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PROTON BEAM PUMPING OF HIGH PRESSURE GAS LASERS

INTRODUCTION

The advent ! ~2 of relativistic electron beams, with high current
density and short pulse durations (T < 20 nsec), have added a high power
source for a variety of research in physics. It was inevitable and
almost natural that e-beams will be utilized for the excitation of pulsed
lasers. In (1971), e-beams were used in gaseous nitrogen for the first
time* to produce the well known 5~ 7 nitrogen laser at 3371 A. Many
other lasers, as nitrogen and hydrogen lasers, excited in high eurrent

885°

discharge were also reproduced by the application of e-beams.1°”12

However, the applications of e-beams in liquidm and gaseous’* Xenon
under high pressure (> atmo.phon). opened up a new era in the production
of new lasers. This has led to excimer, >~ % energy exchange,’®’”
and charge exchange!®:2° lagers. These lasers have a unique common de-
nominator; they all depend on the number of atomic ions produced as the
e-beam traverses the gaseous medium. Therefore, in principle, the more
ionization is produced, the higher will be the laser power output. A
linear extrapolation of this statement can only be tolerated to a degree
vhen the number of the free electrons do not affect adversely the laser

power output. An analysis, however, can be made for each case.

In this paper we propose the application of proton beams (p-beams)
to excite high power lasers from rare gases under high pressure. The
proton beams are expected to generate higher laser power outputs from
excimer, *+15 energy exchange®®'l” 18,19 4.
comparison with excitations by e-beams. It should be noted that e-beams
used for laser productions are generally in (0.5 - 1 MeV) energy range.
This should be compared with current proton beams which have similar

energies. Protons and electrons of the same energy ionize atomic

and charge exchange lasers

Note: Manuscript submitted May 10, 1977,




species with extremely different ionization probabilities. The ioniza-
tion cross section of atoms by protons are much larger than the ioniza-
tion cross sections by electrons with energies equivalent to that of
protons. This leads to higher stopping powers for gases towards protons
and correspondingly higher number of ion pairs. For this reason one
would expect higher power outputs from the previously mentioned lasers
by the application of proton beams.

THE ELECTRON AND THE PROTON IMPACT IONIZATION CROSS SECTION OF ATOMS

In the limit of high velocity (Born Approximation) the total ioniza-
tion cross section for atoms, in proton impact is equal to that by elec-
tron impact at the same velocity. This has been predicted theoretically
21522 and comparisons®®:2¢ of experimentally measured cross sections with
theory have been confirmed for several gases. Figures 1-3 show experi-
mental data®® for the ionization cross section of He, A and Ne by protons
and electrons of equal velocity. These figures indicate that iunization
cross sections of atoms by protons, at higher energies, can be obtained
from the available data for electrons with equal velocity. For higher
energies, beyond experimentally available region, one can use the Born
approximation to obtain the ionization cross sections of atoms by elec-
trons. Using this approach, for example, one finds that the ionization
cross section of He by 1 MeV electrons is ~ 3 X 102° cm®. We consider
p-bom” with 0.3 MeV energy for applications to excite lasers in gases
under high pressure. These protons ionize He with an ionization cross
section of ~ 6 x 10727 cm® which is quite large in comparison with that
for 1 MeV electronms.

THE STOPPING POWER OF GASES FOR ELECTRONS AND PROTONS

Charged particles with energies, E, of few MeV lose energy, as they
traverse gaseous medium, by fonization and excitation of the atomic and
ionic species. The amount of energy they deposit in each atomic gas
depends on the stopping power, L(E), of these atoms for the charged
particles. Furthermore, the amount of energy expended per ion pair, W,
is practically a constant characteristic of the stom. Therefore, with
a knowledge of L(E) and W one can calculate the number of ions produced
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per unit volume. The stopping power can be obtained by calculation
using Bethe approximation or from experimental data. Figure 4 shows the
stopping power of He for protons where both calculated and experimental
data indicate that at higher energies Bethe's approximation is very good.

For protons with velocity V the stopping power>® can be calculated
using

L(g) = 4met g, (1)
m!
where
B =2z log 2 mvE (2)

I

Here Z is the charge of the atomic gas and I an average excitation energy
of the atom (I = 40 eV for He) while e and m have their usual meaning.
For relativistic electrons, on the other hand, the stopping power>® is

L(E) -2met, {loz—ﬂ—- (2 \11- B2 - 1 + %) log 2
mv? 2 13(1 - B2

+1-Q2+§(1-\]1-52)2}. (3)

In Eq. (3), B 1s V/c and E is the kinetic energy of the electron. From
Fig. 4 we see that the stopping power of He for 0.3 MeV protons is

~6 % 10°*° (v - cu®). Using Eq. (3), the stopping power of He for

1 MeV electrons is 10>° (v - cm®). Obviously protons of 0.3 MeV energy
make more ion in He per unit path than electrons of 1 MeV. The energy

deposited per unit path can be calculated from the stopping power accord-
ing to

ﬁ - - NL(E), (¥)




where N° is the density of the atomic gas.

E-BEAM PRODUCED LASERS FROM RARE GASES UNDER HIGH PRESSURE
Three kinds of lasers have been produced in high pressure rare gases

by the application of high energy e~beams. These are excimer,*3s1%

16517 8,1° jagers. As stated earlier,

energy exchange, and charge exchnngel
these lasers depend from the outset on the number of atomic ions produced
by the passage of the e-beam. The atomic ion in all of these lasers is
transferred into a molecular ion. For excimer and energy exchange lasers
these molecular ions are dissociatively recombine with the free electrons
producing atoms in excited metastable and ground states. In the case of
the excimer lasers these metastable states in collisions with atom in
the ground state, with the presence of a third body from an excited
molecular state which is the upper laser level. 1In the case of energy
exchange lasers, however, the metastable atomic state resonantly energy
exchanges with a minor molecular species in the gaseous mixture to form
the upper laser level. However, in charge exchange lasers, the molecular
ion resonantly charge exchanges with a minor molecular species to form
the upper laser level. The general kinetics of these lasers will be

outlined below:

A. Excimer Laser from Xenon

e+Xe=Xe+2 e (5)
Xe + Xe + Xe "XC:'PXG (6)
»
Xeh + ¢ = Xe + Xe (7
% »
Xe + Xe + Xe = Xe_, + Xe (8)

B. Energy Exchange Laser in Ar - N Mixture (Ar >> N )

e+Ar=AT +2 ¢ (9)

+ +

Ar + Ar + Ar = Ar_ + Ar (10)
L
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+ *
Ar, + e = Ar +Ar (11)

AT +N -N +
r e N2 Ar (12)

C. Charge Exchange Laser in He - N Mixture (He >> N )
= <

e+He ~HE +2 e (13)
+ +
He + He + He -Haa‘l-l{e (1%)
+ +,*
+ -
u.a N2 (“2) + He + He (15)

The ionization step in these equations can be realized with protons
as well, other kinetics may arise with the presence of protons and a
detail study should be made in each case.

We propose the application of proton beams=°(0.3 - 1 MeV) to excite
ﬂe: + N2 charge exchange laser as a first step towards proton beam ex-
cited laser. In addition to the kinetics of this laser outlined in
Eqs. (13) - (15) two other processes will also occur. That is

+
H +ue-u+u'€ (16)

and

H+He~H +He +e (17)

At velocities of interest, these two processes have cross section®” of

10728 cn® and 5 x 10727 cm®, respectively. This indicates that the
proton fraction in the beam will be 50/51 compared to 1/51 for hydrogen
atom , Thus one may ignore this effect. However, the collisional effects
on the laser levels by the free electrons must be considered as the
electron density increases in addition to their recombination with the
ions. This is necessary for obtaining the optimum condition for the
power output.

Sy BB 3




A COMPARISON OF A PROTON AND AN ELECTRON BEAM DEVICE

This report advocates the application of p-beams for excitation of
a variety of lasers. The Plasma Physics Division has several proton-
beam devices®™® which vary in terms of their particle energies. All
these devices, in principle, can be utilized for laser excitatioms.
However, we shall make a comparison between the lowest energy (0.3 - 0.4
MeV) proton beam device with a 1 MeV electron beam®® used for He: + N2
charge exchange laser. The lowest energy proton beams at NRL are pro-
duced from SOL e-beam device by employing a reflex triode.®° The char-

acteristics of these two devices are given in Table 1.

Table 1
p-Beam e-Beam
Energy 0.3 = 0.k Mev 1 Mev ;
Current 0.14 (kA/cm?) 1.3 (kA/co?) |
Density
Pulse 30-50 (nsec) 20 (nsec)
width

The comparison in Table 1 shows that the current density is higher
in the e-beam in comparison with the p-beam. However, the number of
ions produced by the proton beam in He is much higher than that by the
e-beam. A judicious application of this proton beam with the appro-
priate gas mixtures will give laser power densities one to two orders
of magnitude higher than the e-beam device. Higher energy proton beams
can be used to excite larger volumes of gaseous mixtures and hence re-
sult in higher total power outputs.

Since the charge exchange laser from He: - N, is in the visible,
the application of the proton beam to produce it should be routine.
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Fig. 1 — Comparison of experimental apparent ionization cross sections
for protons and electrons of equal velocity incident on helium. (Data
compiled in Ref. 25.)
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Fig. 2 — Comparison of experimental apparent ionization cross sections
for protons and electrons of equal velocity incident on argon. (Data
compiled in Ref. 25.)
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Fig. 3 — Comparison of experimental apparent ionization cross sections
for protons and electz 18 of equal velocity incident on neon. (Data
compiled in Ref. 25.)

STOPPING POWER

a

LIE) 10 (ev- cm?)
»

N

0 |
15 R0 RS T8 w048 80
LOG,O E(keV)

Fig. 4 — Calculated and experimental stopping power
of He for protons. (From Ref. 26.)

10




