Fission fragment pumping of a neon plasma
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A method for calculating excitation and ionization rates in a plasma generated by the slowing
of fission fragments in a gaseous medium {uneon) is presented. The energy distribution of the
fission fragments as they slow down, and the excitation and ionization of neon due to coilisions
with the fission fragments, are discussed. Effective W values for ionization and excitation of
neon directly by the fission fragments of uranium (71.6 and 110 eV} are derived. The source
function for electrons produced by direct ionization by the fission fragments is discussed and
compared to that produced by an e beam. The source function of electrons produced by heavy

ions bas the lower average energy.

There is considerable interest in using fission fragment
pumping to generate plasmas'~ for uses previously satisfied
by electric discharges or e beam plasmas. Our interest is in
the application of such pumping schemes to the excitation of
gas lasers. To analyze and optimize pumping of gas lasers by
this method, one must be able to quantify the manner in
which the kinetic energy of the fission fragments is uitimate-
1y transferred to the upper laser level. This process involves
collisions of the fission fragments (energetic heavy ions)
with the gas which directly results in excitation and ioniza-
tion and the generation of energetic secondary electrous
which also excite the gas. The end result is a low-tempera-
ture plasma (T, ~ 1 eV). In this paper, we discuss the slow-
ing of fragments from **U fission (see Table I} in 2 neon
buffer gas, and the distribution of electrons generated by
direct ionization of the gas by the fission fragments. This
work is an extension of the formalism of Guyot, Miley, and
Verdeven,” who also studied the slowing of fission fragments
in gases. In our work, we solve for the velocity distribution of
the fission fragments and then use the integral cross sections
of Gryzinski® for heavy particle-electron coilisions to calcu-
late the rate of ionization of the gas. We calculate the meta-
stable excitation rate by integrating over the fission fragment
distribution without using ar « priori assumption as to the
number of excitations per energy ioss. This allows us to di-
rectly calculate the W value {energy/ion) for the fission
fragments and the number of excitations per ionization.

Unlike discharges, there is no electric field in a fission
fragment pumped plasma so the spectrum of electrons pro-
duced by ionization of the gas mixture by the fission frag-
ments is the source of energy for the electron energy distribu-
tion (EED). The specirum of electrons produced by the
fission fragments will be noticeably different from the spec-
trum produced by an e beam, primarily due to the difference
in the projectile masses. The resulting change in the EED
will cause changes in electron impact excitation, recombina-
tion, and attachment rates, and therefore in the performance
of the laser. Our approach for computing the spectrum of
source electrons considers binary collisions between the fis-
sion fragments and the orbital electrons in the gas atoms.*
With a large difference in mass, only a small fraction ( =~ #/
M) of the fission fragment energy can be transferred to the
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electron, leading to a product electron source spectrum that
is highly peaked at low energy. Due to the more favorable:
mass ratto, the spectrum produced in an ¢ beam plasma will
have a higher electron temperature (7,). Therefore, one
should expect a difference in the method of excitation of
excimer lasers between fission fragment pumping and e
beam pumping.

The method whereby the fission fragment velocity dis-
tribution and secondary electron energy spectrum are calcu-
iated will now be discussed. This formulation is only con-
cerned with the electronic stopping power. The contribution
due to the interaction of the fission fragment with the gas
molecule as a whole is only important at energies lower than
the electronic thresholds. This contribution results in gas
heating and therefore does not add to the rate of electronic
excitation or ionization,

The slowing of energetic ions is usually described by the
stopping power, dE /dx. Finding it more convenient to work
in terms of the velocity, we use the result of Srivastava and
Mukheriji” to obtain the stopping power in terms of the veloc-
ity, S(¥). For our range of parameters {(see Table I}

i dE  2uNé q)z
SV = — = | L1 2(Z
" Mdx Mm, (V S(Ze)
X (3 4y e, (H
Y

where & is the gas density, M is the ion mass, m, is the
electron mass, ¢ is the elemental charge, ¥is the ion velocity,
¥, is the atomic unit of velocity (2.18 X 10® ecm/s), g is the
ion charge, and Z, is the atomic number of the gas. We also
have y=2(g/e}(Vy/V)>1 and for Z, <46, f(Z,)
=028Z"

As the ion slows down it gains electrons by charge ex-
change,® thereby reducing g. We use an empirical relation to
give the equilibrium average charge as a function of the ion’s
velocity (see Fig. 5.11 of Ref. 6)

?j:%ﬁfg“‘z%ﬁse» ~x (Vg =Z35. (2)
o
Using this equilibrium charge
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The spatially averaged ion velocity distribution, F(wy,
is calculated next. The slowing of the ions, S{ ¥}, is consid-
ered as a deceleration and the resulting Boltzmann equation
is

v vy — s Eivxy =0,
ax ox

o e e T e (4)
S(Vy dx IV
where F{¥V,x) is the distribution of fission fragments with
velocity ¥ at position x. Integrating over position for the full
range of the ion, beyond which F=10, and defining
H(V) = {F(V,x)dx as the integrated velocity distribution,
we have
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where the initial flux, #(¥) = VF(V,x = 0), and the initial
velocity is V., .
To get the spatially averaged velocity distribution we

divide by the full range, R(V,,), and obtain
V) =HWVYy/R(V,..). The range is given by
I,«’
max V Vmax
R(Vmax) :f dV'_‘: ) (6)
o SV MZ...Z)

where the last equality uses Eq. {3). Using Eq. (3) we finally
get

VmBX
Fory = ] J( $(ydv.

max v V

(7

The next step is to use this distribution with the cross section
for ionization of the gas by the ions to obtain the electron
production rate.

Our description of the collisions between the ions and
the neon atoms is based on the Gryzinski® cross sections for
binary Coulomb collisions. Figure I shows the relevant cross
sections. These cross sections are weighted by the effective
ion charge at velocity ¥ for the conditions in Table I, and
assuming the six Ip electrons of neon interact with the ion.
By using the cross section differential with respect to energy
exchange, o(V,A€), we get the spectrum of product (sec-
ondary) electrons,

Y(e) :Nfdﬁw) Vo(Ve+u,), (8)
with u, being the ionization potential and N the gas density.

The integral cross section, O(¥,u, ), gives the total ioniza-
tion rate,

v, :NdeF‘(V) VOV, . (9)
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FIG. 1. Fission fragment collision cross sections in neon given by the Gry-
zinski formulation weighted by the effective charge g(v). The differential
cross section with respect to energy exchange (¥, A¢) is shown as a func-
tion of Ae {(in eV) at an ion velocity of ¥ = 1| MeV/amu, and the units are
A2/eV. The integral cross section for ionization, Q; (V) (in A?) is plétted

against V¥ (in units of 107 cm/s), as is the stopping power cross section,
(V) (ineV A?).

The stopping power cross section, Z(V.u,, ), is used to
obtain the rate of energy loss of the ions

ve(uex)szdV?(V) VE(Vu,). (10)

The metastable excitation rate is evaluated by dividing the
rate of energy transfer 1o the excited states by the metastable
threshold,

Vex = [@’E.{uex) "“Vé(uion)}/uex. (11)

We now consider the slowing of U?*® fragments in neon.
We assume that the initial flux of fission fragmentsis a 8
function at the velocity immediately after the fission event.
We follow the convention of using a light and a heavy ion to
represent the fission products (see Table I). As a check of
our method, we perform an energy balance for the ion energy
losses. With the ion deceleration proportional to its velocity

we have f[see Eq (3)] V()= Ve " Usng
Voin = 0.1V, as the lowest velocity that is important, the

time needed to slow down, 7, is
T = Iﬂ( E/’max/Vmin )/h(zian’zg )
=2.2/h{Z;,,Z,). (12}

Table II compares the energy loss rate coefficient, &,
calculated using the Gryzinski stopping power cross section

TABLE I Characteristics of the fission fragments of **7U.

Light fragment Heavy fragment
M(amu) 93 139
Zz 41 57
& (MeV) 9% 68
NR(e,) (cm™?) 1.8x 107" 1.44 % 1070
T. 4. Moratz and M. J. Kushner 1767
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TABLE I1. Computed results for the fission fragment slowing down param-
eters.

lon Light Heavy
rZ,2Z,)
_(-’N—ii (cm?/s) 176X 10712 6.73x 107
Nr (s/em’) 2.83x 10" 3.26 X 10"
€/ N7 (eV em’/5) 3.50 1674 2.09 % 107
k, (eV cm®/s) 380 1¢~° 2FTX 107
ki (u, ) (cm?/s) 5.19x107° 398 % 107°
k.. (em’/s) 3.18x 107 251107

with €,/N7 for both fission fragments. The calculated %, is
evaluated for energy losses greater than the first excitation
threshold for neon (16.6eV). The two methods are indepen-
dent and the comiparison shows that the energy of the ions is
well accounted for with this methed.

We next consider the energy spectrum of the product
electrons, which is the relative ionization rate of the gas by
the fission fragments as a function of the product electron
energy. Figure 2 shows the electron spectrum, which is
sharply peaked at low energy. For comparison we also show
the electron spectrum for ionization by a i-MeV primary
electron (as in an ¢ beam plasma) assuming the form given
by Opal, Peterson, and Beaty,” where

Wie)~1/[1 4+ (e/E) )2 (13}

The electron spectrum from the e beam has a non-Max-
wellian high-energy tail in addition to a generally higher T,
than in the fission fragment pumped case. This means that in
fission fragment pumped plasmas, more of the product elec-
tron energy goes into lower-energy excitations than into
high-energy excitations and ionization. This can also be seen
in the average energy of the product electrons. For fission
fragment pumping (€} pp = 40 eV and for the I-MeV ¢ beam
(& = 24 eV for neon)

{€) ¢ poam == 2(& /TN €pppn 72E) = 150 €V,

Therefore, one can expect 3-4 more tonizations by the prod-
uct electrons in an e beam compared to those generated by
the slowing down of fission fragments.

Finally, we examine the energy deposition by the fissjion
fragments. The ratio of the energy loss rate to the ionization
rate gives the average energy per eleciron/ion pair created
directly by the fission fragments. For our case we have

WFF :ks(uex)/ki 271.6 eV., (14)

The total ¥ value will also inciude contributions from ioni-
zation by energetic product electrons, which will yield a val-
ue lower than that for ionization directly by the fission frag-
ments. By comparing the rates for excitation and ionization,
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FIG. 2. The electron spectra (electrons/eV s) produced by the slowing of a
1-MeV e beam (upper curve) and for the fission fragments of >*U in neon.
Both curves are normalized to a peak value of 1.

we get K., /Ko, = 0.62 excitations per ionization caused di-
rectly by the fission fragments.

To summarize, we have developed a method to describe
the energy deposition by energetic heavy ions stopping in a
rare gas and have derived the rates of direct ionization and
excitation of the gas by fission fragments. Electronic excita-
tion and ionization accounts for over 90% of the energy of
the fission fragments; the remainder results in gas heating,
important only at low ion velocities. We have also shown
that the spectrum of electrons produced by fission fragment
ionization is shifted to lower energy than that produced by
an ¢ beam, and a higher fraction of the pump energy goes into
atomic excitations with fission fragment pumping. The W
value for ionization directly by the fission fragments in neon
is 70 eV /electron. Future extensions of this work will incor-
porate these results into a more complete scheme that will
also consider the kinetics of the product electrons. This for-
mulation will yield a total W value that can be compared toe
beam results.
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