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A class of nuclear pumped lasers (excited by reactor-produced thermal neutrons) in which the

laser levels are populated by negative ion-positive ion neutralization is proposed and an analysis of
two particular systems, *He/N,0/0, and *He/N,0/N,, is performed. Laser action is predicted
in atomic oxygen and nitrogen as a result of O~-O" and O™ -N™ neutralizations. The source of
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negative ions is dissociative attachment to N,O. A threshold neutron flux of =~ 10"%cm™?*s
peak power of > 500 W/cm?, and a fission power to laser power conversion efficiency of =0.4%
may be possible in these systems. This is as a result of efficient utilization of the large thermal
electron density in the attachment process, and the highly selective nature of the ion-ion

neutralization in producing product-excited states.

PACS numbers: 42.55.Hq, 28.50. — k, 34.90. + q

1. INTRODUCTION

Nuclear pumped lasers (NPL) convert the kinetic ener-
gy of fission fragments into coherent laser light.'™> A typical
NPL is a gas laser with a large partial pressure of a fissile gas
(e.g., *He) and a small partial pressure of the lasant gas. In
the presence of an externally generated thermal neutron
flux, the fissile gas absorbs a neutron and fissions, releasing
hundreds of keV to hundreds of MeV of energy primarily as
the kinetic energy of the fission fragments. The fission frag-
ments slow down by ionizing the gas, producing a distribu-
tion of high-energy primary electrons. The primary elec-
trons in turn slow down by exciting and ionizing the gas,
producing a secondary electron distribution. An inversion is
the direct or indirect product of the secondary electrons.

A number of nuclear pumped lasers have been reported
and have successfully demonstrated the scalability of such
systems.' > Nuclear pumped lasers are attractive because the
mean free path of a neutron through a fissile gas can be many
centimeters long so large volumes of gas can be uniformly
pumped. Although the NPL reported to date have shown a
great deal of promise, laser energy and power have been rela-
tively low. The reasons for this are twofold. First, a neutron-
generating system has not been built specifically for use as an
NPL, although numerous designs have been proposed.® The
coupling of the neutron source to the laser has therefore been
poor. Secondly, the electron distribution in an NPL is not
conducive to directly exciting the laser levels and producing
an inversion. Therefore an indirect method (e.g., charge ex-
change and/or recombination) must be relied on to produce
the inversion.”®

The electron distribution function in a nuclear pumped
plasma consists of a high-energy tail and a large thermal
group.®'® The high-energy tail is a result of the primary elec-
trons. Since there is no upflux (i.e., applied electric field), the
primary and secondary electrons slow down rapidly, cascad-
ing to lower energies until they accumulate in a large thermal
group. The high-energy tail and epithermal electrons are re-
sponsible for exciting and ionizing the gas. The thermal
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group, below any excitation threshold, contains the majority
of the electrons. They cannot directly excite the gas, but do
recombine rapidly. In an electron-ion recombination, the re-
combining electron occupies a level within a few kT of the
continuum. An inversion is produced if while the electron
cascades through the atomic levels to the ground state, a
bottleneck occurs at a long-lived state. Because the recom-
bination does not directly populate the upper laser level, it is
not a very selective process, and efficiency suffers as a result.

In order to design a more efficient NPL, one must be
able to use the large thermal electron density in a selective
excitation process. In this paper, a method is proposed
whereby this goal is met, and an analysis is performed for a
nuclear pumped laser whose excitation mechanism is nega-
tive ion-positive ion neutralization. For the system pro-
posed, the attachment process, which produces the negative
ions, is largest for thermal electrons. The ion-ion recombina-
tion is highly selective in terms of the states of the product
neutral atoms which are populated.'':'* The result is a rela-
tively efficient laser (= 0.4%). The specific laser systems pro-
posed consist of mixtures of *He/Q,/N,O and *He/N,/
N,O. Laser action in atomic oxygen and nitrogen occurs as a
result of O~-O" and O~-N™ neutralizations. The nuclear
pumping reaction is

n+ *He—p + *H + 760 keV. (1)

The thermal fission cross section is 5280 x 10™** cm?. 760
keV of kinetic energy is released, mostly in the proton. Nega-
tive ions are formed by the dissociative attachment reaction

e+ N,O-N, + 0. (2)

The magnitude of the cross section for this reaction depends
both on the electron energy and gas temperature.'***

Although only these specific systems will be discussed,
many negative ion-positive ion pairs may produce inversions
by rapid neutralization. Ion-ion neutralization has been pro-
posed as an excitation source in atomic lasers,'> although
experimental results for such a system have not been report-
ed. Ion-ion neutralization is thought to play an important
role for the formation of exciplexes in excimer laser sys-
tems. '®

The theory of ion-ion neutralization will be discussed in
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Sec. II followed by a description of the model system in Secs.
III and IV. A parametric study contrasting the *He/N,0/
0, and *He/N,0/N, laser systems will be presented in Sec.
V.

Il. THEORY OF ION-ION NEUTRALIZATION

The selectivity of the ion-ion neutralization process in
terms of the product states can be explained by referring to
Fig. 1 where a typical potential energy diagram for the colli-
sion and neutralization of a negative ion-positive ion pair is
displayed. For the separations of interest here, the incoming
ion pair approach with coulomb potential, while the neutral
product pair have a constant intra-atomic potential. The
curve crossing responsible for the recombination occurs over
a limited energy and therefore accesses only a limited num-
ber of product states. The width of the resonance is a few
tenths of an eV.

The ion-ion neutralization process for atomic species is
well described by the Landau-Zener theory. The specifics of
that theory as pertains to ion-ion neutralization is described
in detail in Refs. 11 and 12. The theory will be briefly de-
scribed below.

For ions in their ground state and at large separations,
the interatomic potential is coulombic. That is,

VR)= (|H|i) = —ReZ' (3)

The neutral products have a constant potential at large sepa-
rations

VAR)=(fIH|f) = — [I(X*)— EA(Y*)] = — AE, (4)
where I and EA are the ionization potential and electron
affinity of the (excited) products. By large separation, we
mean that

oy &

<R (5)
where o7 is the interatomic Lennard-Jones potential. The
curve crossing occurs at R, where V)(R,) = VJ(R,). That
is,
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FIG. 1. Potential energy level diagram for the neutralization of 4 * (with
ionization potential IP)and B ~ (with electron affinity EA). Atom 4 emerges
from the collision at separation R, excited with energy €*.
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The probability for a transition between two adiabatic states
of ionic and covalent nature is

P=2P1 — Py, {7)

where P is the transfer probability at the curve crossing.
The factor of 2 accounts for the incoming and outgoing legs.
The Landau-Zener probability for the transition is

-2V,
P, =exp v , (8}

{

(6)

x

where V), is the radial velocity for angular momentum / at the
curve crossing R, , and

27R2
v, =
ﬁeZ

It can be shown that

27R? ,
P,,:exp[ —2( P )lH,fl/
& 0
[””(1 T RE -Fm 1o

The total ion-ion neutralization cross section Q is obtained
by integrating over all possible angular momenta.

"Prmax
Q:4L P,(1 — P )pdp. (11)

The problem reduces to calculating H;;. Olson ef al.'* have
derived a semiemperical expression for H;; requiring knowl-
edge only of R, and ¥*/2, the binding energy of the negative
ion. Their expression is

|H /| (9)

H; = —?[8.0 exp{ —091yR, ) — 7.5

X exp( —0.997R,]]. (12)
With this form for H ., the integral {11) can be done in closed
form.

An example of a calculation for the neutralization cross
section between O~ and N as a function of AE is shown in
Fig. 2. If we assume that the oxygen emerges from the neu-
tralization in the ground state, A E is the excitation energy of
the product N *. Note the resonant character of the neutral-
ization cross section. This accounts for the selectivity of pro-
duct-excited states for the reaction. The probability P, is a
function of E and hence gas temperature. In general, the
cross section decreases as the incident energy £ (and gas
temperature) increases.

11i. DESCRIPTION OF THE ELECTRON DISTRIBUTION
FUNCTIONS

It has been shown that the electron distribution to an
NPL is non-Maxwellian,”'® and can be described by a high-
energy group of electrons and a thermal group of electrons.
The electron distribution is described here by combining
three groups of electrons, one thermal and two high energy.
The first distribution consists of the primary electrons pro-
duced by the fission fragments. This group is described by
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FIG. 2. Calculated cross section for the neutralization of N* and O™ show-
ing the excited states in neutral nitrogen which result from the reaction.

the electron distribution f|(€) and is calculated in the manner
described below. The first group of electrons acts as the
source for the second group of electrons (slowed primary and
secondary electrons) described by the electron distribution
Jf>(€) and will also be discussed below. The third group con-
sists of thermal electrons which have slowed below all inelas-'

tic thresholds and are in thermal equilibrium with the buffer
gas. These electrons are described by f3(€). Because the excit-
ing neutron pulse is relatively long (tens of microseconds to
tens of milliseconds), and the gas pressure is large (hundreds
of Torr), each distribution f; (€) can be considered in a quasi-
steady state.

The distribution of primary electrons f(€) is obtained as
a by-product of calculating the slowing down spectrum of
the fission fragments. In the pumping reactions [Eq. (1)], 760
keV of energy are released as kinetic energy of the proton
and triton. For simplicity, assume that all of the fission ener-
gy is released in the form of monoenergetic 760-keV protons.
The distribution of protons which result from the slowing
down of 760-keV fission fragments is F, (T} {cm®eVs)™!,
where

dF,(T) 2T
£ = _F|(T ( ) N, J T.,e)de
o »(T) v Z i Th€)
Tonax — 1/2
A X e)(lTif—))
ij i M
X o (T + €,€)de + N, ®D,0T). (13)
In Eq. (13}, 0;;(T €} is the cross section for a proton of energy

T exciting species i by process j while losing energy €. N, is
the density of species i, E;; is the threshold energy for process
J» species ;;T,.,, is the maximum fission fragment energy,
and M is the fission fragment mass. N, is the fissile atom
density, @, is the thermal neutron flux, and o/(T) is the
fission cross section for producing a fission fragment of ener-
gy T (cm?/ev). The first term of Eq. (17) is due to losses out of
F,(T') by collisions. The second term is due to contributions
to F,(T') from fission fragments slowing down with energy
greater than T, and the third term is the source function for
F (T) as a result of fissions. For our purposes,
= 0,8(T — T,,,)- In the quasi-steady state,

S, f 7 (2‘T +6))1sz (T + €)oy(T + €€)de + N,®,0,(T)

F(T)=

(2T)I/ZZNJ. o;(T,e)de

Once F,(T') is calculated, the primary electron spectrum f(€)
is obtained by integrating the differential slowing down cross
section for ionizations:
Tmﬂx
fa=2,N[ " FTiolTe + By, (15)
e+ Ey;
where o7, is the differential cross section for ionization of
species i by process j, and E |, is the ionization potential. The
differential cross sections o ,,(T,e) were taken from Ref. 17
for the case of ionization and excitation by heavy particles.
The distribution function f;(¢) is next calculated with
Jil€) serving as the source function. The calculation of f(€)
was performed by solving the Boltzmann equation in finite
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(14)

r
difference form using the program described in Ref. 18. For

other detailed descriptions of the method, see Refs. 19 and
20. In solutions of the Boltzmann equation in electric dis-
charges, low threshold events, especially resonant types of
collisions such as vibrational excitation, are particularly im-
portant. This is due to the fact that the source of energetic
electrons are thermal electrons which are accelerated by the
electric field. This is sometimes called the electron upfiux.
Only electrons which suffer very few low threshold, nonion-
izing collisions become energetic enough to cause ioniza-
tions. As a result, in an electric discharge the majority of
ionizations are due to electrons which just reach the thresh-
old energy so to a very good approximation, secondary elec-
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trons can be assumed to be born with thermal or zero energy.

In a nuclear (e-beam or proton beam) pumped plasma
and in the absence of an applied electric field, there is no
upflux. Ignoring superelastic and e-e collisions, electrons
can only slow down. Therefore collisions whose cross sec-
tions are only large below the smallest ionization threshold
(such as vibrational excitation and resonant electronic exci-
tation) have little or no effect on the total ionization rate. In
addition, the majority of ionizations are by electrons whose
energy is significantly larger than the threshold value.
Therefore in calculating f5(€), one must specify a distribution
of secondary electrons which result from an electron impact
ionization.

The form of the cross section for secondary electrons
resulting from electron impact ionization was taken from the
work of Opal et al.?' Using the fitting functions of Green and
Sawada,”* the cross section for producing a secondary elec-
tron of energy 7 by a primary electron of energy E is
S(E,T)cm*/eV, where

r2
SET) =AFE)———7——, 16
BT =4 ) s (16)
and

K E
AE)=04—1In—, 17
(E) = oy In 2 (17a)
r=r—%_, (170)

E+T,

T,
Ty=T,—— . (17¢)

E+T,

The parameters K, J, I, T,,
Ref. 22 for various gases.

In the absence of an applied electric field and superelas-
tic collisions, electrons which slow down below the lowest
excitation threshold continue to slow down by elastic colli-
sions. These electrons eventually become thermalized and
can be described by a Maxwellian distribution with the gas
temperature 7, f;(€). The rate of transfer from f5(€) to f;(€)
is therefore the elastic collision frequency. Although f;(€)
contains electrons which are below any excitation threshold,
recombination events and certain attachment processes are
important for this group. The rate of these processes usually
vary with some power of the inverse of the electron tempera-
ture. Therefore, recombination occurs almost exclusively
out of the thermal group. Since recombination and attach-
ment are in general slow compared to the rate at which elec-
trons slow down to join f;(€) (especially at high pressure,
where diffusion as a loss mechanism can be ignored), the
density of electrons in f5(€) is almost always large compared
to the density of electrons in f;(€) and f,(€). A sample of the
calculated primary electron distribution for *He/N, gas
mixtures is shown in Fig. 3. The combined distributions f,(€)
and f(€) for the same conditions are shown in Fig. 4. The
first cutoff near 10 eV is due to electronic excitation of N,
while the cutoff near 15 eV is due to ionization of N,. The
electrons with higher energy than the 25-eV cutoff from ioni-
zation of ground state helium are due mainly to primary

T,, and T, are tabulated in
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FIG. 3. Primary electron spectrum resulting from ionization by fission frag-
ments P as calculated with Eq. (14) for mixtures of He and N,. The helium
number density is 1.3 10'® cm~?. The inset shows the distribution for low
electron energy.
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FIG. 4. Primary and secondary electron distribution function for mixtures
of He and N, for the conditions of Fig. 3.
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electrons and primary electrons which have undergone only
a few collisions.

IV. DESCRIPTION OF THE MODEL LASER SYSTEM

Given the large density of thermal electrons, an ion-ion
recombination laser is only feasible if the attachment process
is largest for thermal electrons. This eliminates most disso-
ciative attachment processes (e.g., O,, H,O, CO,) which
have thresholds of a few eV.?* Processes which meet this
requirement are attachment to SFg,?* and dissociation at-
tachment of F,,%* and N,0.">'* We shall limit our discus-
sions to the latter, a process which efficiently produces O~
ions.

At room temperature, the dissociative attachment of
N,O has a small cross section with a threshold value of a few
tenths of an eV.'* The process, though, has an additional
activation energy which can be satisfied by the internal de-
grees of freedom of the N,O molecule. The result is that the
reaction (2) has an electron impact cross section for € <2 eV
which increases exponentially with increasing gas tempera-
ture. For gas temperatures less than 400 °K, this activation
energy is about 0.23 eV. For temperatures above 400 °K, the
activation energy is smaller.'* Assuming that the electrons
are in thermal equilibrium with the N,O gas, the rate of
dissociative electron attachment as a function of gas tem-
perature is shown in Fig. 5. N,O is primarily consumed by
the dissociative attachment reaction (2). Other electron im-
pact processes produce atomic oxygen and nitrogen. Various
chemical reactions occur which result in producing large
amounts of NO at the expense of N,O. A list of the chemical
reactions and other species considered for the system are in
Tables I and IL

I T I T
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FIG. 5. Dissociative attachment rate of electrons to N,O as a function of gas
temperature. The electrons were assumed to have a Maxwellian distribution
with the same temperature. Also shown is the ion-ion neutralization rate for
O* and O~. The pumping rate [(attachment rate) X (neutralization rate)}
increases with increasing gas temperature.
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TABLE 1. Species included in the model.

Ground states: (6] N He N,O
0, N. NO
0. NO,

Excited states: o* 3p*P, 35°S°
N* 35°S°, 3p*PO, 35°P, 3p° DY, 35%P,

3p2D ()Y 3p2S 0

He* 2’s,

Charged species: N+ o* He™ (o]
N, o, He,' ¢
N, o, N,O* &
N,

* Nonthermal electrons (groups 1 and 2).
® Thermal electrons (group 3).

The electron impact processes, neutral and ion colli-
sions included in the analysis are listed in Tables IT and III.
Separate electron densities were calculated for the thermal
group and groups f, and f5. Electrons in the latter two groups
can participate in all processes except dissociative attach-
ment and recombination. Electrons in the thermal group can
only participate in recombination, attachment, and supere-
lastic relaxation. Because of the high pressure, large dimen-
sions of the system ( R 10 cm), and short neutron pulse { < 200
us), diffusion can be ignored.

The branching ratios of the ion-ion neutralization pro-
cessof N* and O~ favor the 3p*S °, 3p* P, and 3p*D ®statesin
the quartet system, and the 3p>D° and 3p>S? states in the
doublet system in nitrogen. Gain can be expected for both
systems. In the O*-O~ neutralization, the 3p°P and 3p°P

TABLE II. Reactions involving electrons and fission fragments.

Fission fragments { f):

f+ He — He* + f
— He™* +f
S+ N, - N +e+f
— N*4+N+e+f
— AN+ f
f+0, - O +e+f
— 0" +0+e+f
— 20+ f
Electron collisions:
e+ M* 2 M* e M =He, N3, N, 03, 0, N,0
e+ M =2 M 42 M = Ne, N, N, O,, 0, N,O
e+ M™* - M M =He,N,, N, O,, 0, N,O
e+ M, — 2M M=He N, O
e+ M, — 2M+e M=N,0
e+ M, — M4+M* 42 M=N,0O
€+N§L — N2+N
e+ M, — 2M, M=N,0
e + N,O — N, +O+e
e+ NO — N+O+e
e+ NO, — NO+O+e
e+ N0 — N, 4+ 07
e+ 0, —- 040"
e+ 0O — O~
e+ O~ - 0O+ 2e

Note: M ** is any excited state with a higher energy than M *.
* Only the forward reaction was used in calculation of electron distribution
function.
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states are the major products, with more than half of the
neutralizations populating the 3p*P states. Laser action has
been observed on the 3pS9,,-35°P,,, transition in nitro-
gen2® and the 3p°P,-35°S { transition in oxygen.’® The latter
transition has shown gain in another nuclear pumped sys-
tem.?” These two transitions also have relatively high gain in
the systems to be described here.

In addition to those levels discussed above, the 3s*P,

TABLE III. Reactions between ions and neutral species.

Ion-ion reactions:

O™ +M* —- M+0O M = He, N,, N, O0,, O, N,O
O~ +M* — M*+0 M =He, N, O
O™ +M} — 2M, + 0 M=N,0
Ion-neutral reactions:
He* + NO — N*"4+0O+He
He* + N,O — N,+O0* +He
— N,* + O+ He
-~ NO+ N* + He
He* + M — M™* 4+ He M =N, 0, N,O
He, + M — M™ 4+ 2He M =N, N, O,, O, N,0
He,” + M, — M*+M+2He M=N
0}/ +0,+He = He+ 0O/
0, +20, = 0/ +0,
o) +0 — 0" 4+ 0,
N* +N,+M — N;" + M M =He, N,
N, +N,+ M — NS/ +M M =He, N,
N* + N0 — N,O"+N
N*+0, — 07 + NO
— O;N
N +M — M*™ +N, M =N, N,0,0,0,
N +M — N+ N,+M* M = N,0, 0,
NS +M — 2N, +M* M =N,0, 0,
0O~ +N,0 — 2NO +e
0~ +N,0 — 2NO +e
0" +N — NO+e¢
0O~ + NO — NO, +e
(00 +N2 — N20+e
O +0 — O, +¢
0 +0, — O;+e
Neutral-neutral reactions:
He* + M, —- M*4+M4+HeM=N,0
He* + M — M* +He+e M=N,O0, N,O, He*
He* + M, — 2M + He M=N,0,
N+N+M 2 N, +M M = He, N,, O,, N,O
0O+0+M =2 0,+M M = He, N,, O,, N,O
0+0,+M = O,+M M = He, N,, O,, N,O
O+ N,O = 2NO
N + NO =2 04N,
NO, + M 2 NO+0+M M=HeN,O0,N,0O
0, + 0, =2 30,
N, +0, =2 2NO
O+ N,0 =2 N, +0,
N + N,O < NO+ N,
N + NO, =2 N,0+0
NO + N,O 2 NO,+ N,
NO+NO, = N,0+0,
NO,+ O =2 NO+0O,
NO + 0O, =2 NO,+0
NO, + N 2 O0,+N,
2NO, < 2NO+O0,
N,O+M =2 N,+O0O+M M=AIll
O, +N =2 NO+O
O** + M — M+0O* M =He, N,, O
N** + M — M4 N* M =He,N,, O
44 J. Appl. Phys., Vol. 54, No. 1, January 1983

2d *P, and 3s°P levels in nitrogen and the 35S ° level in oxy-
gen, as well as the ground states, were included in the analy-
sis. Since each level is a multiplet with up to four members,
the following method was used to calculate the density of
atoms in any given multiplet level. The rate equations dis-
cussed below were used to calculate the total density for each
set of multiplets. Since the multiplet members are closely
spaced (the largest spacing between adjacent multiplet
members is 43 cm™ ') and most processes are guasi-steady
state, it was assumed that the multiplet members are in equi-
librium with the thermal electron group and the background
gas. Therefore, the density of a given multiplet member j of
level i is

. N.g, expl —€,;/kT)

! 2,84 expl — eil/kT),
where N, is the total density of the level, g;; is the degeneracy
of multiplet member (i,j), and € is the energy of multiplet
member (i,/) measured relative to the lowest lying member in
the multiplet.

For the pressures considered here (400 Torr), all the
transitions were assumed to be homogeneously (pressure)
broadened. It has been reported that the 3p°P,-3sS | transi-
tion in 0xygen (8446 A) often lases in the wings of the line.”®
The reason for this behavior is thought to be selective reso-
nance reabsorption. In low-pressure, electric-discharge oxy-
gen lasers, population of the upper laser level is believed to be
a result of a dissociative Penning reaction. The excess energy
of the reaction appears partly as kinetic energy of the pro-
ducts. Therefore, the upper laser level can be a member of a
higher velocity class having a wider Doppler-broadened line
than the ground state. This velocity distribution is trans-
ferred to the lower laser level during the optical transition.
Trapping of radiation from the lower laser level by the
ground state, which has a lower temperature and a narrower
line profile, preferentially repopulates the lower level near
the center of the line. This causes gain to be highest in the
wings of the line. In the system discussed here, both the up-
per laser level and the ground state are members of the same
velocity class. Therefore, selective resonance reabsorption
does not apply, and lineshape-averaged trapping factors can
be used.

Rate equations for the reactions in Tables 1I and III
were formulated and integrated over a Gaussian neutron
pulse with a width of 100 us. Electron impact rates were
calculated by averaging the energy dependent cross section
over the appropriate distribution function. The gas tempera-
ture was specified and assumed to be constant. The laser
intensity for the transition between multiplet member k of
level j, and member / of level m is

Lo _ pro | N T Nagge 7
dt ; gjne B SIA/T 2 gmne e T
| BNgne 7
I (R Roje/2L + s PNEnE T
z gne i
(19)

where B is the stimulated emission coefficient, R, and R, are
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the mirror reflectivities for a cavity of length L, A47%, is the
spontaneous emission coefficient, and £ is a geometrical fac-
tor.

V. RESULTS FOR A NUCLEAR-PUMPED ION-ION
NEUTRALIZATION LASER

Of the two systems considered, laser action by neutral
oxygen in *He/N,0/0, mixtures far exceeds laser action by
neutral nitrogen in *He/N,0/N, mixtures under compara-
ble conditions. The systematic behavior of the two lasers is
similar, though laser power in the oxygen system is an order
of magnitude larger than in the nitrogen system. This is due
primarily to two causes. The O~-O™ neutralization results
in more than half of the product atoms emerging in the 3p*P
upper laser level of the dominant line. A third emerge in the
3p°P state, which is weakly coupled to the lower laser level
(35*S). In addition, there are only three multiplet members
between which this excitation is shared. In contrast, the O~ -
N* neutralization populates more states and does so in a
more uniform manner. Almost half of the atoms emerge in
the 3s*P° and 3p*D states, both of which have transitions to
common lower levels (3s*P and 2p*P). The excitation is
shared between four multiplet members. The strongest ni-
trogen laser line is in the doublet system between the 3p>D °
upper level and the 3s°P lower level at 0.94 um. The 3p°D °is
populated by about 17% of the neutralizations.

Since the kinetics and scaling characteristics of the
*He/N,0/0, and *He/N,0/N, systems are similar, the dis-
cussion will center on the oxygen system. Computed data for
the nitrogen system, though, will be shown for comparison.
In the following discussion, the oxygen laser line was chosen
to be 3p’P,-35°59(0.8449 um), while the nitrogen line is
3p*D$,,-35*P,,,(0.9463 um).

A typical example of the number densities of various
species during nuclear pumped excitation in a *He/N,0/0,
mixture is shown in Fig. 6. The peak thermal neutron flux is
5x10'"%cm? s)='. The total initial number density is
1.32X 10" ecm 2 at 1000 °K and with a *He/N,0/0, ratio
of 400/0.5/10. The thermal electron density is maximum
near the peak of the neutron pulse with a value of 1.3 10'2
cm . The nonthermal electron density has a peak value of
3.7X 10® cm 2. Neutral species, which result from neutral
gas phase reactions, gradually approach new equilibrium
values (e.g., NO,, NO, O,). The nuclear excitation supplies
an activation energy which produces a variety of radicals
{e.g., O, N, O~, N™). The redistribution of these radicals
provides the new equilibrium composition.

The dominant positive ions are N,O*, O*, O,', and
He™. The helium ions result almost exclusively from elec-
tron impact excitation and secondarily from fission frag-
ment excitation, the ratio of the ionization rates being 10°.
The remaining atomic and diatomic ions result primarily
from charge exchange with He™, and secondarily from di-
rect electron impact excitation. The chain of charge ex-
change reactions proceeds, depeleting ions with higher ioni-
zation potentials, and results in N,O" being the most
abundant positive ion.

The initially large N, density is a result of dissociative
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FIG. 6. Typical densities during nuclear excitation of a *He/O,/
N,O=400/10/0.5 gas mixture with a peak neutron flux of
5% 10" {cm® s)~'. Total gas density is 1.35X 10" cm 3 at 1000 °K. (a)
Neutral species and neutron flux. (b) Charged species and laser pulse. e
denotes thermal group electrons and e,, denotes nonthermal electrons.

attachment to N,O. As N,O is depleted (by a factor of 2
during the pulse) the N, density decreases, lost primarily by
charge exchange and neutral reactions which produce NO.
NO, and NO are the most abundant products. NO is most
rapidly produced by electron detachment of O~ by N,O and
N. NO, can be considered a terminal species in the reaction
chain, being quickly formed from NO by the reactions
O + NO + M—NO, + M and NO + O,—NO, + O, the
latter being more productive by a factor of about 50.

Reactions which reduce the density of O~, with the
exception of the neutralization collision which populates the
upper laser level, can be considered quenching reactions.
The total rate of reactions which are quenching is more than
twenty times the pumping rate. The quenching reactions pri-
marily responsible for this are O~ -O neutralizations which
populate the oxygen ground state, electron detachment colli-
sions with O and O,, forming O, and O, respectively, and
electron detachment by N,O forming two NO molecules.
The last reaction is responsible for the rapid production of
NO and has the largest quenching rate.

In the examples which follow, the length of the laser
medium is 200 cm with a parasitic loss of 0.04 per pass.
Unless noted otherwise, the resonator consists of a 95% re-
flectivity output coupler and a 100% reflector. The width of
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the neutron pulse is 100 us and the helium pressure is 400
Torr (at 300 °K). The last constraint was chosen in order to
obtain uniform excitation over a reasonably large diameter
(=10 cm).

Maximum laser power as function of peak neutron flux
is shown in Fig. 7. The gas mixtures are 400/3.1/10 for both
*He/N,0/0, and *He/N,0/N, and the gas temperature is
1000 °K.. For these conditions, the threshold thermal neu-
tron flux for the oxygen and nitrogen systems is 2.3 10"
(cm? s)”'and 3.6 X 10'® (cm?® s) ™', respectively. Assuming
uniform excitation over a 10-cm-diam reaction cell, the qua-
si-CW power in the oxygen system is 21 kW with
®,... = 10"7(cm? s)”'. One of the limiting constraints at
high pump power (high neutron fluxes) is depletion of N,O.

Threshold neutron fluxes for volumetrically pumped
systems have experimentally found to be typically a few
times 10'° (cm? s)~ . The lowest threshold flux for lasing
reported is believed tobe 3 X 10'* (cm® )™ for oscillation in
Cd vapor pumped by the *He (1,p)T reaction.?® A threshold
valueof 2 10" (cm? s)~ ' has been reported for the 6328-A
line in neon in a *He-Ne system,*” but this value has been
disputed.®’ By relaxing the constraint for uniform excita-
tion, increasing the helium pressure, and decreasing the di-
ameter of the reaction cell, the threshold neutron flux in the
oxygen system could be reduced by another factor of 2 or 3 to
a value near or below 1X 10'* (cm? s)~'. The efficiency of
the system, though, would not increase.

In previous sections, we discussed the temperature de-
pendence of the dissociative attachment rate and that of the
neutralization rate. The former increases at a faster rate as
the gas temperature increases than the latter decreases. The
net effect is that the effective pumping rate [i.e., (attachment
rate) X (neutralization rate)] increases as the gas temperature
israised. Thisisillustrated in Fig. 8. The peak neutron flux is
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FIG. 7. Maximum laser intensity as a function of peak thermal neutron flux
during a 100-us-long neutron pulse. Threshold flux in the oxygen system is
~2% 10" (cm? s}, and in the nitrogen system is ~3x 10" (cm? s)7".
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FIG. 8. Maximum laser power and threshold neutron flux for the oxygen
system as a function of gas temperature (constant number density). The
peak thermal neutron flux is 53X 10' (cm? s)~'. The threshold gas tem-
perature can be reduced by increasing the peak neutron flux.

5x 10" (cm? s)7'. Laser power increases significantly as
the gas temperature increases. The change in slope of the
curves is a result of the change in activation energy of the’
attachment process near 600 °K. The threshold neutron flux
increases with decreasing temperature (see Fig. 8). Room
temperature operation could be achieved for sufficiently
ciently high fluxes [2 10" (cm® s}~ ']

There is an optimum partial pressure of oxygen, the
value of which is determined by a variety of causes. By in-
creasing the partial pressure of O,, the fraction of energy
deposited in oxygen relative to the helium increases. The
fraction of these impact processes which produce positive
atomic oxygen ions (required for the pumping process) is
small compared to those that produce molecular oxygen
ions. Charge exchange of O, with helium ions form O™ and
O," in about the same proportions. Therefore, increasing the
partial pressure of oxygen beyond that required to insure
that He," ions are not rapidly formed by termolecular colli-
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FIG. 9. Maximum laser power as a function of the partial pressure of N, and

0,. The decrease in laser power with increasing pressure of O, and N, is due
to formation of molecular ions and detachment collisions with O~
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FIG. 10. Maximum laser intensity and threshold neutron flux as a function
of output mirror reflectivity. Total number density is 1.35X 10" cm™* at

1000 K. The gas mixtures are *He/O,/N,O = 400/10/0.5 and *He/N,/
N,O = 400/5/0.5.

sions with ground-state helium can actually decrease the
density of atomic oxygen ions. In addition, detachment colli-
sions of O~ by O, are a dominant quenching mechanism.
Although negative oxygen ions can be formed by dissocia-
tive attachment collisions of O, by electrons and direct at-
tachment to atomic oxygen, these rates are small compared
to dissociative attachment to N,O. Therefore, increasing the
O. partial pressure to create O~ in this manner gains little.

Laser power as a function of the partial pressure of O,
(and N,) is shown in Fig. 9. The optimum oxygen pressure is
near 10 Torr, while the optimum nitrogen pressure is about 1
Torr. The lower optimum nitrogen pressure is due in large
part to the rapid termolecular collisional detachment of O~
by N,. This rate is equal to the neutralization rate of N+ and
O at a nitrogen pressure of only a few Torr. Note that laser
oscillation is predicted in atomic oxygen in *He/N,O mix-
tures. The source of positive oxygen ions is principally disso-
ciative charge exchange of N,O by He™, and charge ex-
change of atomic oxygen by He™*. The source of atomic
oxygen is principally dissociative attachment of electrons to
N,O and subsequent neutralization of O~

Laser output power as a function of output mirror re-
flectivity is shown in Fig. 10. For both the oxygen and nitro-
gen systems, optimum laser power is obtained for reflectivi-
ties from 0.7 to 0.8. As the output mirror reflectivity
decreases, the threshold neutron flux increases. At near opti-
mum conditions, the threshold neutron flux in the oxygen
system is 5x 10" (cm? s)~' while that for nitrogen is
3% 10" (cm? s5)™".

For the near optimum conditions previously described
(*He/N,0/0, = 400/0.5/10, gas temperature = 1000 °K,
gas density = 1.3X 10'® cm™3), the maximum laser output
power for a peak neutron flux of 10'” (cm? s)~! is predicted
to be more than 520 W/cm?®. Assuming uniform excitation
over an active region 10 cm in diameter, total laser power is
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41 KW. The fission power to laser power conversion effi-
ciency for these conditions is 0.3%.

VI. CONCLUDING REMARKS

A nuclear pumped laser has been described whose exci-
tation mechanism is ion-ion neutralization. This process is
highly selective in terms of the product-excited states which
are populated, and therefore has many advantages over elec-
tron-ion recombination NPL. In mixtures of *He/N,0/0,,
near-ir laser oscillation is predicted in excess of 500 W/cm?
under optimum conditions. Steady-state operation is limited
by the depletion of N,O. A flowing system would be required
for cw operation.
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