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SUMMARY

This report describes the status of a theoretical and experimental
investigation aimed at development of a quantitative understanding of
the mechanism of molecular radiation in high-pressure Hg and other di-
atomic metal systems to determine the feasibility of laser action in
these systems., Mercury and other van der Waals molecules are promising
candidates for laser action, because the molecular radiation is from a
stable excited level to an unstable ground level that is always essen-
tially unpopulated. Thus, a population inversion is readily achieved.
Relatively high efficiencies of conversion of input energy to laser
energy are also expected for van der Weals systems. On the other hand,
since the molecular radiation is a continuum with a bandwidth on the
order of hundreds of K, the optical gain is much smaller for a given
population inversion than for comparable bound-bound transitions that

have linewidths several orders of magnitude narrower,

We have directed our attent:ion thus far to the study of Hg excited
by a high-energy electron beam and in particular to its continuum radia-
tion near 4800 5 because of the potential applications of lasers at this
wavelength. A theoretical model of the processes taking place in the
gas, including the excitation, recombination, molecular formation, and
relaxation processes, is presented in Section II. This model is based
on information available from our past experience and from the literature
and is similar to a kinetic model for the rare gases which is presented
in Appendix A. Since little information is available on the rates of
processes in ng, we are not yet able to make quantitative calculations

using this model.

A3 one phase of our theoretical program, Professor A. E. S. Green

at the University of Florida was subcontracted to calculate the

1




distribution of excitation energy in Hg. His preliminary report, pre-
sented in Appendix B, indicates that a majority of the energy is de-
posited in ions. The kinetic model describes the subsequent conversion

of these ions to excited molecules.

The experimental program is described in Section III, Excitation
of Hg vapor at pressures up to 1.0 atmospheres is provided by a 10-joule,
3 nsec pulse of 500 keV electrons f.om a Febetron 706, Experiments thus
far include photographic and time-resolved emission spectroscopy of both
atomic and molecular radiation. Results are described in Section IV.
Most of the data have been obtained recently, and in many cases only

qualitative observations are available. Some of these observations are:

(1) For pressures above 1 atm, the atomic ions and highly
excited atoms are channeled down to atomic levels with
energies less than the molecular ionization level in

times of a few nsec,

(2) All excited atomic state populations disappear in times
ranging from a few jsec at 1 atm to approximately 100

nsec at 10 atm,

(3) The primary molecular continuum band extends from 3900 to
4900 3 with the peak intensity near 4570 3. Secondary
continur vocur in the 5100-6000 and 3000-3600 A regions.

(4) Molecular radiation at 4570 A persists for 10s of psec

and follows a nonexponential decay.

Analysis of the moleculer radiation at 4570 5 indicates that the
transition has a radiative lifetime of approximately 29 psec, and that
the nonexponential behavior is due to deactivation during collisions of
two excited molecules. The relatively long radiative lifetime and wide

bandwidth of the ng corntinuum radiation lead to a very small optical
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gain of 5 x 1072° per cm per excited molecule/cm®, or 0.01/cm for 2 x 107

molecules/cm’. Experiments and calculations are continuing to determine

the feasibility of achieving excited molecule populations of this

magnitude.
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I INTRODUCTION

Developments in electron-beam and traveling wave discharge tech-
nology for excitation of high-pressure gases are having a major impact
on the development of new lasers. The ability to inject energy rapidly
into high-pressure gases, where collision processes are fast compared
with radiative processes, opens up a new dimension for the development
of lasers. It is possible under these circumstances to create inver-
sions using new classes of reactions such as recombination, association,
and energy transfer reactions. One class of molecules that has laser
possibilities at high pressures is that known as van der Waals molecules.
These molecules have basically repulsive ground states so that the un- !
excited gas consists of free atoms or loosely bound van der Waals mole-

cules. In the excited gas, stable bound molecules (excimers) are

formed from the association of en electronically excited atom and a

%' ground state atom. At high pressures, these molecules rapidly relax to :
the bottom of their lowest bound excited electronic level and then %
radiate to the repulsive ground state which immediately dissociates.
The repulsive ground state causes the emitted radiation to appear as a

continuum band and allows the possibility of tuning over a portion

of the band.

Although inversions are easily attained in these systems, the wide
emission bandwidth means that large upper stute populations are neces-
sary to obtain a reasonable gain. Nevertheless, these media appear
particularly promising for providing lasers of high efficiency, since

every atom excited in the discharge forms an excited molecule that re-

g

-Whim%wmﬂm&wmmmmﬂw. N o o A, ST >

laxes and then radiates. The efficiency, given by the ratio of the

g

¥

radiative transition energy to the mean excitation energy per atom,

will generally be greater than 10%.
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There are many possible candidates for such a laser medium, with
transitions spanning the wavelength range from the vacuum uv to the
infrared. These include the rare gases, Hg, Cd, Zn, and the alkaline
earthy. Carbone and Litvak! recognized the laser potential of the ng
continuum band and attempted to obtain laser action on it using discharge

excitation. Phelps? recently pointed out that various mixed gases such

as rare gas-alkali combinations are also promising candidates.

In this report attention is focused on Hg. The interest in Hg
stems irom observations that the emission bands of this system are in
the visible range. The so-called "'4850 A continuum" extends from 3800
to 6000 ﬁ (the radiation in the 5500 5 region may be a separate con-
tinuum band), and a second continuum extends from 3000 Eg 3700 A.? We
have devised a model of the excitation, recombination, asscciation, and
relaxation processes for Yg similar to that developed for Xe and Ar
(see Appendix A). Unfortunately, the rate constants are not as well
established in this case and the rate of formation of excited molecules
cannot be reliably calculated., Therefore, most emphasis to date has
been placed on the experimental measurements to obtain the molecular
formation and decay rates. Our observations are preliminary and subject
to confirmation by further measurements and data analysis. They do
indicate that laser action in the "4850 continuum” may be possible but
difficult to attain because of the long raurative lifetime and rapid

collisional deactivation of the excimers.
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3T VNONEL OF MOLECULAR FORMATION
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Ve present in this section a kinetic model for the excitation, ionic
and molecular formation, and collisional and radiative relaxation of high-
pressure Hg vapor excited by a pulsed electron beam. Since the reaction
rates are not well known in Hg, we have patterned this model according to
that of the rare gases given in Appendix A where the reaction rates are %
quiye well known and the reacticn chain is established. Although this
model is quite general, the discussion refers to our experimental con-

ditions, namely, to excitation by a 2 nsec pulse of 0.5 MeV electrons.

Because of the multiple scattering that occurs in the entrance win-
dow foil and in the high-density Hg vapor, the electron energy is de-
posited in a volume smaller than would be expected from the range of the

electrons without scattering. Using multiple scattering theory, we have

i

estimated the range of 0.5 MeV electrons in Hg at 10 atm to be about 1

cm. From the geometry of the incident beam, wc estimate the excitation

volume to be about 15 em®, which together with the estimated energy
delivered to the Hg (see Section III) gives an excitation energy of about

0.1 joule/cm3.

The energy deposition in Hg by the fast primavy electrons s being

considered by Bass, Berg and Green under a subcontract of this program,

and their preliminary results are presented in Appendix B. The results
show that, as in argon, the largest fraction of energy goes into ioniza-
tion and that the 6P is the most strongly populated of the excited atom-
ic states. Since the mean excitation energy per excited atom (excitation
in this case includes ionization) calcula . from the excitation effi-
ciencies given in Appendix B is about 10 eV we obtain about 6 ¥ 10*7 ex-

cited atoms/cm3 produced by the electron pulse., An upper limit to the

b A L
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radiative efficiency is obtained by assuming that every excited atom pro-
duces an excimer radiating at a mean energy of 2.7 eV. This efficiency

limit is then 27%.

We now outline the mechanisms by which the energy of the electrons
in the excitation pulse results in formation of the lowest lying excimers
that are the upper level of the visible continuum radiation. In the
initial process, the primary and secondary electrons produce excited

atoms and ions by collision with ground state atomic Hg:

*%
e +Hg -Hg +e (1)

e + Hg -~ Hg+ +e , (2)

where Hg** refers to excitation in any electronic level. As noted above,
a majority of the excitation energy resides in the iong. These ions are
converted to excited atoms in a two-step process. In the first step, the
high atom density permits rapid formation of molecular ions through the

three-body association reactions
+ +
Hg + 2Hg —.ng + Heg . (3)

In the second step, the molecular ions participate in fast dissociative

recombination reactions with the electrons,

+ %
ng +e -Hg +Hg s (4)

to produce an ex:ited and a ground state atom.

The excited atoms produced in reactions (1) and (4) that have ener-

gies greater than the energy of the molecular ion (8.6 eV according to

T

R e DA A oy b J":ﬂ"hh‘“ kil

+
Reference 4) can associatively ionize to ng by the process

*
Hg +Hg-Hg;+e . (5)

All the atoms excited to levels lying above the 73P states are expected

to participate in this associative ionization reaction and will cycle

g

through Reactions (4) and (5) until they reside in a level below
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that of the ioﬁ. Thus, by processes (3) tﬁrough (5), all the ions and
highly excited atoms created by the excitation pulse are converted to
excited atoms in levels lying Qelow the 63D state. These include the
61,31 , the 71535, and proﬁably the 73P_ levels.

0,1,2 . 0, 1

Formation of étable excited molécules from these excited atoms by

the three-body associative reaction . .

- *
Hg +2Hg—-ng2i + Hg co (6)

Wit
subsequently takes place, where che vibrationally-qxcited Hg_  may

initially be in any of the mélecular levels formed from the atomic , '

states listed above. An energy level diagram for these levels ss given

by Finkelnberg® is presented in Figure 1. Vibrational relaxation by the
collisional process

"

*% ! !
.ng:*$ + Hg. - ng + Hg ({7

i

will be rapid beca.se of the possibility of atom exchange during the

collision.

i)

Electronic relaxation can oceur via “cﬁrve crossings" or predis-
sociation to lower atomic levels followed by rqassociation into still '
lower molecular levels. This is believed to occur rapidly in Xe where
the electronic levels are closely packea and many cfossing interactions
are possible; however in Hg, the levels are spaced more widely (see
Figure 1) and the number of possibilities for curvé crossing interactions
is reduced so that relaxation by this process may be less effecfive.
Relaxation can also cccur by radiation and by collisions with elgcffons.

The electrons cool rapidly by elastic and inelastic cdllisions'to a
temperature less than 1 eV. These electrons can aﬁsorb energy from phe
electronically excited molecules by the process i

HH H * ‘
e+Hg2 —~e +Hg, ‘ (8)
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This process can be rapid enough to bz of importance. In fact, at electron

densities of 10'® and above, the electron collision processes almost cer-
tainly dominate the molecular relaxation. Rate constants for Reaction (§)
estimated on the basis of similar processes in atoms range from 1076 to

1077 cm3/sec, giving a decay time of 0.1 to 1 nsec at the above densities.

These electron-gqueuching and curve-crossing mechanisms funnel most
of the molecules to the lowest stable excited 30; level (see Figure 1),
which is the upper level of the "4850 A continuum.” However, the electrons

may also cause deactivation to the ground state by the process

*
e +Hg, ~e + 2Hg (9)

thus reducing the efficiency of production of molecular radiators. At
high molecular densities, another deactivation process may occur from the
collision of two excited molecules, wherein one is deactivated to the
ground state and the other sbsorbs the exzess energy ('"bi-excimer col-

lisional deactivation"):

* * *% 2 ( )
+ H s + H . 1
ng gz ng g 0

In a later section we present experimental evidence that indicates that
*
Reaction (10) is indeed important as a deactivation process for Hg2 when

the electron density is low.
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111 EXPERIMENTAL APPARATUS

The objective of the experimental program is tv obtain information
about the time histories of the populations of atomic and molecular
states in high-pressure Hg vapor following an electron beam excitation
pulse. From these time histories, we will determine rate constants and
radiative transition probabilities that subsequently will be used in a
kinetic model of the ng association laser. We are pursuing this ob-
jective by means of time-resolved emission and absorption spectroscopy
of atomic and molecular transitions, as well as by time-integrated
(photographic) spectroscopy. We are also preparirg to measure the time

history of ion concentration using a probe technique.

The high-pressure vapor is produced by heating a cell containing a
reservoir of 1iquid Hg., The cell is fitted with optical windows for
the spectroscopic measurements and with a foil window to admit the elec-
tron beam. The electron beam pulse is generated by a Febetron 706
(Field Emission Corporation, McMinnville, Oregon). According to the
manufacturer's specificetions, this machine produces a 2 cm? beam of
500 keV electrons at an average current of approximately 7000 amps., The
total energy of the pulse is 10 joules and the pulse width is 3 nsec.

We estimate that the electron beam diverges from 2 cm? to approximately
8 cm? over the distance from the Febetron face to the foil window and
that about 50% of the energy is lost in the foil. Under these assump-
tions, approximately 1.5 joules of energy will be deposited in the gas.
Taking the excited volume of gas as 15 cm®, this leads to the estimated

excitation energy density of 0.1 joule/cm3 given in the previous section.

The design of the test cell, shown schematically in Figure 2, for

conducting spectroscopic stiudies on high-pressure Hg vapor excited by

11
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an electron beam is a difficult problem for two reasons. First, the cell

reaches temperatures up to 550°C, well above the temperature limit of

elastomer and soft metal seals; and second, Hg vapor interacts with many

metals in a deleterious manner. To overcome the reactivit_ problem, we

have constructed most cell parts from low-nickel content Type 416 stain~

less steel. The optical windows at each end oi the cell are 0.250 inches

thick by 1 inch in diameter sapphire which are fused with a copper braze

to stainless steel flanges. The electron beam window at the center of

the cell is a disc of stainless steel of .004-inch thickness backed by a

steel plate with 0.116-inch diameter holes (cpen area 55%). Beryllium
was also tried for this window, but repeated flexing during alternate
evacuation and pressurizing of the cell quickly produced cracks in this

brittle material.

All joints are sealed by two concentric rings of wire. The inner
ring is 0.005-inch diameter copper, while the outer ring is 0.008-inch

diameter gold. The copper ring is less susceptible to interaction with

the Hg, and the gold one, being larger and more ductile, forms a positive

barln seal. Each wire is cut to length and laid in place with the ends

overlapped, and the appropriate flange is then tightened in place. This

system has been very satisfactory in preventing leaks, but the seals must

be replaced occasionally because of amalgamation of the wires with the

stainless steel cell at the highest temperatures of operation.

The cell, Hg reservoir, and valve are heated by a series of Hotwatt

cartridge heaters. Eight heaters are placed in holes drilled in the
cell, four more in holes drilled in the reservoir, and two in a copper
block that surrounds the valve. The entire apparatus is enclcsed in an

insulating oven constructed from l-~inch maranite with appropriate open-

ings for the optical and electron heams. Thermocouples monitor cell and

reservoir temperatures. In operation the reservoir is maintained ap-

proximately 20°C cooler than the cell at all timcs to ensure that

13
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condensation of the Hg occurs only in the reservoir. It was originally

intended that the vapor pressure be deduced from the reservoir temperature,

but uncertainties about condensation at unexpected cool points in the sys-

tem led us to seek a direct pressure readout. This was accomplished by
adding a small capillary tubing from the bottom of the reservoir leading
to a Foxboro bourdon tube pressure gauge. The system was evucuated, and
the entire gauge, capillery, and reservoir system was filled with Hg.
Calibration of this system against a gas-filled gauge established its

accuracy to % 1% over the range from 0 to 200 psia.

When conducting tests, the cell is evacuated to the vapor pressure
of Hg, sealed off, and heated. Several square centimeters of titanium-
zirconium alloy (Oregon Metallurgical Corp., Albany, Oregon) present in
o H20, and other impu-
rities that may be present in the cell (no impurity spectra have been

the cell at all times act as a getter for N2, 0

observed in our studies to date).

The cell system and oven are enclosed in a wooden box lined with
1/4-inch lead sheet for protection from X-rays produced by the electron
beam pulse, as well as for confinement of possible Hg leaks. A blower
draws air from this box and expels it outside the building to reduce
the possibility of Hg vapor in the room air. Apertures in the box are
provided for the optical and electron beams. The test layout is shown

schematically in Figure 3 and photographically in Figure 4.

Spectroscopic measurements have been made using a Heath Model 700

grating monochromator, a Hilger 1/4-meter quartz prism spectrograph, and

a McPherson Model 216.5 1/2-meter grating spectrograph. Time-resolved
monochromatic measurements utilize an RCA 1P28 photomultiplier (PM) and
either a Tektronix Model 551 or a Hewlett Packard Model 183A oscillo-

scope, We have experienced some difficulty with nonlinearity and catura-

tion of the PM caused by large current pulses. It appears that this
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problem is eliminated by reducing the light intensity so that the maxi-
mum current is kept below Z mA. The noise signal produced by the 3-nsec
electron beam pulse is reduced by shielding the cables and PM from rf and
X-ray-induced signals and by operating the scopes in a shielded room.

The noise signal is still visible on the highest sensitivity scales but

is no longer than the beam pulse and has not become a problem.

Because of the large amount of data expected to be gathered in the

form of oscilloscope records, we have automated the data reduction pro-

cess insofar as possible. Polaroid photographs of the oscilloscope

traces are read on a digitizing instrument that records X,y coordinates

on either IBM cards or magnetic tape. These points for each case are

then used to produce computer-generated plots of any form desired. The

computer program is currently being upgraded to include least-squares

curve-fit routines for tho determination of various rates and time

constants.
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IV EXPERIMENTAL OBSERVATIONS

“anie ik

Introduction

R

The expected qualitative behavior of the Hg vapor was discussed in

o

th2 earlier sescion on the kinetic model. Since all statcs with eaer-

+
gies higher than that of the molecular ion, ng, are belleved to be

o A

rapidly quenched, we expect at the higher pressures to see atomic radia-
tion only irom atomic levels that can be fed hy Rez-tion (4), i.e.,
states that have energies of less than 8.6 eV. These include the 7S and
6P singlet and triplet states. We do ir fanrt observe strong radiation i
trom the 7°5  level (4047, 4358, and 5461 A) an¢ relatively much weaker

radiation from the 7‘80 level (4078 A). Radiation from 63D -6°P at

3126 and 3650 A ls strong at pressures below a few hundred torr. At

higher pressures, this radiation becomes much weaker, being several

orders of magnitude below the radiations from 73S. Since the 63D level

lies at 8.8 eV this confirms that associative ionization [Reaction (5)]

is occurring rapidly and is consistent with a molecular ion level of 8.6

eV. Radiation from the 6P levels to the ground state is completely

trapped and not observed.

The molecular state structure for ng is not well established, and

P

the identification of various bands with particular transitions is un-
certain, We are most interested in the continuum band centered near
5000 R, which presumably originates from the 30; level formed by 6!S +
6390 atomic states. A second continuum band centered around 3300 5 and
presumed to originate from the 31u level (6's + 63P1) is also well

known. In addition, Takeyama (see Rosen®) has identified as many as 12

band systems that cover the 3000 to 5400 5 wavelength range, and it is

not clear whether these systems are resolved parts of the two continua
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or whether they originate from bound-bound transiticas of upper molecu-

lar (or possibly ionic) levels.

In our experiments to date we have mezasured as a “unction of Hg
pressure the time-resolved emissions at 4358 5 as representative of the
atomic 78381 level, and at 4570 and 3300 K as represaivative of the two
molecular continua. These experiments cover the pressu.e range from
approximately 1 to 10 atm. Wc have also done a limited number of ab-
sorption experiuments using the 4047 X atomic Hg line in an gttempt to
deduce the 63Po population history. In addition, we have taken photo-
graphic spectra over the range from approximately 2500 to 6000 5 to
determine the overall features of the radiation. The results of these

experiments are discussed in the following paragraphs.

Atomic Spectra

As noted above, at high pressures significant atomic spectra were
observed only from the 7381 state, implying that atoms in higher states
are quenched rapidly through Reactions (4) and (5). Characteristic time-
resolved emission histories at 4358 A for three different pressures are
shown in Figure 5. At the lowest pressure of 1 torr where collision
processes are slow (Figure 5a) ihe emission decays exponentially with the
30-40 nsec lifetime characteristic of the 73S1 state. At an intermedi-
ate pressure of 250 torr (Figure 5b), the emission initially decays ex-
ponentially due tn 7S states directly populated by the electron pulse,
but then rises to a second s»ximum due to funneling of excitation energy
into the 7S levels from ion recombination. For the highest pressure case
of 7700 torr (Figure 5c), th: production of 7S states by ion recombina-
tion is very fast and is not distinguishable from the direct excitation.
The rate of decay of the 7381 level is now increased because the rate
of molecular formation has become comparable with the radiative decay
rate.
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{a) 1 torr, 50 nsec/cm

SA-1925-9

FIGURE 5 TIME HiSTORIES OF 4358A

RADIATION FROM Hg
FOLLOWING 3 nsec
EXCITATION PULSE
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The peak intensity of the 4358 K radiation shown in Figure 5 in-

creases with increasing pressure, but rapid depletion of the 73S state
causes the integrated atomic radistion intensity to decrease with in-

creasing pressure above several atm. This is also shown in micro-

densitometer traces of photographic spectra which are presented below.

We tried to monitor the population of the 63P levels by the absorp-
tion of line radiatior from an external source of mercury light. Ob-
servation of the time dependence of these populations as a function of

*
pressure couid provide rate constants for Hg_ formation from these

states. We used an intense, dc, mercury arc as the source of line radia-

tion and the McPherson monochromator as a filter and detector. We ob-

served no absorption at any pressure. The beam excited radiation from

the 73S states was initially much larger than the intensity of the dc
arc, so that absorption could have been seen only at times later than

the decay of the light produced by the beam pulse. The decay of this

light was a function of pressure (Figure 5) so that the absorption ob-
servations were limited to times t > 5 pysec at 1 atm decreasing to

t > 100 nsec at 10 atm.

We estimate that a 63P population of 1013/cm® would have been

readily observable, s¢ that a negative result places sone definite limits
*

+*
on Hg2 formation. Eithex ng is fomed from states other than the 63P

atomic states and very little c=~:.gy even reaches these levels, or the
*

Hg2 formation rate from the §3P states is at least as fast as the reac-

E

3

2
<

tion depleting the 73S level, which is also assumed to ve molecular

**
formation to ng . Measurements of molecular state population will help

to resolve this,

Liolecular Spectra

8. A AR e o e

»

in ouy molecular spectrum studies to date, we have councentrated on

LIV

T

the continuum near 4800 3 as the region of greatest interest for Hg
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laser studies. Mic.ndensitometer traces of typical photographic spectra

taken with the McPherson grating instrument at three different pressures

are presented in Figure 6 (each spectrum was exposed for five febetron

pulses, and the vertical scale is shifted for each trace)ﬂ, These spectra ‘
cover the 4009 to 5000 3 range, with essentially linear dispersion. The

major features to note are: ' . ' '

(1) The band extends from 3900 to 4900 A, with the peak

FRResGr Y 97

intensity around 4570 A.

. ' ' 1
(2) The width and shape of the band are essentially

AR S
PR SR i

independent of pressure, although thexre is 'some

flattening of the peak at higher pressures.

bt

(3) There is evidence of structure on the continuum ' '

at the lower pressures which disappears ¢* higher

L SN AT g A8

pressures. . !

(4) The 73S atomic radiation at 4047 and 4358 A decreases

in absolute intensity and relative to the molegular

radiation as the pressure increases above 1 atm,
1 ' i
Photographic spectra taken with the Hilger prism instrument, which
cover the range from 2500 to 6000 A, also show a continuuq over -the

wavelength range from 5100 to 6000 A with a peak in the vicinity of

oo MO o it "
(o S B T ?;quLM‘.r

5400 3, which is continuous with, but much weaker than, the 4500 A

continuum. Although instrument and fiim fesponéas have not been cali- '

brated, the 3300 A continuum is also observed to be very much weaker

than either of the two visible bands. The relative weakness of 3300 A

SRR i

radiation has been substantiated by photomultiplier measurements,

'

Prior observations of the ng continuum going back more than SQ

T

r

RS s B it

years led us to expect two broad bandsipeaking ﬁear 3300 K and 4850 R,

with radiation extending tp to 6400 having a secondary peak near

e ' 5200 A. Therefore we were surprised to find the main peak in our
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experiments to occur near 4570 3. Rosen's tahbles® revealed that Takeyama
had observed a molecular band that peaked near 4550 3, which may be the
same radiation that we observe. The band structure observed at lower

pressure, Figure 6a, has peaks that agree well with some of those listed

s D b i WSS R Ll

by Takeyama. These bands appear to quench or broaden as the pressure in-

WO g

creases without shifting the basic form of the observed radiation. We can
conclude only that electron beam excited ng spectra, ours and Takeyama's,
are distinctly different from those of prior observations, mostly excited
by 2537 R absorption. We are going to try to observe the ng states by
absorption measurements, using short, intense white light sources and
looking for absorptior »ards. Data of this type would be very helpful in
unscrambling the present state of confusion about the ng molecular

spectra.

We have tsken a large number of fime histories of emission at the

peak of the molecular continuum at 4570 5. A typical oscilloscope trace

FA ,5,h.lf...

is shown in Figure 7, and a semilog plot (of a different run) is shown
in Figure 8. These figures are typicsl of data taken over the pressure

range from 1 to 10 atm. Three points are noteworthy:

o
i e

{1) The rise time is very rapid, on the order of 10s of
nanoseconds.

(2) The duration of radiation is 10s of microseconds.

(3) The decay is nonexponential over the range of times

obgserved thus far.

These observations indicate that the molecular formation is very rapid

oy

and that the radiative lifetime of the molecular level is relatively

o

long.

o A s s

Analysig of Excimer Decay

We suggest that the nonexponential decay of the 4570 5 radiation is

*
caused by bi-excimer collisional deactivation of the ng level by

24
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TIME HISTORY OF MOLECULAR RADIATION
AT 4570A (PRESSURE = 5400 torr, 1 usec/cm)

25

o~

T ——ﬁ‘ =

b TSR

£
3




i o - ”
g },g.,}_&_‘éi_:;%%%i

1
1141

]

|
]

T
r
]

O
10 ) 2)

..
gl

T TTTT
’

-
L i1l

e iy

’
]

R e D e

4

gl

INTENSITY — arbitrary units
|
/

)

L R T
Rlas Ul Lt 1 )

/
L

) KR et

|

RERELERRRR

1
|

m i
M S ol

5 AL R F A St 1t

o1 1 1 1 1 1 L
9 5 10 15 20 28 30 35

t — pzec

SA-1925-11

FIGURE 8 SEMILOGARITHMIC PLOT OF TIME HISTORY OF MOLECULAR RADIATION
AT 4570A (PRESSURE = 5270 torr)

B R b s

26




G
LRt bt

e T

Reaction (10). If this is the dominant reaction taking place, the rate

equation is simply
*

E

i —k(N*)’-’ , (11)

* *
where N 1is the population of ng, which has the solution

1 1
—~ = —x +kt . (12)

N N
o

Since the intensity is directly proportional to N*, a plot of l/I versus
t should produce a linear curve. Two such plots are presented in Figure 9
for two different pressures. The curves are linear for at least 10 psec,
and both curves have the same slope representative of the rate constant k,

strongly supporting the above hypothesis.

If we also include spontaneous emission in the rate equation, it

becomes
* *
= -k(N )% ~ AN (13)

where A is the radiative transition probability. This has the solution

* * \ *
N kN kN

0 (o] at )

* = A + 1) € - \ » (14)
N

which describes the decay as it becomes dominated by the radiative term.
In Figure 8, the data of Figuve 9 at 5270 torr are shown, together with

a curve representing Equation (14) with the parameters kN: = 1 % 10° /sec
and A = 5 x 10*/sec. The excellent fit of the curve to these data gives
considerable confidence to the interpretation and to the parameters de-
rived from the data. However, it must be emphasized that these parameters
are based on very limited data and that further data need to be analyzed

to confirm these results.
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FIGURE 9 PLOT OF INVERSE OF INTENSITY VERSUS TIME FOR MOLECULAR
RADIATION AT 4570A
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We cannot evaluate the rate k without a knowledge ot the initial

density N:. If we assume N: is 107 /cm®, then K = 10~'! cm?®/sec, which
is a very reasonable value for a reaction between two excited molecules.
From our estimate of the energy deposition by the electrons, we obtained
an initial density of 6 x 10'7/cm®, but it is expected that this popula-
tion will be reduced by electron deactivation, which will be important
initially while the electron density is high. We cannot evaluate the
electron deactivation processes to obtain a realistic estimate of NZ,
because neither the electron densities nor the deactivation rate con-
stants are known. We intend in the near future to determine the ex-
cimer density from a measurement of the absolute emission intensity,
since the transition probability is now known. We also plan to measure

the electron density as a function of time following the excitation

pulse to evaluate the electron deactivation.

An understanding of the problems described above is essential to
a corplete evaluation of the lasing possibilities of the Hg continuum
band. We now have sufficient information, however, to calculate the
density of excimers required to provide a given gain at 4570 5. The

optical gain equation is

A3 A *
8o o AFHgZ] , (15)

where A\ is band halfwidth, which in this case is about 600 5, and A
is the transition probability for which we use our measured value of

, *
5 % 10‘/sec. To obtain a gain of 107%/cm requires a ng concentration

of 2 x 1017 /cm®.

As indicated in the discussion above, a density of this order
appears possible and may even be attained with our Febetron source, but
a more definitive evaluation of the possil ilities fo. an Hg association

laser will have to await further measurcments.
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V CONCLUSIONS

We have described a model of the kinetic processes occurring in a
high-pressure Hg gas excited by an electron pulse, as well as an ex-
perimental program undertaken to determir.e some of the many unknown rate

constants and transition probabilities of the processes entailed. The

experimental program has recently yielded considerable data which have :
been evaluated only qualitatively at present, but two important results

have been obtained from them, The first is a radiative lifetime of 20

microsec for the molecular radiation at 4570 5, and the second is that

at high densities the molecules are deactivated due to bi-excimer col~-

lisions. Photographic spectra also indicate that for our experimental

conditions the main continuum spectral band has a half-width of approxi-

[
mately 600 A centered near 4570 A.

Our results are not yet sufficiently detailed to allow a definitive
evaluation of ng as a laser medium. Howgver, we can determine the
optical gain to be 5 x 10729/cm for each excited molecule/cm?®, or

0.01/cm for 2 x 1017 molecules/cm®. Additional measurements and cal-

culations are continuing to determine the feasibility of achieving

excited molecule populations of this magnitude. :
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Appendix A July, 1972

MOLECULAR FORMATION IN ELECTRON-EXCITED
HIGH PRESSURE RARE GASES

by

D. C. Lorents
Stanford Research Institute

Introduction

Basov! suggested in 1961 that stimulated emission in the uv range
might be realized by utilizing the well known continuum emission from
inert liquids and solids excited by energetic charged particles. Since
then, he and his coworkers have reported observations of stimulated
emission in the 1700 to 1800 5 range in liquid Xe.? More recently,

Koehler et al.® reported strong evidence of stimulated emission in high

pressure, electron-excited gaseous Xe., Luminescence of inert gases and

liquids excited by electrons has been studied in several laboratories,
and surprisingly high energy conversion efficiencies have been reported.3~%
These observations point to a very real possibility for designing practi-

cal and efficient uv lasers using inert gases excited by high energy

electrons.,

The energy deposited by a fast electron stopped in a high pressure
inert gas initially creates ions and electrons and excited atoms.
Through rapid recombination processes, the ions and elsctrons are trans-

formed to excited atoms, which associate with ground state atoms to form

excited molecules. At high densities, these molecules rapidly relax to

the lowest stable excited state, where they are trapped until they radiate
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to the ground state. Since the minima in the potentials of the excited
molecules lie at internuclear separations where the ground state is
sirongly repulsive, the molecules dissociate immediately tpon radiating,
and no appreciable ground state population of molecules can exist, Molec~
ular gtate structure of this type is characteristic of van der Waals
molecules and should make possible the operation of a new class of lasers

based ca their unique properties.

Structure of Inert Gas Molecules

Van der Waals molecules are formed from atoms with closed shells,
but the interaction between these atoms in the ground state is basically
repulsive, except for a very weak attractive interaction at large separa-
tions. If one of the atom: is excited, however, the character of the
interaction changes, and rather strongly bonding states can result, hav-
ing equilibrium separations much smaller than that of the ground state.
Except for He, the excited state structure of the molecules is not well
established, but Mulliken® has constructed a set of estimated potential
curves for the lower excited states of Xe_. Xe2 absorption measurements?

2
confirm these curves for internuclear separations larger than the ex-

cited state minima. The molecular structure of Kr and Ar_are similar

to that of Xez, as confirmed® by absorption measurements in Ar_. The
3_+ 1_+

lowest pair of bound excited states of Xe2 are the a ZL and A Zh, formed

1
respectively from the association of a ground state So atom with an

3 3
excited P2 or a P1 atom. Direct evidence for identification of the
1700 K band in Xe2 with the A-X transition has been established by the

3
observatiion that Xe optically pumped to the P1 state at high pressures

G i s bR i 8 ) ¢

fluoresces at 1700 £.,°

Emission spectra from the inert gases have been observed in dis-
charges at low pressures and at high pressures excited by electron and

ion beams. Above 10 atm, the only observed emission is the single uv

o 4 280
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band corresponding to the a-X and A-X transitions. At these pressures,
molecules formed in upper excited states are evidently rapidly quenched
to the lowest excited states by collisions. The quenching mechanism is
suggested in the potential energy diagram for Xez, which shows several
possible curve crossings that permit radiationless transitions between
states and 7ovide a means for lowering the level of excitation. How-
ever, it is important to note that no curve crossings with the ground
state occur, so that quenching to the ground state by atom collisions

is very improbable.

Electron Energy Deposition

The efficiency of conversion of energy from the electrons to radia-
tion in the molecular band is evaluated from the ratio of the mean energy
of the emission band to the mean level of initial excitation. This
estimate is easily made in Ar, where the energy deposition preccesses by
electrons have been analyzed in detail.!® The similarities in energy
level structure of the rare gases Ar, Kr, and Xe, together with the
similarities in vhe excitation cross sections, permit the assumption that
the partitioning of energy among ions, excited states, and secondary
electrons in Kr and Xe will be close to that of Ar. Using the known
energy loss per ion pair, W, which can be related through the equation

n
E ex
W =';— = ei * ese + n eex
i i

to the mean excitation energy, €ox’ the ionization potential, € and
the mean secondary electron energy ese’ we can calculate nex/ni’ the
ratio of excited atoms to ions produced by the electron. The effi-
ciency, R, of producing molecular radiaticn by high energy electron
bombardment can then be calculated by assuming complete recombination

and mclecular association:
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where h%m is the mean energy of the molecular radiation. The results

are tabulated in Table A-l.

Table A-1l

EFFICIENCY OF PRODUCING MOLECULAR RADIATION
BY HIGH ENERGY ELECTRON BOMBARDMENT

€ € € w L n +n R
i ex se v ex i

(ev) (ev) (ev) (ev) (ev) (percent) (percent)

Ar 15.7 13.2 6.9 26.2 10 7% 53%
Kr 14.0 11,6 6.1 24,3 8.7 174 52
Xe 12,1 9,8 5.3 21.9 7.5 69 54

R represents the total radiative efficiency of the molecular
ba. ds under high pressure conditions, provided the molecules are not de-
activated by other processes, Deactivation by collisions with slow
electrons could be important at high electron densities. Thus, R

should be regarded as an upper limit to the efficiency that can be ex-

é ,é pected in these gases. Measurements in Ar at 400 torr excited by 4 MeV
protons yielded a 29% efficiency;? Koehler et al,?® found the efficiency

in Xe at 250 psi to lie between 12 and 25%.

e e ha SR

g
o

. o een . . - y F1Y W g5 A A W s e b Pl o N i o S v . SR T s \ . X i 8 i
m&mw&wm‘ﬁ%ﬂm%h;w«;ﬁm«um%muumuw i 1Y ean 44 Gy & it 2 e s G LB s ST o VAot ot 5 Yon, sy waaduats S R *&*mﬁﬁ e W

ik

3,
5 J

£




L et s e s

it

Lo g A

iy

Tl

iy
A

Reaction Rates

To attain high efficiency, it is necessary that the recombination
and relaxation processes'be rapid enough to‘populape the active state
before appreciable spontaneous radiation occurs. The molecular formation
is controlled by two sets of important recombination and associative

processes, described by the following simplified set of 'reactions:

1 \
i

+ + N !
A+ 2A — A, +A , 1(a)
+ ' * . H
Az +e A +A4 ! 1(b)
* *3 : ' '
A +2A ~ A2 +A ‘ 2(a)
Az + A —"Az +A | 2(b) %

1

where the asterisk indicates electronic excitation and the double dagger

wo o Wk 7

indicates vibrational excitation. Rate constants for ﬁost of these reac-

Aol |y W

tions in the inert gasesa are known .or can be gstihated reasonably w?ll.

Because of the three-body collisions involved, high pressures are needed é

to obtain suffiéiently rapid rates. The spontaneous radiative lifetimes } :
i . i

of these molecules are not well established, but Koehler et al.3 obtained i
a lifetime of 20 ns for Xe,, whereas a 2.8 ys lifetime is reported*? for ' o4
'

Arzo ' . . ) | H

The rates for the three-body ion association, Reaction l(a), are

. . o+ !
reasonably well established’? and indicate that at 10 atm the A, forina- :

a1

tion time is about 0.1 nsec. We can therefore expect that a major
electron-ion recombination process will. be dissotiative recombination,

If the electron concentration becomes sufficiently high and they gré
rapidly thermalized, however, dielectronic recmmbination (A+ + 2e - A*:+ e)

can be important. The electrons start with a mean energy.of several eV

|
and cool rapidly (cooling time ~ 2 to 3 nsgc)‘s by momentum transfer col-
sision with ground ‘state atoms to an energy on the order of 1 eV. At

A~5
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this energy, the electron cooling rate becomes slow because of the deep
minimum in the cross section near 0.5 eV. At temperatures above 0.5 eV,
the dissociative mechanism clearly dominates the recombination for the

% electron densities expected in this case.* For example at an electron

1 3
density of 10 6/cm , the dissociative recombination time for 1 eV elec-

trons in Ar is 1 nsec.

Formation of the excited molecules occurs by three-body associative
% ' reactions of an excited atom and two ground state atoms. Atom-atom de-

activation processes for the lowest excited states in Ar!5 and Kr!® are

slower than the three-body rates for association at 10 atm. Thus, the newly

formed molecules will be found in various electronic levels and will also

be highly excited vibrationally, An important consideration that then

4 arises is, by what mechanisms and how rapidly this electronic and vibra-

it ol 2

tional excitation relaxes to the lowest excited state, In symmetric sys-

TGl

tems, a vibrationally excited molecule in a cold gas of atoms will rapidly

be cooled to the ambi¢»t level by atom-atom exchange collisions, as in the

ik

»

case of liquids.!? The electronic relaxation can occur by means of curve

crossing interactions between attractive states and repulsive states that

o ;
HHETRARAY b

allow the excitation to flowdown to the lowest excited atom states. These

heh S Y

| predissociative types of reactions will occur most probably when the mole-
‘ _ cule is in a vibrational level near the crossing point, but they may also
be triggered by the perturbation of a collision. This relaxation is evi-

dently very rapid, since the emission band becomes independent of pressure

above a few atmospheres.

The formation times for three~body associative reactions from the

metastable levels in Ar, Kr, and Xe at 10 atm are in the range of 0.2 to

2 nsec. The relaxation rates are not known, but the formation times for

\ : Xe2 indicate extremely rapid relaxation (at 10 atm the formation plus

relaxation time is < 2 nsec), Koehler et al.® observe the formation rate

et i ity A A

A-6

PRI - LR e L et i




to be proportional to pressure to the 1.7 power, indicating a probable
two-step process of three-body association, followed by two-body relaxa-
tion. Such a process is also indicated by Thonnard and Hurst's measure-

ments in Ar,1?

We have solved the rate equations for Reactions (1) and (2) to de-
termine the time-dependent concentrations of ions, excited atoms, and
molecules, The excitation pulse is characteristic of that used in the
experiments of Koehler et al. (2000 A/cm2 at 0.5 MeV, 2 nsec pulse) and

15 -3 -1 -1
is estimated to produce ions at the rate of 2 x 10  c¢cm nsec atm

- -

14 -1
and excited atoms at the rate of 8 x 10 cm nsec atm . The results

of this simple model for Xe are shown in Figure A-1 at 40 and 165 psi,

together with the data of Koehler et al. These curves clearly indicate

A

the strong pressure dependence in the decay rates of ions und excited

atoms and in the buildup of molecules. The emission decay rate is constant

for all pressures up to 115 psi, and the clear increase in the observed

.o Ve e,

rate of decay of the emission at 165 psi is evidently due to superradiance. '
Since the electron densities at the two pressures shown in Figure A~l are
identical after 5 nsec, the increased molecular decay rate cannot be due ‘

E to an increased electron deactivation rate., A simple computation of the

i

single pass gain for an estimated 2 cm path length through Xe at 165 psi

1 3
with an excited state density of 5 x 10 6 em  gives nearly unity, clearly ;

(LA R

a superradiant condition.
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CALCULATED TIME DEPENDENT DENSITIES OF Xe', Xej, Xe* AND

AT 40 psi (LOWER CURVES) AND 165 psi (UPPER CURVES)
The rate coefficients used in these calculatlons were k(la) = 3 x 1040
cmB/nsec, k(1b) = 1.8 x 1078 cm3/nsec, k{2a) = 1 x 104° cm8/nsec,
k{2b) = oo, Radiative decay rate = & x 10"2/nsec. The solid points are
from the data of Koehfer et al. normalized to the Xe.:, density.
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Appendix B

ELECTRON IMPACT CROSS SECTIONS FOR THE ELEMENT MERCURY

by

J. M. Bass, R. A. Berg, A. E. S. Green

Introduction

Recent interest in the element mercury for use in an electronically
pumped laser has stimulate. interest in having a reasonably complete set

of electron impact crogs sections for this element. The approach in this

work is to treat the available experimental data in a s« iempirical man-

ner which should allow us to extrapolate from regions in which data are
relatively plentiful to those in which they are rare or nonexistent.

This basic approach has been applied to a number of gases important in

upper atmospheric physics.!”™7 Most recently the approach has been used on

argon by Peterson and Allen® starting from the Born approximation for an

electron scattering from an atom.

For laser applications, knowledge of the secondary electron spectrum

and its efficiency for regulating various excited levels is of great im-

portance. For this type of analysis, if only the relative populations of

the various excited states following the degradation of the energy content
of the incident beam are of interest and not the spatial distributions,
one needs only the cross sections oj(E) for exciting state j and the

differential cross sections dci(E,T)/dT for creating an ion in the state i

and ejecting a secondary electron of energy T. We will construct simple

but reasonable functional representations of these cross sections from
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available data, using these data as a constraint to determine the param-
eters in the functional representations. Once we have this set of cross
sections, we can easily calculate quantities such as the loss function
L(E); the ionization yield J(E) or, equivalently, the mean energy to

create an ion pair (eV/ion pair); and the excited state populations.,

Structure of Mercury

The atomic number of Hg is 80. Its ground state electronic config-

uration is

1522522pf33523p®3d1°%4524p84d? %4 £145525p85d1 %652 1so .

It is thus an example of a two-valence electron heavy element. As such,
it is difficult to treat theoretically with accuracy. Russell-Saunders
coupling breaks down for Hg because of a nonvanishing spin-orbit interac-
tion producing states that are not pure L-S states but singlet-triplet
mixtures that allow transitions that normally would be forbidden. 1In
addition, there is an inversion of the singlet-triplet energy levels for

D states of the atom. This may be due to configuration interaction or spin-
other orbit interactions or both. Hg also has another energy level series
which was observed by Beutler.? This series is caused by promotion of an
electron from the 5d subshell instead of the 6s outer subshell. Most of
the energy levels in this series lie above the first ionization limit of
10.4 eV allowing auto-ionization of Hg to take place. Figure B-1 is an
energy level diagram of the excited states of Hg caused by the transition
of one of the 6s electrons. The values of these energy levels have been
taken irom Moore's!® tables and we use the same notation. We note that

if the L-S coupling scheme were good for Hg, the Landé interval rule would

hold and level structure such as the 7p levels would not be observed.
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Discrete Excitation Cross Sections: Helium Rules

We represent our discrete cross sections by the analytical form

o =5 b (1) TR 2

where q = 6.514x10"*4cm2.eV2, W is the excitation energy; c s 8, v, and H
() are fitting parameters for allowed transitions; and fo is the optical i

oscillator strength. Since mercury has the same ground state configura-

L ey

{ : tion as helium (82 outer shell), we expect the cross sections to exhibit

gimilarities. Therefore, we adopt as a first approximation for mercury

b 0 by e

cross sections the same parameter values as for helium, except for the

[P

strength parameters fo and the excitation energies W.

Measurements of helium cross sections have been collected and re-
ported by Jusick et al.? These cross sections have been fitted to

Equation (l). To determine strength parameters fo’ we have computed )

1 the generalized oscillator strengths f(x) following Ganas and Green,??! :
B These were computed using one-electron wave functions generated by the

- analytic potential of Green, Sellin, and Zachor,!!

E V(r) = [Ny-21/r; y—-—l-():l-[(er/d—l)ﬂ-l]'l , (2)

where Z = 80, N = Z-1, and H a2ud d are adjustable parameters. The

et ¥ W R T e e g

‘ parameter values, determined by fitting the potential to Moore's energy

i levels,!®averaged over fine structure, were
H=3.5271 ; d=.65547 . (3)

For allowed transitions (6s — np), f(x) is the optical oscillator

g AU

strength £ ax x = 0, while for forbidden transitioas (6s — ns or nd),

B-4
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f(x)/x approaches a constant @o. We thus fit fQ and Qo to the expres-

sions;
* *
fo Qo
f = H = e— .
o~ (w57 ' % (n-5)3 (4)

The parameter fo for forbidden singlet cross iections was determined by
using the same expression for the allowed cross sections (first of the
ahove expressions) but with the quantum defect § appropriate to the
forbidden cross sections (determined by second expression). For triplet
cross sections, we used the same fo parameter values as for the cor-
responding singlets. Excitation energies were taken from Moore's

tables.!® Final parameter values are given in Table B-l.

Table B-1

DISCRETE EXCITATION CROSS SECTION
PARAMETERS FOR MERCURY

*

State B v Q fo co
ns!s 2.0 1.0 .75 . 02730
np!P 1.0 3.0 .75 . 07290
nd?D 1.0 1.0 1.00 . 00455
ns3s 1.0 2.0 4.00 .10500
np3p 1.0 2.0 3.00 . 06900
nd3D 1.0 1.0 2,50 . 01360
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Ionization Cross Sectiors

The ionization spectrum of Hg is not well known, since very few

angular cross sections are available experimentally. For the purposes

of a degradation study of the type that we want to do, however, angular

data are not necessary. We do need the so-called doubly differential

cross section S(E,T) which is a function of both the incident electron

energy E and the energy loss of the ejected electron T. This quantity

unfortunately also has not been reported experimentally. A number of

experimenters have measured the gross ionization cross section, among

them Compton and Van Voorhis,!? T. J. Jones,!® W, Bleakney,!% p, T.

Smith,?® J. W. Liska,!® and more recently H. Harrison.!? The results
of most of them have also been reported in a review article by Kieffer

and Dunn, 18

As a result of previous work on the subject of ionization, the fol-

lowing functional form has been found as a reasonable approximation to
s(e,T)??

S(E:T) = A(E) [T-TO{éE):%zH'(E)z ) (5)

where

- -16 25 E
A(E) = 10 cm Ezn(J)

b (6)
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The constants in these equations are to be given by fits to experimental
data.

The form for S(E,T) has the favorable property that it can be
analytically integrated over T, thus giving the total ionization cross

section oi(E)' This results in a total ionization cross section given

by

o,(E) = ar(tan™'(T -1 )/T+tan™(T_/T)] , (7)

where T = 2 (E - 1), and I is the ionization threshold. We have done
a nonlinear least squares fit of this functi.n to the gross ionization

cross sections, treating the constants as parameters, to obtain the

function S(E,T).

Since there was considerable spread in the reported values of
gross ionization cross sections, we have taken the data oi Bieakney!?
as an upper limit and those of Smith!S and Liskal® as a lower limit.

Table B-2 has the parameter values obtained from these two fits. Figure

B-2 shows the data and our fits to them.

Table B-2

PARAMETERS FOR FITS TO MERCURY
IONIZATION CROSS SECTIONS

Smith!S-Ligkal® Bleakney!?
K 6.899 12.775
J(ev) 5.180 2.396
rs(ev) 7.805 22.697
rb(ev) -6.680 -6,680
'rs(ev) -8.830 -8.830
'ra(ev) 1G00. 000 | 1000. 000
'rb( ev) 10.434 10.434
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Energy Deposition

Once a complete set of electron impact cross sections is known, it
is possible to carry out an energy deposition analysis in which we
determine the energy deposited in various excitations (or, equivalently,
the number of such excitations) as a result of the complete degradation
of an electron with given initial energy. To do this, we first calcu-

late the loss function

L(E) = -

B
&8

s (8)

where n is the number density of the gas. The expression for L(E) in
terms of all the cross sections is given most recently by Peterson and

Allen® and will not be repeated here. We then calculate the secondary

spectrum,

E Si(E',T)
n(E,T) = ¥ TEY e’ |, (9)
i 'Lr«ni L(e

th
where I1 is the ionization threshold for the i ionization continuum
and S,(E’,T) is the differential cross section for production of second-
A

aries with energy T. Finally we may calculate the population of the

th
j excited state

E GJ(E') , (E-1))/2
GJ(E) = j‘w IET dE’ + ‘!o Jj(T)n(E,T)dT s (10)
J

where Oj i. the excitation cross section for this state and Io is the
lowest ionization threshold., Here the first term represents the
contribution from the primary electron alone, while the second term

gives the contribution resulting from the secondaries produced by ioniza-

tion by the primsry.
B-9
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This analysis was first carried out using the "Helium'Rgles"dis—
crete excitation cross sectiun and both the SqitﬂELiska=and Bleakney
ionization cross sections. The loss functions an& eV/ion pair, WzE),
for these two cases are plotted in Figure B-3. We see tha? in 5oth
cases W1 at high energy is in good agreement witp the. experimental
result of 23.6 eV/iqn pair obtainecd by Jesse.?°

In Figure B-4 we plot the efficiencieés ' ‘

W,
e, (€) =44 (11)

H

for depositing energy in various discrete excited states. Of consider-
able interest for laser applications is the 63P state, since atoms in

this state may combine with atoms in the ground state to form stable

diatomic molecules.
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