The physics of ion impact cathode heating
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The heating of a metal surface by ion impact is described by a coupled electron and phonon
model that follows from recent research on femtosecond laser heating of metals. The conduction
electrons of the metal are directly heated to very high temperature by the impinging ion and then
on a longer time scale transfer their energy to the lattice. This results in very efficient heating of
the lattice. These processes are described by coupled partial differential equations for the
electron and lattice temperatures. The results from three-dimensional numerical solutions of

these equations are presented.

1. INTRODUCTION

Evidence now exists that the prevalent concept of how
ions heat the cathode of a discharge may be incorrect. We
will propose a different approach to the problem based on
recent research into the heating of metals by short pulse
lasers.

For many years the gas discharge community has as-
sumed that the cathode in a high current discharge is
heated by collisions of energetic ions with the lattice of the
metallic surface. Typical of the arguments presented is that
stated by Cobine in his classic treatise on gas discharges.!
Summarizing arguments presented by Thomson and Loeb
explaining thermionic emission in electric arcs, Cobine
notes that the ion current densities and ion kinetic energies,
which are gained as the ions traverse the potential drop in
the cathode sheath, are high enough to heat the top 10~°
cm of a copper cathode to 4000 °C in less than 10~* s,

The issue of how hot a cathode may become has arisen
recently in the experiments of Hartmann and Gundersen?*
on short pulse, high current hollow cathode discharges
(also known as pseudosparks) in H, (see also the recent
modeling performed by Sommerer er al*). Such devices
may operate with current densities of 10* kA/cm? or
greater and cathode potential drops of 100 V or more.
Power densities impinging on the cathode may be 10-20
MW/cm? Hartmann and Gundersen performed estimates
of the temperature of the cathode due to ion impact heat-
ing using known analytical solutions to the heat equation.’
The temperature change near the surface of a semi-infinite
metal slab being heated by a time dependent flux of power,
F(t), at the surface can be computed using the relation

12 —x3\dr
AT(Z’t)::E;Tm OF(Z'—T)CXP(ZK_T’)?, (1)

where K is the thermal conductivity, k=K/(pc) is the
thermal diffusivity, ¢ being the specific heat and p the mass
density. Equation (1) arises from the Green function,
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AT (rt) =‘8—(;;l%)—37§ e_'2/4'd, (2)

where Q has units of K/cm® and Qpc is the energy depos-
ited by an instantaneous point source at t=0 and r==0. The
temperature change at the surface of the slab for a constant
flux F is given by
2F, 0 Kt 12

AT(0,1) = X (17-) . 3

Using Egs. (1) and (3) Hartmann and Gundersen
found that power densities in the range 10-20 MW/cm?®
for times less than or equal to about 100 ns were required
to heat a thin surface layer to the approximately 2900 K
melting point of molybdenum, which was the cathode ma-
terial. They had found evidence of surface melting of the
cathode in their experiments. This power flux corresponds
to current densities of 5X10* to 10° A/cm? of 200 eV
protons bombarding the_ surface. Hartmann and
Gundersen>® find an inconsistency between the estimated
current density required to heat a cathode to high enough
temperature for significant thermionic emission and the
estimates of what the ion current densities actually are in
the experimental devices. Because the thermal conductivity
actually decreases® by about 1 between 300 and 2800 K and
then drops by another 20% at the melting point, the esti-
mated temperatures should probably be somewhat higher.
This, however, does not explain the inconsistency.

il. HEATING OF ELECTRONS AND COUPLING TO
LATTICE

A. Theory

Drawing on recent advances in understanding the
physics of heating of metal surfaces by femtosecond lasers,
we are proposing herein a new picture of how metals are
heated by ion impact. This picture leads us to believe that,
in the cathode heating problem discussed above, the me-
tallic surface of the cathode may be heated by quite high
temperatures by a significantly smaller ion current density
than previously thought.
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Over the past decade increasingly sophisticated exper-
iments using femtosecond lasers have been performed on
the heating of the electrons in a metal and the subsequent
energy transfer to the lattice.” !> It has been found that the
Fermi degenerate electrons in the metal target are heated
to quite high temperatures due to their small heat capacity.
This energy is then coupled to the lattice on a half pico-
second or longer time scale. If we examine the physics of
low energy proton collisions with a metal surface, such as
Mo or W, we find that, because the nuclear stopping power
is much smaller than the electronic stopping power,'* most
energy is deposited in the electrons between collisions of
the proton with the ionic cores. Although a proton will
transfer more energy to an ionic core in a headon collision,
the energy transfer from the proton to the electron gas via
long range Coulombic collisions is much more efficient
than transfer to the ionic cores via a screened Coulombic
interaction. Thus as a proton slows down in a metal it
transfers much of its energy to the electrons. In addition, it
will be neutralized by electron capture at some point in its
trajectory and may even go through a series of
neutralization-reionization events. Lakits et al'* have pro-
vided some theory on this process for slow protons in met-
als, including the ratio of the stopping power for H atoms
to that of protons in a metal. For a typical range of metallic
densities they find that the stopping power for neutral H is
about 50%-70% of that for protons. Thus, even with neu-
tralization most energy is still transferred to the electrons.

Given that the electrons are preferentially heated when
an ion collides with a metal surface, the physics of ion
impact heating of a metal lattice is very similar to that of
heating using a femtosecond laser.!® The proton energy is
deposited in the electron gas along a track of some depth
into the surface and the energy is eventually transferred to
the lattice from electrons. Simulations performed using the
TRIM'"!® Monte Carlo code show the average proton pen-
etration depths to range from 10 A at 20 eV to 70 A at 500
eV with average path lengths ranging from 27 to 304 A,
respectively.

‘We have investigated the heating of a metal surface by
ion impact by numerically solving the coupled electron and
lattice heat equations in three dimensions. The equations
for the electron temperature T, and the lattice temperature
T, are!

aT, 5 oK, 2
¢ =KV T1—g(T—T,) +ﬁ:1(VT1) +0i(2),
(4a)
, ) K, 2
C, 7=K8V Te+g( TI_ Te) +ﬁ;(VTe) +Qe(t)-

(4b)

In general the electron and lattice specific heats, ¢, and ¢,
and the thermal conductivities, K, and K, are temperature
dependent. ¢; is approximately constant and equal to 3Nk
for lattice temperatures greater than the Debye tempera-
ture (T =450 K for Mo). ¢, increases linearly in the
Fermi degenerate region from zero at T',=0, begins flat-
tening out at 7,=T /10, and approaches 3nk/2 for
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FIG. 1. Lattice temperature as a function of time for finite slab: (O)
single temperature model and (®) coupled electron-phonon model.

T,~Tp (Tp=8.5%10* K for Mo). The lattice thermal
conductivity is approximately inversely proportional to the
lattice temperature and has a value that is a tenth or less of
the electron thermal conductivity. In the calculations to
follow we have taken K;=0.1K, at 300 K. The electron
thermal conductivity is a function of both the lattice tem-
perature and the electron temperature. Following the work
of Corkum ef al.'® we have used Sommerfeld’s model® to
compute the electron thermal conductivity. Thus
K,=virc< T,/ (v.+v)), where v, and v, are respectively
the electron-electron and electron-phonon collision fre-
quencies. The total collision frequency v,+v;=v,
X[(1—B) T /300+B(T,/300)?] where B=v,/v;~0.5 for
transition metals.?! v, is then obtained from the thermal
conductivity at 300 K. In our calculations we used a flux-
limited formulation?? for the heat flux that is commonly
used in laser—plasma interaction modeling. The electron
heat flux is given by ¢; '=q7'+q5 ', where g, is the dif-
fusive flux and gy, is the free streaming flux.

The electron-lattice coupling coefficient, g, is given for
the situation where T;,T,> T , by'

7 mn?

876 rol)’ (%)
where m is the electron mass, n, the electron density, v, the
sound velocity, and 7, is the electron-phonon collision
time. Because 7., is inversely proportional to the lattice
temperature T, g is a constant independent of 7';. We
have taken g=35%10'" W/cm® K, which is in the range
estimated for tungsten by Fujimoto et al.” from their laser
experiments.

B. Calculations

Figure 1 shows the time dependence of the tempera-
ture in the center of the surface of a slab due to a single
proton impact. This is from a three-dimensional calcula-
tion using a one temperature model with specific heat
¢=0.25 J/g/K and thermal conductivity K=1.38
W/cm/K, which are the values for bulk Mo. This result is
in agreement with the result obtained using the analytical
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FIG. 2. Lattice temperature as a function of time for simulated semi-
infinite slab: (----) theory using Eq. (3) and bulk Mo heat capacity and
thermal conductivity for Fy=10 MW/cm? the curves with symbols are
calculations using the coupled electron-phonon model for different values
of power flux, Fy; (A) 10 MW/cm?, (@) 5 MW/cm?, and (O) 2.5
MW/cm?

Green function.?? In this calculation a 500 eV proton has
deposited all its energy in the top 20 A of a 200 A X200
A X300 A Mo slab. The sides and bottom of the slab were
held at 300 K. Figure 1 also shows a calculation performed
for the same problem using the coupled electron and lattice
model of Egs. (4), whereby the electrons are heated by the
impinging ion and then slowly transfer their energy to the
lattice. We have neglected the possibility of “knock-on”
electrons that would travel ballistically away from the
track of the proton. This and our assumption that all pro-
ton energy is transferred to the electrons in a distribution
that remains thermal probably somewhat overestimates the
initial electron heating. We see that the time scale for
achieving the same temperatures in the tail of the heat
pulse is an order of magnitude longer than in the one tem-
perature calculation. Consequently, for a sequence of pro-
ton impacts over a period of time, one would expect that
the temperature will be greater than predicted using the
conventional method. In terms of current density, a
smaller current density is required to heat a cathode to a
given temperature than one would predict using Bq. (1).
To examine what happens when a continuous flux of
ions is bombarding a surface we performed Monte Carlo
calculations solving Eqs. (4) using a source term Poisson
distributed in time with a collision frequency proportional
to the current density. We approximated a semi-infinite
slab, appropriate for the short time scales under investiga-
tion, by using periodic boundary conditions on the sides of
the slab in the x and y dimensions. We changed the inci-
dent power flux by retaining a constant current density of
5% 10* A/cm? and varying the proton impact energy. Fig-
ure 2 shows the results of these simulations for Fy=2.5, 5,
and 10 MW/cm? along with the 10 MW/cm? theoretical
curve from Eq. (3) for AT at the surface of slab. We see
that, as expected, the slab gets significantly hotter at a
power flux of 10 MW/cm? than predicted using the for-
mula of Eq. (3). All heating curves have approximately a
#1/2 time dependence. On the long time scales typical of
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ordinary arc discharges, when the system is in a steady
state, the differences between this picture of the heating
mechanism and that involving direct heating of the lattice
will be negligible. The functional dependence on flux does
not appear simple. The relationships between ion energy,
ion mass, current density, and material properties and the
heating rate will require intensive further investigation.
Additionally, we have picked a value for the lattice thermal
conductivity for the sake of our point but have not thor-
oughly investigated how the results depend on the value of
K;. Finally, although the electrons are heated transiently to
quite high temperature, their direct contribution to ther-
mionic emission is quite small due to the short time scales
and small spatial dimensions over which the heating oc-
curs. Bven if the entire 200 A X200 A surface were heated
to 10 eV by the proton impact and T, had a 1 ps decay
time, the probability of an electron being emitted would be
only 0.07, less than the coefficient for potential emission.

Iil. FURTHER ISSUES AND CONCLUSIONS

Although more complicated than the one temperature
model of heating, this model is itself rather simplified in
that there are several other effects that may add complex-
ity. There is the. possibility of surface melting, which can
occur at temperatures below the bulk melting
temperature.”*?> On short time scales the issue of melting
versus superheating®?" is complex and not yet well under-
stood. Melting will enhance heating to some extent due to
the lower thermal conductivity of the liquid metal. At
some point, however, the energy loss to radiation, particle
emission, and sputtering will enter the temperature equa-
tions (4). There is evidence also that the sputtering thresh-
old is lower and the sputtering yield greater for a liquid
metal. 8 : ,

The modeling is further complicated by the implica-
tions of recent femtosecond laser studies that show that the
electrons themselves take as long as a picosecond to relax
to a Fermi-Dirac distribution. It has always been assumed
that the electron velocity or energy distribution relaxes to
the Fermi-Dirac distribution on a time scale approxi-
mately equal to the electron—electron collision time, about
10 fs. Recent measurements,'>**° however, indicate that
the relaxation time scale may be more like a picosecond.
These results may make the temperature equations (4)
suspect and require more of a kinetic theory approach to
the heating and electron-phonon coupling problem, such
as solving Boltzmann’s equation or performing Monte
Carlo simulations. Some of these issues are discussed by
Fann ez al.*°

In conclusion, we have examined the physics' of ion
impact heating of electrons in a metal surface and subse-
quent energy transfer to the lattice as a mechanism for
cathode heating in a short pulse high current discharge.
We find this two step process to be much more efficient at
heating the metal surface than direct collisional heating of
the lattice by the impinging energetic ions. This approach
to modeling the cathode heating process helps to resolve
the issue of anomalous electron emission in recent hollow
cathode discharge experiments.® For instance, more re-
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cent analysis by Anders ef al.’! indicates that the maxi-

mum power density available to heat the surface is 3
MW/cm?, which from Eq. (3) would take about 200 ns to
heat the Mo cathode surface to its melting point. Our mod-
eling indicates the heating time should be approximately 20
ns.

ACKNOWLEDGMENTS

We wish to thank J. Belak, D. B. Boercker, G. L.
Eesley, M. A. Gundersen, J. T. Larsen, R. W. Lee, A. K.
McMahan, J. A. Moriarty, M. D. Rosen, J. F. Waymouth,
and B. L. Whitten for valuable information and discus-
sions. The calculations were performed on Unix worksta-
tions in the Data Center of the Joint Institute for Labora-
tory Astrophysics at the University of Colorado, in the
Depariment of Physics at The Colorado College, and at the
Lawrence Livermore National Laboratory. We thank these
institutions for the use of their computational resources.

13, D. Cobine, Gaseous Conductors (Dover, New York, 1958).

2W. Hartmann and M. A. Gundersen, Phys. Rev. Lett. 60, 2371 (1988).

3W. Hartmann, V. Dominic, G. F. Kirkman, and M. A. Gundersen, J.
Appl. Phys. 65, 4388 (1989).

*T. J. Sommerer, H. Pak, and M. J. Kushner, J. Appl. Phys. 72, 3374
(1992).

SH. 8. Carslaw and J. C. Jaeger, Conduction of Heat in Solids (Claren-
don, Oxford, 1959).

SA. A. Kurichenko, S. G. Taluts, I. G. Korshunov, A. D. Ivliev, and V.
E. Zinov’ev, High Temp.-High Press. 21, 437 (1989).

7J. G. Fujimoto, J. M. Liu, E. P. Ippen, and N. Bloembergen, Phys. Rev.
Lett. 53, 1837 (1984).

65837 J. Appl. Phys., Vol. 74, No. 11, 1 December 1993

8R. W. Schoenlein, W. Z. Lin, J. G. Fujimoto, and G. L. Eesley, Phys.
Rev. Lett. 58, 1680 (1987).

9P. B. Allen, Phys. Rev. Lett. 594,’01460 (1987).

10p, B. Corkum, F. Brunel, N. K. Sherman, and T. Srinivasan-Rao, Phys.
Rev. Lett. 61, 2886 (1988).

U, E. Elsayed-Ali, Phys. Rev. Lett. 64, 1846 (1990). °

12p, B. Corkum, F. Brunel, N. K. Sherman, and T. Srinivasan-Rao, Phys.
Rev. Lett. 64, 1847 (1990).

3W. S. Fann, R. Storz, H. W. K, Tom, and J. Bokor, Phys. Rev. Lett. 68,
2834 (1992).

1], C. Feldman and J. W. Mayer, Fundamentals of Surface and Thin
Film Analysis (North-Holland, New York, 1986).

15G. Lakits, F. Aumayr, and H. Winter, Phys. Rev. B 42, 15 (1990).

16M. 1. Kaganov, I. M. Lifshitz, and L. V. Tanatarov, Zh. Eksp. Teor.
Fiz. 31, 232 (1956) [Sov. Phys. JETP 4, 173 (1957)].

175, P. Biersack and W. Eckstein, Appl. Phys. A 34, 73 (1984).

185, P. Biersack, Nucl. Instrum. Methods B 27, 21 (1987).

198, 1. Anisimov, B. L. Kapeliovich, and T. L. Perel’'man, Zh. Eksp. Teor.
Fiz. 66, 776 (1974) [Sov. Phys. JETP 39, 375 (1975)].

ON. W. Ashcroft and N. D. Mermin, Solid State Physics (Saunders,
Philadelphia, 1976).

M. J. Laubitz, Phys. Rev. B 2, 2252 (1970).

22y, T. Larsen (private communication).

M. N. Ozisik, Boundary Value Problems of Heat Conduction (Dover,
New York, 1989).

2437, W. Frenken and J. F. van der Veen, Phys. Rev. Lett. 54, 134 (1985).

BR. N. Barnett and U. Landman, Phys. Rev. B 44, 3226 (1991).

267, W. Herman and H. E. Elsayed-Ali, Phys. Rev. Lett. 68, 2952 (1992).

27y, W. Herman and H. E. Elsayed-Ali, Phys. Rev. Lett. 69, 1228 (1992).

W, L. Morgan, J. Appl. Phys. 65, 1265 (1989).

¥R. H. M. Groeneveld, R. Sprik, and A. Lagendijk, Phys. Rev. B 45,
5079 (1992).

%w. S. Fann, R. Storz, H. W. K. Tom, and J. Bokor, Phys. Rev. B 46,
13,592 (1992).

31A. Anders, S. Anders, and M. A. Gundersen, Phys. Rev. Lett. 71,
364 (1993).

Morgan, Pitchford, and Boisseau 6537

Downloaded 14 Nov 2002 to 128.15.179.146. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/japo/japcr.jsp



