be such
that most of the impurities would have desorbed. In future
work, it will be of interest to consider a more self-consistent
account of impurity plasma formation. For example, using
the direct simulation Monte-Carlo method to compute the im-
pact ionization of a desorbed neutral gas. A self-consistent
treatment was attempted for inclusion in the present work,
but it appeared that a high frequency electrostatic plasma in-
stability occurs and that an implicit time integration method
may be required to compute results for such a model. Re-
cently, Rittersdorf et al. discussed some considerations for
a self-consistent treatment of electrode plasma formation in
high power diodes.??

The x-ray cavity model uses a relatively detailed model for
the quantum yield of gold, however a blackbody radiation dis-
tribution was used for the x-ray energy spectrum. The x-ray
spectrum produced by a Z-pinch varies with time throughout
the shot and is not necessarily well approximated by a black-
body spectrum at any moment. Future work may benefit from
a more realistic x-ray spectrum. However, since the model
quantum Yyield of gold varies by only a factor of three over
the entire range of the spectrum considered, it is reasonable to
suspect that details in the x-ray spectrum are unlikely to have
a very large impact on computed cavity currents.
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