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DE~ACTIVATION OF NEON METASTABLES BY H2
Thomas Marshall

Plasma Laboratory, Columbia University, New York, 10027, N.Y.

ABSTRACT

Measurements are repérted of the total cross section
for de-activation of neon 3Pz and‘?g (2,1‘3 S) retastables
by inelastic collisions with f&. Measurements were made by
applying the methods of resonance radiation absorption and
microwave diagnostics to the afterglow plasma following a
weak pulsed discharge in the mixture neon, lmm Hg + H2 = 1%.
The cross section for %% deactivation was found to increase
from 0.7xlo—“cm‘ at 300 % tol.ixll;" cm"® at €50°X. The cross
section for ionization of H2 by Ne metastable ’g collision
was 0§x /5“0"", and was compared against similar observations
for the neon-metastable + argon collision, The reaction
which converts neon metastable energy into H-‘(‘S‘JA)light has
been analyzed spectroscopically and forms a large fraction
of the total de-activating collisions of neon metastables by
52. These results are applied in.ﬁ discussion of the effects
that internal energy balance may have upon such polyatomic
collisions. Observations upon DC discharge plasmas have been
made and evidence collected to support and extend the above

Conclusions,
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I. INTRODUCTION

In recent years the problems associated with the storage
and release of energy by metastablesl, recombining atomsa,
and recombining ions® in active and afterglow gaseous plasmas
have received increasing attention. The situation with re-
gard to the long-lived neutral excited particles, which con-
stitute an "impurity", is particularly challenging in plasma
physics as (a) they may be present in the plasma in large
concentration by virtue of their long lifetime a.id neutrality,
(b) the means for detecting them is as yet semi-guantitative
and awkward to apply, and (c) these particles may release
their energy selectively to other constituents of the plasma
in a resonance process favored by appropriate energy balance
or quantum selection rules. As a practical matter, the oper-
ation of certain gaseous lasers depend on metastable-atom

4

collisions *’% for a partial contribution to the population

inversion of the radiating state.

We have therefore initiated a program of research direc-
ted toward understanding the production, decay, and utilization
of metastable atoms during and following a gaseous discharge
in neon and other noble gases. Phelps®, in an excellent paper,

has explored the processes effecting the removal of neon

I



metastables in a pure neon afterglow plasma of low electron
density, taking into consideration electron-metastable col-
lisions. Radiative and cumulative excitation processes ef-
fecting the production and decay of neon and helium metasta-
bles are currently under study in our laboratory. 1In this
paper, we shall study a metastable - "impurity" collision
which is especially effective in de-activating metastables
of neon by one process. The hydrogen impurity was selected
as it provides a physically interesting system for investi-
gating metastable-induced molecular dissociation in a "re-
sonance'" type energy transfer reaction. Owing to the com-
parative simplicity of HE’ it is hoped that a theoretical
investigation of particular aspects of this collision, cur-
rently in progress, will yield results of general applicabi-
lity o such reactions. The issues of "energy resonance" in

polyatomic collisions, viz., the concept that large inelastic

type cross sections between heavy particles result when little

internal energy is converted into kinetic energy, and the
applicability of selection laws such as the Wigner spin con-

servation rule, previously found to be partly valid in atomic

collisions®, bear further consideration in slow molecular col-

lisions. There is also the technical possibility that a

gaseous discharge laser using the neon-ﬂzndxturendght function

if the physics of metastable creation and destruction in




plasmas is better understood. Such a laser, which would
operate at the Hot wavelength (6563 A), would have a unique

research value,

II. PRINCIPLES OF THE Ne¥* - H2 REACTION

The first group of states above the neon ground state (‘3,)
ist2st Z.P‘ ) belong to the configuation 2?‘35 , and

consists of four closely spaced levels. The lowest of these,
designated Ne‘)ap‘) lies I4.42 ev above the 'S, state, and is
properly metastable; its lifetime in a system of the type we
shall describe is the diffustion lifetime. The level 0.052 ev
above the 3Pz , the ’P. , can radiate to the ground state by
lack of pure Russell-Saunders coupling, but such radiation is
self-absorbed within the plasma when the concentration of neon

3 1,7 The imprisonment lifetime of the Py

neutrals is ~I0 cm
'S, radiation (743 A) has been observed by Phelps to be about
25 usec in a long cylindrical tube of radius % cm at the
above concentration. The %f, state, 096 ev above ?F, , is
again metastable, but the 'F state, 0.23 ev above JP: , ra-
diates an allowed electric dipole photon (736 A) to the 'So :
again this photon is radiation-trapped. The natural lifetime
of the'ﬁ state is® I.?.'!'.éxl;q,qs,«whereas Shortley® estimates the

"P, lifetime should be roughly thirteen times as great, Mix-

£
ing of particles within the 2pJs configuraticn can occur b -
g Y Y



atomic and electronic collisions which may transfer energy |
~ kT to the struck particle, or by absorption of radiation.
Optical radiation, if present in high intensity, can mix the
2-P535 states by optical pumping to the ten levels of the
Zp’Jp configuration, followed by spontaneous emmission de-
cays, where each excited radiating level may branch among
the levels of the lower ZFSSS. Our experimental work has
shown that a population lou"ﬁmetastables per cm® may be
obtained following an active discharge; the populations of
thesP, and 3?, states were typically y;— %o of this, while no
population could be detected in the 'P. level, In fig. 1,
we show a schematic of the neon levels arranged by those of
the H2 molecule; we also give the names of the pertinant con-
figurations in Paschen notation and their approximate energy.
The level structure of Hy is displayed sketchily in Fig.
1 in view of the great complexity of the excited electronic
terms. Although good calculation have been made for the

. +  (10) .
molecular states of unexcited Hz ; the levels leading

to two ground state H atoms as Fr —¥» oo ) , and those leading
to H(n=)+ H(n= 1) 2 only experimental datal® have been col-
lected for the upper electronic levels. We have taken the
liberty of sketching a typical binding level for the system
which yields H(n:l)-r H(m as rr»e , but have omitted the vast com-
plexity of molecular states between that and H;f , which
states correspond to the dissociated atoms H+tH(n3é4) as

roe . The letter "n" refers to the principle quantum num-

ber in atomic hydrogen. The interesting feature of this system

M



is the excellent internal energy balance possible between the
neon ’f;_ metastable and the dissociated molecule H+ H('\=J),
which if we accepted the dissociation energy of 4,48 ev quoted
by Gaydon®%, should fall only .05 ev below that energy held in
the Ne*3pP,

Possible Ne* (metastable)—H2 reactions are summarized be-

low; we include the 360 states because of their significant

populations.

Neﬁ + HL (1)
Ne + H + H(n=3) (2)
ela Ne + ® + H(n:2) * 19ev (3)
M"{iﬁ'}*“* P Ne + M o+ M % e (%)
T Ne + H, + h» (5)

Ne'fH;——" + -
Ne +H, +e + 1O ev (6)

Reaction (1), elastic scattering, is very difficult to
measure in our experiments because of the inelastic reactions
(2)-(6), and indeed is unimportant for the loss of Ne* by dif-
fusion as (H2) will never exceed 2% of the neon concentration.
The inelastic reactions divide into two classes, according to
whether the hydrogen atoms separate or not. 1In reaction (3)
and (4) a large amount of internal energy must be converted
into kinetic enexrgy. Emission of photons will occur as a re-
sult of reactions (2) and (3); these will by the H& , L(yman)
oL and L ﬂ radiations of atomic hydrogen. With the exception
of considerable [« broadening due to the doppler effect in (3),
these lines should be unperturbed by the reaction since the

. . . -8 =t
time for molecular dissociation (~ ®¢/v ) is about /O'tlo,:ec

5



. C . -y =1 . .
whereas the time for photon emission is ~ /0 '~ID Sec in atomic

hydrogen.

A physical argument,’® commonly referenced for colliding
atomic systems, suggests which of the reactions (2), (3), or
(4) is most important. Suppose we regard the two systems col-
liding as being a classical oscillator disturbed by an impulse
force F(t). oOnly the Fourier components of F(t) near the os-
cillator frequency (W, = E‘.Ei‘) can force a disturbance. This
disturbance will be large if the period of impulse, the col-
lision time @/v , is much less than the natural period of the
oscillator. Thus little excitation results unless G/v <<2N/w.,

aAE/hv < 1. (7)
The only reaction for which even @aE/ly ~ 1
is that of (2); the other transitions require too great a con-
version of internal to kinetic energv of massive particles.
Since AE ¥ 0, we expect the transition probability of (2) to
increase with increasing relative velocity or gas temperature.
Evidence from atom-atom collisions has been edited by Massey
and Burhop"5 to establish that the increase of cross section

as AE ~» 0 is appreciable and depends strongly¥* on the close-

*Calculations by Stueckelberg (Helv. Phys. Acta 5, 370 (1932))
suggest that transfer of excitation between atomic systems is

h -
improbable for v-(%?, unless 4E = /07 ev.

(g



ness of energy balance. However, the author knows of no

similar evidence for polyatomic collisions.

Although we refer to (2) as a 'resonance reaction", this
term is customarily reserved for interactions where in addition
a radiating electric dipole transition connects the excited
state of each particle to the ground state. This restriction
is inapplicable to our work, and thus the energy of interaction
between the particles at large distance will be Short range
( =~ -6 ). As Bates points out,'® this assures that the
reaction will occur with a cross section which is at most gas-

kinetic.

Reactions (5) and (6) are associated, as they resemble
the physics of Auger transitions in atoms. In reaction (5),
the HE' de-activates by emission of one or more photons charac-
teristic of the excited molecule. The theory of the Auger
process’” predicts that the ionization of the light molecule
is*ﬂO‘ times as probable as radiation. Thus, the lifetime
for radiation beingv~l51 sec, we expect a lifetime for the
Auger ionization in H, to be ~/50 sec; hence this process is
strongly competitive with (2), the favored dissociation.

Reaction (6), a variation of the "Penning effect", has been

obgerved, i but our experiments have been unable to detect any
* T.F.Moran and L.Friedman (J. Chem. Phys.39 2491 (1963))

. + : C g
have found that the formation of MNeH + H is not significant.



molecular-hydrogen radiation from the upper electronic levels,
such as the transition ‘fd'za—*ZP'Z“, in neon-hydrogen after-

glows. This is seen to be consistent with the Auger theory.

IITI. EXPERIMENTAL METHODS

The disposition of typical experimental apparatus is
given in Fig. 2. Measurements of the total cross section for
de-excitation, given by the sum over reactions (2)-(6), were
made by observing the rate of decay of metastable concentra-
tion and/or Hea light intensity following terminafion of a
current pulse in the discharge tube, The latter was a glass
tube 1 cm ID, and the current pulse required to create the
plasma ranged from 10 - 50 ma for 50 -~ 150 usec; the gas pres-
sure was usually about one mm Hg. Small Tungsten wire electrodes
in the tube were inert to the hydrogen fill, and the data taken
on a given mixture of neon and hydrogen was the same from the
first current pulse o the last. A conventional outgassed
glass vacuum system where the background gas pressure was
~ IO.‘ mm Hg served for gas filling and mixing. Linde spec-

troscopically pure Ne, HQ’ A and Matheson D, from a lecture

2
bottle were used. Measurement of the minority gas concentra-
tion was made before introduction of the neon f£ill using an

RCA 1946 thermocouple gauge that was calibrated and frequently
compared against a McLeod gauge standard which, when used, was

isolated from the system by cold traps. Trace impurities

other than those introduced above will not influence the



results as the determinations did not rely in any way upon E
i

the type of heavy ion formed by the gaseous discharge.

Optical observations were made along an axial path in
the afterglow about 17 cm long with a Bausch & Lomb £/5
grating spectrometer and 6217 photomultiplier detector. The
low electron density in these experiments, Ne < 3x w“’ electrons/
cc at t € 50 usec in afterglow, was responsible for the lack
of electron-ion recombination light even if -ollected along
the long optical path. Electron concentration could be mea-
sured by passing the plasma through C-band waveguide (frequency
Wan = 4,200 mc) and determining the microwave impedance of the
system; at this frequency the plasma may be represented by a
low-loss dielectric constant € = |- w;/(“-’?*‘)n‘) , where wp‘/«)"
= qtrnge"/m and Y., the collision frequency for momentum
transfer of electrons with neutrals, is much less than®@.
These observations permitted us not only to fix the physical
conditions of the afterglow to our favor, but also allowed a
by Ne¥*

measure cf O , the cross section for ionization of H

2
according to reaction (6). We shall discuss both optical and

microwave diagnostics in detail below.

The neon oscillator strengths (f) for spectral lines
terminating on the 2f;3$ configuration were measured many
years ago by Ladenburg,:LB who used the method of anomalous

dispersion. This gave accurate relative f-numbers for the



lines; however, absolute values were obtained only after a
lengthy and less rigorous argument based on gas discharge
equilibria and the f-sum rule. He concluded that the oscil-
lator strength for the 2Py > ISy 6402A transition was 0.5%,3
More recently,'® further but similar experiments have shown
$=2 026 with 30 error, whereas W. Bennett found a lifetime
for the same transition closer to Ladenburg's result. In what
follows, we shall arbitrarily standardize on £=0.5 for the
6402A transition, but the choice of absolute value will seldom

introduce error into our work.

The oscillator strength is related to the spontaneous
-1
emission coefficient Aij= 'L:j by

T = e Sip Y (8)
Y A S T

where :Xois the wavelength of the radiation at the center of

the spectral line and the subscript 4 pertains to the upper

state. Application of the Einstein laws then shows that the

integral of the frequency-dependent absorption coefficient,

A& (V) , of the medium is

A 9 Ny 9'N‘) Al 9. N;
= — - Dy ) 20 I (9

the approximation applying when the density of particles in

the upper state, N is comparatively small. For the environ-

i
mental conditions of our experiment, the neon radiation and

absorption can be represented by a Doppler-broadened line
A = A,Mp‘f-’l(v—%ﬂlnz /Al&,f a ,L,uf_.n.‘ (10)

where A)), is the Doppler frequency width

A = Vel (AT Lna /M )2 | ()
10



and M 1is the mass of the radiator. This permits a cal-

culation for ko:
3 .
b= Z (,lnr-)Va_%_: 9« N,
= ap T o3 T (12)

We shall use a method discussed by Mitchell and ZemanskyZ2° for
determining Nj. Low intensity spectral radiation centered at

ﬂ, is produced by an external capillary lamp, and beamed
through the medium where Nj is to be determined from the beam

absorption. As the radiator and absorber are identical parti-

cles, one takes the lamp emissivity to be

E(v) = E,MP-(JL/&)L, (13)

where ot is the ratio of the emission line width to the absorp-
tion line width. High resolution examination of the neon spec-
tral lines emitted by a Cenco capillary lamp indeed showed the
lines had a Doppler profile, but as the emitting atoms are in

a plasma where fields may perturb the radiator, one cannot ex-
pect k=1 a priori. Measurements by Dixon and Grant2! and
Phelps® recommend a value of |.§ as the most satisfactory
choice; however, the nature of their data suggests that this
merely tends to relieve deficiencies in the theory, particularly

for large absorption, and is not necessarily indicative of the

true line shape in the lamp or its subsequent absorption.

The absorption of the lamp signal in a tube of length 4 is
) -t
Awy) = Joep-(am) L1 - epp-(ht ™ )] dn
*' = =

[:Cyfw(-m/c()‘ il
tables of which may be found in Appendix IV of reference 20.

) (14)

There was little difficulty in checking our observation against

these calculations; we calibrated several lines in neon ending
11



on the same state, but having different total absorption, to
check consistency. Changing spectral lines is particularly
useful when the absorption on a given line becomes high
(~50%), as the central region of the spectral line is most
sensitive to small changes in Nj and is the first region to

be saturated. Graphs presented in this paper record ab-
solute metastable concentration based upon Eq. (14) and
Ladenburg's f£=0.5 for the neon 6402A line. When diffusion
alone controls the loss of metastables which absorb the pro-
bing radiation, the profile of metastable density should be
J;(mﬂr/R). However, when H, is introduced in quantity, the
major loss mechanism is one of volume destruction, and a
uniform metastable density profile must result., Since the
absorption tube is long and the light beam was not collimated
to a cone angle better than 29, the experimental absorption
will yield the average of metastable density across the tube
diameter.

Measurements of electron density, chiefly used in the

determination of (; , were based upon calculations of Marcuvitz®?
for a dielectric post in a waveguide, If the ratio of collision

frequency to signal frequency #m /w << ], then
Wa ) - pPot 2
(%% ) = Pa'Sfard, (15)

where a 1is the effective radius of the plasma tube, b is
the dimension of the rectangular guide in which a TEOl mode
propagates, 2’. is the microwave wavelength inside the wave-
guide, and § is the shift in minimum of the standing waves

12



caused by introduction of the plasma. The plasma forms a
column parallel to the electric field in the guide such that
alb< /6 ;: the guide is shorted 7\,./‘{ behind the plasma and

the position of the standing wave minimum read on a slotted line.
The ratio 211’8/)3. is by assumption << 1, As the afterglow
plasmas utilized here were produced by a current pulse several
electron diffusion time constants long, a fundamental electron
density diffusion mode has been established in the J. (24 "/R)
distribution at t=osec in the afterglow; this should be main-
tained as the warm electron gas cools and diffuses at low den~
sity. Thus we have calculated that the effective plasma post
is about 2/3 the plasma diameter to average the electron dis-
tribution,

3, -
This microwave technique was employed for mwﬁlre‘>ne> lo'ocmj.

It was, however, necessary to measure electron density for n.<|o'°
in one instance. For this, a long (55cm) quartz discharge tube
was enclosed in a X~ band waveguide (w/zu' =9400mc) and the
electron density obtained by measuring the attenuation and

phase shift of the microwaves according to the methods of
Goldstein et al.?® If A4 is the microwave wavelength in the
plasma, and ¥ 1is the attenuation coefficient expressed in
nepers/m, then in MKS units the electron concentration may be

found from

& faentlasffeas = (S)[ ¢+ Gxag)-avag)] | (6)

13



where the electron distribution is to be averaged over the
transverse guide dimension in the integrals involving E?.
As before, we shall guote peak (axial) values for electron

concentration.

IV. FACTORS EFFECTING THE DECAY OF NEON METASTABLES

In what follows, we shall make the assumptions that the

neon states.ﬂmo(lpr35) will be converted to the 'So state
in the course of the afterglow by diffusion to the walls of
the discharge tube, radiation (3Ff = 'S. ), or coliision with
an H2 molecule. In view of the small radial dimension of the
tube, and the low (~Imm NS) gas pressure, de-activation by
three body collision involving two neutrals will be neglected.?
Metastable-metastable collisional de-activation of ®F  to the

'S, state can be ignored because of low metastable density,
The thermal electron density is also low in the afterglow,
but Phelps has found a large cross section(~l5wc~¢) for de-
activation of 3P, by &+ Ne(3P) > Ne (*%) + € . As much
more internal energy must be converted to kinetic energy to
de-activate the neon to the ground state, the cross section
should decrease, so we do not expect electron relaxation to be
seriously competitive with diffusion loss for Me £ 3x10° c»?’.
However, metastable-atom and -electron collisions can readily
cause an exchange of particles within the 2Pf3$ configuration,
Thus the equations governing the concentration M,R, and s for

the ’Bﬂﬂ, states will be coupled to each other as well as to

14



- —za.

the ground state 'ss (N). The diffusion frequency, which
we take to be the same for all states, is defined to he

D/ = 3000 sed! , where D = Iso _‘cr?:,lobtained by Phelps'

1 We retain his notation and simplifications

experiments.
wherever possible, define the loss frequencies Una—ﬁ/M ,etc,

and obtain

Ge= Opt+ aAN(I= RlaM) + Gu V(HL) +a'Adie (1-Ri'M) + b'Bre (1-ShmJaT)

Vg Ly +D/ + AN(1- 2MR) + R V(HL) + €60, (- S#R) + Aene (I- “IM/R)(ls)

Vs D/t + N(8+E) +0sV(H) + Bn(i-¥Mfs) + E.n (1- e’R/s) (19)

where JVrg 1is the imprisoned photon decay rate from the transi-
tion Ba's, (~4xi04 sec™) , and A, B, E are the de-excitation
processes for transitions JP,-'v’P; ) JP.-a'P.,,nnel '& -)P. either un-
subscripted (for atomic collisions) or subscripted "e" (for
electronic collisions). The letters a,b,e, refer to the cor-
responding ratios of excitation to de-excitation, and are
temperature dependent: for example, at 300° K, &= fixet

b= ‘/-7“(;3, e= S9xio T . The prime on a,b,e allows for
the fact that the electrons may have a warmer temperature than
the atoms. The de-activation rate of metastables colliding

with H, is 0O Vv (H) , where V is the average relative

2
volocity of approach. Table I shows a typical result of adding

H2 to the gas containing neon metastables.

15



As Phelps' work has shown that the atomic mixing factors
such as AN(I- ‘M/R)"‘ 5005¢‘:|“D/A“‘4;‘7{/!|),we may neglect them
in the early afterflow. Also, the decay rate in pure neon of
the J_& states is very nearly that of the more numerous
'P,_ states, so again we can neglect the mixing terms when
at least 1/2 % H, is added to the neon. On the other hand,
it is evident that the experimental decay time of the 'P,
state greatly exceeds ;' . We take this to be evi-
dence of electron-induced collision mixing of 3P, states
into the -’}3 population since the time constant determined
for electron ambipolar diffusion was also about 110 usec.
Providing we make all observations on M,R.S at early (t~ 10Ousec)
afterglow time, we are justified in replacing the complicated
set of Egs. (17-19) by
P = O/t + 0L, v (H)

(20)
Vi =% dea t Ta V(K) + neAe(i-a'MR) . (21)
ps ~ D/A‘ + 6;; V(Hl) ) (22)

where the omission of the term a'Aefle (/—k/a’ﬁ) from (20)
follows because M/R>>1 . Thus the determination of ¥Ug¢ is

very straightforward except in the case of Eq. (21), where

there is appreciable electron interference. Taking

and M/R = 6’G'=j-(for 1000° K electrons) with/b,=2mo'°cm.“‘ and
-6 3

Phelps' value Ae = [ SXi0 cem /J'Cé , one finds a contribution

of —3xlo",qp-tl'l"e sec’ for the third term in (21), where Te

is the time constant of electron decay. Thus at t=0, this

16
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term cancels most of Mr, and yields a slope of /01 sec”! P
which is observed. We therefore report only values for Ugu
and d}, . Although the former is responsible for most of
the energy transfer to HQ’ Oig is also of interest since it
is farther off-resonance, The simplifications introduced above

have little to do with the accuracy of the final results,

since (20-21) are phenomenological equations,

The most interesting reaction, (2), causes the population

of the n=3 hydrogen state to change according to

d HO=)dt = - HO=9/75, + GV HING 2R, (a3

where T;,. is the radiative lifetime of the n=3 Bohr state,
about 1078 sec,®* and 0; is the partial cross section for this
process only. Since Tj,. << (QVH,)-' , it is apparent that

the decay of the n=3 state follows that of M. Photons are
emitted at the LPp and H« frequency in comparable numbers,

at a rate given by =03 V (Hi) M (¢)

V. OBSERVATIONS

Typical oscilloscope tracings are shown in Fig. 3. The
decay of the concentration of a given metastable state was ob-
tained from a partly transmitted DC light signal propagated through
the length of the afterglow column. The decay of the H« 1light
shows a corresponding slope, as will be seen quantitatively in
in Fig. 4. This lengthy decay was not detected for any other

Balmer radiation nor was it found for neon transitions (Fig. 3d)

17
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which can be excited only by electronic bombardment. The rate
of fall of excitation light following the current pulse is
determined by a) direct radiative decay, b) radiative cascade
from upper levels, c) decay of very energetic electrons which
cause transitions from the ground state, and d) decay of moder-
ately energetic electrons ( 2 ev) which can excite radiating neon
states by cumulative excitation of the neon metastable. These
processes appear to be complete in 5 - 10 jisec, whereas the H&
light extends ten times as iong. No recombinatién light was
observed until the current pulse forming the afterglow was

~1 amp/cm?. A theory of recombination of the ion H- by Bates

25 predicts selective recombination at the H& fre-

and Lewis
quency; however, condensible impurities such as water vapor
were trapped out, and only these are believed to form such

negative ions in any quantity.Z2®

Further, if this were so, the
HoW light should fall with the time constant of the electron loss,
which .was not observed.

More guantitative data are given in Fig. 4., The decay of
the 'Pz states, which appears to be in good agreement with
Phelps'! results, was observed with two probing radiationg, the
5945 and 5882 A neon lines. The agreement of metastable con-
centration taken with the two lines is excellent. When hydrogen
is introduced, one sees that the decay rates of H« and the

3, nmetastables match. The decay constant for M(t) was

found to be inversely proportional to the hydrogen concentration

18



when (H2) was increased up to 2% of the neon concentration,
The temperature of the discharge tube and its surroundings
could be increased to 200°C by heater tape, and an addi-
tiocnal experiment with a hot cathode beam tube provided
experimental data at 650°K. The object of the beam tube
was to permit experimentation in surroundings where the
electron concentration was much lower ( ne ~ 3 X o' u.:.’ )
and where the excited states could be produced by less potential
than in the cold-cathode discharge. The very large thermionic
cathode was responsible for the high gas temperature, but apart
from this effect the behavior of the afterglow was the same as
in the cold-cathode tube.

In table II we summarize the results for fm and 0:, for
H2 and DE' Deuterium was included because its electronic
structure is very similar to HE’ significant differences ap-
pearing only in the population distribution and spacing of the
rotational states. One should ovserve that 1) the cross sec-
tion increases rapidly with T, 2) the deuterium cross section’
is somewhat larger than HQ, 3) the cross sections for the

3P, and 3P states are equal, at least within the experimental

error (about 25%). This latter fact casts some doubt on the
"resonance principle".

In view of the importance of reaction (2), we under-
took a separate but far less precise experiment to determine this

partial cross section by photon counting. The light decay of
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Hi was observed in a given volume of the afterglow with the
spectroscope (bandwidth ~20A) and photomultiplier, both of
which had been previously calibrated against a tungsten strip-
filament'lamp radiator placed in the same optical geometry.
Thus the first uncertainties lay in the calibration, where
detailed statements must be made about the emissivity of the
standard, the bandwidth of the spectroscope, and the accuracy of
the pyrometric method used to determine the standard's tempera-
ture. The second problem was to correct the measured photon
flux at the H« wavelength for the flux lost by unobserved
ultra-violet LP emission; to do this we made the assumptions
that a) the afterglow electrons are too cool to excite the
He« radiation or stark-mix the fine structure of n=3, and
b) the particles placed in the n=3 state by (2) are dis-
tributed in the fine structure levels according to statistical
weights. Finally, absolute concentrations of the colliding
particles must be known. Subject to these considerable uncer-
tainties, we found the partial cross section 0 ~ 'é X lo.‘rCM‘ s
with an estimated uncertainty of a factor of two. The value
of this observation is that now we may assert that (2) is
responsible for the lion's share of the energy transfer col-
lisions between Ne* and He.

Next, the fraction of O¢ which caused ionization of H,

was investigated; reaction (6) provides a continuing source
of ionization in the afterglow which offsets partly the dif-

fusion loss, and which may be measured with microwave techniques,

Kunkel?? has analyzed similar reactions for recombination con-
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trolled afterglows. Since diffusion predominates, the loss

of electrons is given by

drejip = - Nedo/p* + G V(H Ne'te (24)

where Da is the ambipolar diffusion coefficient and Ne*(t)=
N,..,ﬂ/.P-t/'TZ, is an empiracle equation governing the rate of
decrease of metastables in the presence of H_. This inte-

2
grates to

N VJ‘ NV TeTa ) -t
—¢/T; Nmo Vs Te Tm - r3 (T
‘["“ ] [Le T € ’ (25)

where Tg =z A"/D., T V(H;,) and Y v(H;) .

Equation (24) does not take into consideration the metastable-

ne lt) =

metastable impact ionization, which would introduce another
term into (25) varying as g¥p -2t/T,. Biondi's data®® shows
this effect when Ng, ~ lo1 c»?’ , whereas our data was collected
for WNg, ~ 10 - 10" o ; thus we are justified in
neglecting it, and indeed it was not observed in the decay of
electron density for the pure neon afterglow (Fig. 6). Note
that T, and T, can be obtained from experimental data, either
from optical absorption work or the decay of electron density

given above; since '7;> 7",“ , at large time only the term

Ae‘f/Tc is significant and extrapolation to t=0 can be
ch ".‘T‘.Tm

used to find ANg = —=———— ., This quantity may be used
(’rG‘T'.‘)
to deduce an independent value for IV.., only if the ioni-

zing reaction is the only way of deactivating the metastables;

21
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as this was not the situation in our experiments with Hz, an
independent optical absorption measurement of Ahu was re-

quired to find J; . Note Eq. (25) possesses a maximum at time
t! = E.E‘:. 8
=7 Ly 834, (26)

where A pertains to the contents of the first bracket of (25)

Y_ -3

/ = ~
and B to the second. When (H,)~1Skw0 ‘cam ", Tm~SoMiec and

Te ~ Ioe/iftc in our equipment.

In employing Eq. (25), one tacitly assumes that the volume
process of metastable-induced ionization is a perturbation upon
the diffusion-controlled electron density distribution. Al-
though the electron density is diffusion controlled at t = O,
the metastable~molecule collisions will build up the electron
density profile near the walls in the early afterglow if
&Ne ~ Neo ., However, An, is obtained operationally by ex-

trapolation from a time t>>?; , when the metastable ioniza-

tion process has become very small., Thus A4MNe really depends ;
on these two times only, when in each case the electron dis-~
tribution is in the diffusion mode, and has been properly

determined by the microwave interaction method given in Sec-

tion III.

Because of the difficulty in measuring ANmoe accurately,

we decided to try the analysis first on the Penning reaction
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Nel(P)+ A — Ne + AT+ e + 016 ev, (27)

where the ionization cross section can be measured in a way

not depending on the absolute value of Nmo. 1In this reac-
tion there is little doubt that the ionization cross section
should dominate the de-excitation collisions because the in-
ternal energy balance for the states of argon below the ioni-
zation limit is poor, and would require a large conversion of

internal energy into heavy particle kinetic energy.

From inspection of the neon metastable decay rate de-
termined by optical absorption methods in the mixture 10 p
argon + 1 mm Hg neon, an ionization cross section of 0}(”‘:’14) =
leo_(‘cmz' was determined. The effects of the ionizing
source in the early afterglow were then found (Fig. 5) in this
mixture as described by Eq. (25). The neon metastable decay
law Ne* = NmoWP't/“}WCC, NM(FZ"‘“)wc*“:3 was obtained in the |
previous determination of 0 (Nc,", A) ; the absolute concentra-

tion AN obtained from Fig. 5 then gave O'C(Ne_t A) = {xtﬂ“'ml s

with relatively low precision (ﬁ:407‘,) because the difference
Te-Tm ~ IS/uSu_ was accidentally small and depended upon
the separate accuracies of the electron and metastable decay
graphs. Nevertheless, the good agreement between the two

methods of calculating ¢ (Mef,A) for this reaction provides

some indirect justification for accepting the neon oscillator

strength ’f"vof o5 upon which the measurements of /o Were
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founded. The cross section determined by the two independent

methods described lies far below that found by Kruitof and
—‘ .
Druyvesteyn?® (Lqu)SCML ), above that found by Bondi?®
=6 '
(2.6x 10 CW&) and Phelps and Molnar, ®° but in good agreement ?

with the value of Schut and Smit®' (€.7x16'Ccn® ),

Initial attempts to measure O} (Akf,ﬂ;) using the same
apparatus met with limited success, as the ionization cross
section in the neon—H2 mixture was about an order of magnitude
smaller than that of the neon-argon mixture. We>did, however,
note that the concentration of neon metastables in the after-
glow was nearly independent of the current pulse when the cur-
rent exceeded ~ 15 ma, while the electron density increased
linearly with current. Therefore, the metastable ionizing
effects were made apparent by decreasing the DC pulse excita-
tion and afterglow electron density. The post technique de-
scribed in Section III was then no longer adequately sensitive,
hence a new tapered discharge tube was enclosed in a 1/2 meter
X-band waveguide and electron concentration measurements made
according to the second technique discussed. Metastable con-
centration was determined prior to enclosure. In Fig. 6 it
may be seen that a minimum electron concentration of IO’C«;J
could be detected, and that the ionization cross section for
reaction (6), 0.5 x lo"bcm‘ , 1s very much smaller than either

that for Ne*-A collisions or the total deactivation cross sec-
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tion for Ne*—H2 collisions. Thus the "sensitized fluorescence"
reaction (2) surely is responsible for most of U , and the
energy of the neon metastables is primarily transformed into
light. A technical consequence of the low ionization cross
section, borne out by further work reported in Section VII,
is that the addition of a trace of H2 to a neon discharge has
little effect in increasing the electron density, unlike the

Penning mixture,

VI. A MODEL OF THE Ne*-H,., REACTION

2
The polyatomic collision Ne*-H2 is very complex, and it

is doubtful that even an extensive theoretical analysis of it
would be conclusive. However, there are several qualitative
ideas which may be applied from previous work, First, we ob-
serve that heavy particle angular momentum may be of signifi-
cance in this reaction via the rotational energy term in the
total Hamiltonian. Rotational barriers, occurring between the

Ne* and H, particles during collision, would have a similar

2
influence upon the reaction as those present in the formation
of diatomic molecules; in a typical case, it was found that
the collision diameter of the activated state of 2D = D,
slightly exceeds®? that of the reaction 2H= Ny . A "fine
tuning" internal energy effect which is present in thermally

activated H, and IA molecules is the somewhat different rota-

tional level spacing and population owing to the differing
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moments of inertia and nuclear spins of these electronically-
identical molecules, Thus it is not surprising to find

0, (Ne% Ho) # Gg(Me" 0,) . Long lived vibrational states®?
of the incident H2 or D2 particles might also be created in-

directly by electron collision processes in the same electri-

cal discharge which generates the Ne*.

Calculations of the interaction energy between a helium
metastable (152S) and a helium atom (152),3%,35 3 gystem having
a certain similarity to ours, have found a small energy barrier
~ 0.2 ev which separates the free atoms from a much deeper
well, The barrier is caused by the excess valence energy at
intermediate separation, and is not from a long range resonance
interaction. The importance of a barrier, whatever the cause,
is that it permits a ready understanding of the rapid increase ',
of reaction probability with temperature. An activation energy
§E ~ .06 ev , yielding a reaction rate varying as 2¥p -§E/KT
would- explain the increase in 0; reported by the experiments
at elevated gas temperature. The maximum value of U0i for
large T would then be ~leo-‘$cml. The activated molecule
(NeHz)* may  dissociate into any of the modes (1) - (6),
but the energy resonance principle could not be applied to any
channel, since AEq,/hv > | . "Energy resonance" per se would
have little bearing on 0. (T) , and the reaction cross section

G;(T) for the "untuned" collisions of A’e.’ ("P.)*H‘_ should
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behave qualitatively the same as those for the better-tuned

/Ve’("/’;)* H;_ collisions,

The above argument casts doubt on the applicability of
the "energy resonance" principle, but it does not imply that
0; must be the same as that for the other reactions (1) - (6).
Suppose we regard the Ne* - H2 collision and reaction as being
described by the motion of a representative point on the poten-
tial energy hypersurface; the point is initially located on the

surface of Ne* + H_, but after the collision it hight be lo-

07
cated on that of Ne + H + H(n = 3). Since the colliding par-
ticles move with a relative speed of n'ZXKD‘chﬂhCG , 1f these
energy surfaces intersect or approach closely (separation <<
4T ) at some point during the collision, there is a finite
probability the the sensitized fluorescence reaction will pro-
ceed. Once the representative point has been transferred to
the new surface, there is only a very small chance that it can
wander back onto the initial surface. Further, it can be
shown®® that any two electronic terms may intersect in a

polyatomic system, An inspection of Fig. 1l suggests that

near-intersection should be the rule for practically all

electronic terms, if the particles penetrate deeply, because
of the abundance of levels in H2 near 16 ev. But the neon
metastable, by analogy with that of helium, is certainly very

reactive, and potential energy perturbations can be expected
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relatively far from the geometric center of the collision.
Thus inelastic reactions should occur preferentially for those
terms which intersect the initial surface a greater distance
from the force center, as these include the more frequent
grazing encounters. This argument is particularly applicable
for the terms describing Me‘(’PL)+ He and Ne+Ht #(n=3),
which are only .05 ev apart at infinity; furthermore, repul-
sive states of Ne+H ¢t H(n-s) would probably intersect the
initial energy surface at a greater radius than the attractive
terms. Other reactions which are farther "off-resonance"

than (2) could proceed only when the colliding particles pene-
trate more deeply, and are shielded by the likelihood of a
transition (2). Thus, we can still understand how (2) could
dominate the Ne¥* -+ H2 reactions, but the principles differ
from those leading to Eq. (7).

The theory of Landau and Zener®’

may be used to estimate
the velocity dependence of such non-adiabatic reactions.
Zener finds that the chance a crossing to another surface has

been made is 7%

P- é.v.IV) Vo £ 4”’161/" /Sx"sl" (28)

where 2€ is the minimum difference in separation of the two
energy hypersurfaces and §, -5, is the difference in slope

between the two common tangents to these surfaces. Zener has
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averaged (28) over all incident velocity angles to obtain the
cross section for the reaction

62‘ a2 ."..&1[6"\/0/‘/ +_v\.‘E‘: (—V’v)]' (29)

where R0 is the collision radius from kinetic theory and

Ec (-vetv) is the logarithmic integral. Averaging T,
over the Maxwellian speeds, we show in Fig. 7 a numerical plot
of (0"“) for what might be considered a typical choice for V, .
Recent examination of the Landau-Zener theory by Bates(ae)

has shown that it is much more restricted than previously

believed, but that it has validity for low energy collisions.

One may summarize this discussion as follows. Although
it is likely that a small Ne* - H2 collisional barrier exists
and would itself explain the temperature dependence of the
total reaction, this model does not contain any obvious mech-
anism for favoring reaction (2), for which there is experimental
evidence. However, it is very likely that a level crossing
transition may occur outside the barrier owing to the very
small internal energy defect in (2), and that this transition
may explain the temperature dependence of 0; through V; for

a select choice of level parameters,

VII. Ne* - H2 COLLISION PROCESSES IN ACTIVE PLASMAS

Beutler and Eisenschimmel®? observed many years ago that

a small trace of H2 in a neon discharge would yield a strong Ha
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radiation. We have made observations of the Balmer light in-
tensity, neon metastable and electronic concentrations, and
the electron temperature in a conventional electrodeless dis-
charge excited by a 40 mc rf source. The discharge tube was

a long cylinder about 0.8 cm ID. Electron temperatures were
determined by the method of double probes;*°® this adaptable
technique is presently being refined by Aisenburg41 and others,
its fault being that it infers an electron temperature from
the contribution of electrons having energies well beyond.%J[ﬁi
Particles in the SEJP states of neon were observed by moni-
toring the optical absorption of a variety of spectral lines
terminating on these levels. Depending upon the total absorp-
tion (£ 50%), the probing light could be projected transverse
to or along the tube axis. Since this was a cw experiment,

the optical absorption sensitivity was improved by audio modu-
lating the source lamp, and then comparing the beam transmitted
through the plasma and detected with the spectroscope against

the reference lamp light in a lock-in amplifier.

The theoretical and experimental ratios of absorption
intensities of the Hdvp'x radiations in an atomic hydrogen
discharge are referenced by Condon and Shortley*? as being
approximately 100:20:8. To obtain the emission intensities,
these values must be multiplied by the product of the pertinent

level population and the cube of the decay frequency. The
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relative emission intensities of the Balmer series will yield

information about a relative level population of n = 3,4,5,...
in atomic hydrogen, A photomultiplier-spectroscope was used 1
for these measurements, and was calibrated against a black- ;
body-corrected tungsten ribbon lamp to determine the absolute
detection efficiency at each of the frequencies Hag,¥ . A
mixture of He Imm+17,H, , for which no extraordinary Het- Hy
dissociation and excitation is expected because of the higher
energy of the helium metastable (19.8 ev), gave an emission
ratio Ma:Hp: Hy of 100:25:11. This value was obtained at low

3

0 .
excitation where Ne~ (0 cm’ and Je ~38,000°K,

The situation in the Ne lmm<+ |1, H; mixture was quite

different, as may be seen in Fig. 8. The emission ratio varied
from 100:6:2 at low excitation to 100:17:5 at higher power
input. The electron temperature remained relatively constant
near 32,000°K, whereas the electron density increased linearly

with discharge power over the range sxiob - 2 x10° w3 .

This gives conclusive evidence that the Ne*+ Ha transfer
is responsible for much of the Hot output of this discharge.
The constant Hp: HY emission ratio is to be anticipated as
the corresponding energy levels in Hjcannot be excited by the
Ne*. The intensity ratio H-t:Hg decreases with increasing
discharge excitation because (Fig. 9) the neon metastable

pumping rate saturates for large excitation, while the elec-
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tron density and excitation increase linearly with discharge

power., !

Having found a region of operation where most He light
originates by the dissociative process (2), we analyzed the
spectral line for Doppler broadening. A Hilger Fabry-Perot
interferometer allowed resolution of the H& "doublet" (split-
ting 0.328 cm_l) which is formed by the strong resolved
3“1%.,2“)% and 3“!% » 2 ?y‘ transitions together with
weaker transitions obscured by the thermal motions of the
radiating atoms. The instrument could resolve two sharp
fringes produced by a visible gas laser spaéed 4Gc apart.

The Doppler width corresponding to H2 (the system from which
the excitation of M« is derived) is about 4Gc at 300°K, while

! corresponds to AV ~ 10 Gc. The

the separation of 0.328 cm”
emission from the neon-hydrogen discharge at low excitation

was compared against the H« light emitted from a hydrogen ;
capillary tube. No difference in the line broadening or in- |
tensity was apparent, hence we conclude that an energy balance
~ .05 ev exothermic is certainly admissible, and that both
halves of the doublet are excited equally. This amount of
kinetic energy, if divided equally between the dissociating
atoms, would increase the thermal Doppler broadening by ~ Lo%
and would be difficult to separate from the total Doppler

broadening + instrumental resolution. A total linewidth of

6.5 Gc was obtained for each half of the H® pair.

32



The neon metastable concentration in an electrodeless

discharge in pure neon and neon 1 mm + H, 1% is shown in

2
Fig. 9. One should observe three facts about these results:
(a) the addition of 1% H, reduced the population in each

state by approximately the same amount; (b) the ratio M:R:S =
4:2:1 is different from that found in the afterglow studies;
(c) the concentration of neon metastables saturates at high
excitation level. The result of (b) probably follows from the
quantities of warm electrons found in an active plasma which
may increase the population of the upper levels ’PZO (ZP‘JS)
at the expense of the lower 3&_ . The saturation effect,
however, bears closer examination. It can be observed with
any probing neon line, and is clearly a property of the states
within the discharge. We further note that it is observed in
each state but that the addition of H2 alleviates the effect.

The same saturation condition occurs when the current density

in a DC current discharge becomes Z 50 ma/cmZ.

Three causes operate in such plasmas which may be held
responsible for this effect. First, frequent electron colli-
sions might de-excite or elevate neon metastables to other
states more frequently as the electron concentration is in-
creased. One can show that if the radiative lifetime of a
typical neon upper (2p53p). state 2 is ’l;,_’*{no-’sgc <« Tay

where‘T;.is the mean time for electron collisions which de-
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excite particles to state 1, then the population ratio Ni/N,
is

Nu/N, = ?_:_Iz_r P -(E"‘E.)/L-re .
9 T
(30)

Although very slow electron collisions which rearrange parti-
cles among closely separated states occur with cross section
~ l‘awcmt ,* it is very doubtful if a collision involving an
exchage of several ev would be as probable. Also, the number
of low energy (m?/z. < O lev ) electrons in a DC discharge
plasma where T'e > |o“ °K is less than 2% of the total. We
estimate that the electron frequency for de-excitation of the
excited atoms at concentration WMg< 120" c»:’ could hardly

exceed |0 sec! per excited atom; thus MNa/N, ~ 1o

where
N, pertains to the lp’JP and , to the 1p°—35 configura-
tions. Electron collisions therefore will not explain the
saturation effect either through storage of the 1p‘35 parti-
cles in upper states, or by de-excitation to the 'So ground

state of neon. The latter loss process is comparable with

diffusion loss.

A second related possibility is that Eq. (9) has been
improperly approximated for one reason or the other, and that
qiN: /9‘.' N; ~ { : this implies that the populations of the

upper levels are appreciable. However, in line with our es-
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timate, both Ladenburg®® and Pery-Thorne and Chamberlain®®

have found experimentally that this factor is = 10™° - 1072
for neon discharge current below 50 ma/cm®. Thus the ordi-
nate of Fig. 9 represents the actual population of the

states.

One common feature to the curves in Fig. 9 is that addi-
tion of H2 to the neon, while not appreciably increasing either
the charge concentration or kinetic temperature of the plasma,
alleviated the saturated population effect. This again dis-
counts the importance of electron relaxation effects, How-
ever, we have seen that the H2 will convert the metastable
energy of neon efficiently into light. For example, spectro-
scopic examination revealed that 1% addition of HE to 1 mm
Hg neon effected a 50% reduction of 6402A neon radiation.

From these facts we conclude that a significant fraction of
the neon radiation from a hot weakly ionized plasma in the
pure gas arises from cumulative excitation of the metastable
"impurity" by moderately energetic electrons. This process
favors the total ionization but is not useful for increasing
the metastable concentration, Addition of the trace of H2
to this plasma will remove neon metastables and favor produc-
tion of higher energy electrons; these electrons will be

roughly of equal effect in exciting the radiating levels of

the atoms and in ionizing either Ne or H2. On the other hang,
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an over-abundance of H_ should lower the population of elec-

2
trons with energies 2 16 ev, because of the lower ionization
potential of H2 and the ease of inelastic excitation of H2 for
electrons having energies > 8.8 ev.

When a steady DC current in a pure neon gaseous discharge
became 2, 100 ma/cma, the population of metastables was found
to be greatly reduced. When the gaseous discharge shifts into
the "arc" mode of operation, it has been found that the high
level of light intensity produced within the plasma may suc-
cessfully store a portion of the metastable population in the
upper states of neon by induced absorption and emission proces-
ses.* Electron relaxation effects also must become important

'CAZJ. We therefore expect the neon metastables

when ne> 10'
to play an insignificant role in controlling or sustaining an

"arc" plasma.

VIII. CONCLUSIONS AND APPLICATIONS

We have seen that the addition of H2 as an impurity to a
gaseous discharge in neon will not greatly increase the level
of ionization, but will effectively convert the metastable
energy of the neon into the radiations cascading from the
Bohr n = 3 state of atomic hydrogen. Evidence has been pre-
sented that the "sensitized fluorescent" dissociation of H,

dominates the Ne* - H_ deactivating collisions as might be

2
naievely expected from the very close internal energy balance.,

* Private communication from the author's atudent, Mr. B,
Pariser,
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There is, however, support for the suspicion that the accuracy
of the energy balance is not as critical in molecular colli-
sions as those involving atoms only. The larger number of
degrees of freedom has the effect of relaxing such selection
rules as that restricting the intersection of terms in diatomic-
collisions to those having different symmetry. An interpreta-
tion of the Ne* - Ha reaction has been proposed utilizing

the reactivity of the metastable atom, The relevant cross
sections and their temperature dependences have been measured
by swarm techniques in the afterglow plasma, and indirect sup-
porting evidence for these observations gathered from observa-
tions of hot cw weakly ionized plasmas in neon-hydrogen mix-
tures.

From the above investigation, we conclude that the neon-
hydrogen gaseocus discharge will be a reliable source of atomic
hydrogen. Furthermore, inasmuch as the Ne* - H2 collision
competes favorably with direct electron excitation of Hu
light even in an active descharge, this mixture deserves

further consideration for an "afterglow" laser.
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APPENDIX I

PROGRESS TOWARD A Ne*-H. LASER
(=4

A mixture of neutral gas and plasma will oscillate at an

43, 44

optical frequency providing the gain for the desired

spectral transition exceeds the losses, or equivalently
o
ML < LN, - N, (31)

where & is the reflector system loss (~ 1%), L is the length
of the optical path, N2 and Nl are the population densities
of the upper and lower laser states, and d, is the peak optical
cross section, obtained by solving for k_ using Egs. (9) and
(lO) :

);?.91
Frv g, (24T/m)% (32)

o
M

An inspection of the matrix elements of the fine structure
states comprising the n = 3 atomic hydrogen level suggests the
J3’dg; would be a candidate for oscillation. The J'dlyy 1is
unfortunately mixed®* with the3am owing to the small Lamb
energy shift and the electric field (2 v/<m ) which originates
in the charge separation and diffusion processes inside the
hot plasma. The stark mixing therefore wastes particles for
both states via L’ decay. The 3‘?%_ transition ends on the Z‘J&

metastable, while the oscillator strength for the 4§ Zf
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is poor. Using data quoted in the book of Bethe and Salpeter®*,
we calculate (, (JJ:Q > 2f“) x auoé" cm? for deuterium,
Taking the optical losses at 1%, setting Le lOlcm , and
postulating that the 326‘/'_ will receive a statistical frac-
tion (1/3) of all inelastic energy transfers with the neon
metastable in reaction (2), we find the required pumping rate
to this state must be supplied by ~ /. 2x 10% neon metastable
deactivations /L""th--, if n = 2 is relatively unpopulated.
Figure (9) reveals that about 21(I¢"s cwlsed’ g directly
obtainable.

When the H, partial pressure is $/0k& , it is unlikely

2
that trapping of L radiation in the small diameter (1 cm)

laser tube would saturate the n = 2 state. Radiation trapping i
of Lol would cause the intensity of this radiation within the

tube to decay with time constant*® %, given by g

/N, = “‘L_‘(L_“__) _._2 V F/’J.f.
7.6

' (33)

According to (33), about J& 10'J<“'.3 of atomic hydrogen may

be tolerated in the tube without modifying the n = 2 life-
time. Atomic hydrogen is continuously removed at the tube
walls by surface recombination. This occurs with probability*®
{’ ~ .3/“0ﬁz , and the time constant for removal of H

within the tube volume is accordingly
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("/f.ﬁ)...a = (12/{, ?’;) *2x ’6’/"“'/ (34)

providing that the total gas pressure within the tube is suf-
ficiently low that the atomic hydrogen is uniformly distri-
buted. This simplification applies if the ratio of the atomic
hydrogen diffusion time constant (Rl/n, 2.9*) to the wall
recombination constant (34) is small: Rb;-\—’;/lz Dy < 1.
Thus (34) will be valid@ if the neon gas pressure is < IO mm Hg.
This mechanism will therefore permit the removal of atomic
hydrogen at a rate of IO”('M.’JQJ' , without interfering
with the oscillation condition when 7:, is used as the life-
time of the n = 2 state.

Investigation of the Me{intensity emitted laterally from
the laser tube excited by a high voltage pulse showed that the
Hﬂoutput was nearly independent of the H2 concentration for
current density ~I[§ =40 M/(ml. This is the result of the
constant rate of production of neon metastables in the dis-
charge. However, as the current becomes > SO ma lem™ , the
Het output rapidly grows as (H2) is increased, and increases
in time as well from the beginning of the excitation pulse
(20 psec) to the end (~500 wsec). We attribute these effects
to the dissociation of (H2) in the discharge; under these

conditions a sizable fraction of the MM intensity is caused

by electronic bombardment of atomic and molecular hydrogen,
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Because electron excitation is favored for levels which
are radiatively connected to the ground state, it is clear
that a laser action cannot occur in an environment of high
energy electron ( 2 1o'!/cc ) or hydrogen concentration.

The M/}ﬂ emission ratio of Fig. 8 suggests that at low excita-
tion the Ne* will double the n = 3 population compared with
that of n = 4 , which we assume is produced (as in n = 2)
by electron bombardment only. Given the Ne* - H2 pumping
rate from Fig. 9, we deduce a total population ~ &x /o'/<¢

for the n = 3 1levels, From (30),

é(EJ-Et )N 4&Te .

Mifn, X /g "73;
r V)

%" (35)
the coefficient of (35) is of order unity since both ";r,;r
and 7_;,’,_, depend inversely upon the square of the matrix element
connecting the n =3 or n = 2 states with n =1 . Thus
the n = 2 population should be ~1.§ x107/cc , at least
half of which, statistically, should be found in the .2",,'~
state, If the above is correct, it is clear that the popula-
tion inversion between.?d:,l and 2P¥L is presently minute
and that DC-discharge laser action is unlikely except in a
tube of great length. Since the electron bombardment re-
quired to form the Ne* also creates (H), this problem cannot

be sidestepped by transient DC operation. A system such as
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the afterglow plasma, where there is no electronic excitation,
appears to be the best choice.

Some semiguantitative experimental estimates of the re-
quired length of this laser were made by comparing the relative
intensity of the amplified induced-emission 63282 light on
the axis of a 1 meter He-Ne laser just below the threshold of

oscillation with the [4d-amplified light from the Ne-H, mixture,

2
Observations were performed with the aid of interference
filters and calibrated neutral-density attenuators for CW-
discharge excitation consistent with the conclusions of the
preceding paragraph. These recommend a tube length of at

least 6 - 10 meters.

Problems of tube support, breakdown, and laboratory size
indicate that a 20-foot laser tube is about the limit of useful
investigation. In the next few months, a laser of these dimen-
sions will be constructed in the Radiation Laboratories of
Columbia University, where an extended optical bench of this
size is available., The Ne—D2 mixture in this tube will be
excited by a current pulse ~ 150 psec duration., It can be
seen that the pulse is on for a sufficient time to permit the
Ne* concentration to reach equilibrium (time constant for the
Ne-1 mm + D, 1% mixture &30 usec), hence the tube will be

operating under "continuous" conditions. Continuous DC cur-

rent excitation must be avoided in a Ne—H2 mixture because
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of the cataphoresis effect. We expect laser action to occur,
if possible, in the afterglow of the excitation pulse. Opera-
tion of the tube at elevated temperature (~500°K) will not
increase the Doppler width of H‘, because of the exothermic

reaction, and would require less D, to quench the Ne*; this

2

would minimize high energy electron losses to H2 by inelastic

impact during the excitation pulse,
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APPENDIX IT

BROAD-BAND OPTICAL PUMPING OF Ne* (B, PARISER)

A preliminary experiment has shown that exposure of neon
metastables, contained in an afterglow plasma, to intense
broad-band light from a xenon flash tube can effect a sizable
redistribution of particles in the excited levels of neon.
Neon ( /J¢ ) metastables were detected by monitoring the absorp-
tion of a 6U02A probing beam directed down the axis of the
dark afterglow plasma in neon according to the principles of
Section III. At a time » 20 us in this "afterglow," the
upper excited states in neon have radiated to either the f
ground or metastable levels, while the electrons have become
too cool for inelastic excitation. The particles in the /Se
state may readily absorb radiation at the frequencies appro-
priate to the IS,.-, 2p transitions. As there are ten 2p
levels, these transitions may effect an appreciable de-popula-
tion of the '{5 state when the stimulating radiation is intense.

A xenon flash lamp was placed parallel to the neon after-
glow plasma, and the two enclosed in an optical cavity; the
latter was light-tight except for small axial openings to
permit the probing radiation to enter the afterglow. Owing
to poor minimum resolution (~20 A) of the spectroscope, the
flash lamp interfered with the absorption experiment; how-
ever, after the flash light had declined, one observed a per-

sistent decrease of the Iirpopulation. These experiments

4y



will be repeated with a spectroscope of superior resolution
(“'.Qg), in which much better rejection of the flashelamp sig-
nal from the probing beam will be possible,.

A mathematical model for the system was proposed; a set

of 15 differential equations of the general form

dN; [dt = ZAtjM- - z 3.')' U.,J N; + ZBJL U,_,M (36)
iy hj oA
~C;MN;
for the 2p and ls levels, where the A's are the spontaneous
emission coefficients, the B's are the coefficients of in-
duced absorption or emission, the UqJ are the energy densi-
ties obtained from the flash at the appropriate transitions,
and the ; describe the loss of the IS metastable particles
by diffusion. Transitions from the 'S, to the 3§ levels were
neglected as no ultraviolet was passed by the glass discharge
tube. 1Initially the ground state was assumed to have about
/0"0;“ population and the IS to have IO”(J’. The popula-
tion of the I% was normalized to unity at t = 0 . The set
of Eqs. (36) was solved on an IBM 7090 computer using the
method of Laplace transforms, after a radiation density
equivalent to a black body at 5700°K in the spectral range
5000 - 7000: was assumed., This figure was arrived at by
spectroscopic comparison of the flash intensity with a black-
body standard. The oscillator strengths measured by Ladenburg

were used for this calculation.
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Typical results are shown in Fig. 10, where the
particles have been exposed, at t = 0, to a flash suddenly
rising to the above intensity. It is seen that the ratio of
lﬁ/IS‘ remains constant from 10 7 to 10 * sec at a value of
2.7%. Thus a significant quenching of the /Ss population may
result during the flash; afterwards, branching decays from
the 2p levels to thelsq and Is, levels will cause the net
decrease of I$gowing to de-activation of the /Sy and /8,
by more rapid radiative decay. Further experimental and

theoretical work is in progress,
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APPENDIX III

INITIATION OF A THEORETICAL STUDY APPROPRIATE

TO A Ne*—H2 COLLISION (L. SIEGEL)

A quantitative description of a Ne*-H_, collision in-

2
volves two distinct problems. First, a reasonable model for
the Ne*—H2 interaction must be assumed and the interaction
potential derived. We are convinced that this problem is
soluble by the methods of molecular quantum mechanics, but
that the solution could be very tedious and have limited
application. The second problem involves the scattering of
the particles in this derived potential. A review of the
classic work of Mott and Massey, Wu, and Bates has shown
that little guantitative work has been done in the area of
slow atomic collisions. The general solution leads to a set
of coupled differential equations, which is ordinarily approx-
imated by neglecting all interactions except that between the
initial and final states. The validity of this two-state
approximation has been challenged by Bates; however, the
available information is so sketchy that it is frequently
difficult to estimate the error introduced by neglect of
coupling terms.

One solution of the two-state approximation leading to
a closed-form result is that of Landau-Zener. A preliminary

review of this theory has shown that it may be applicable to
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slow "resonant'"collisions of the Ne*-H. or He*-Ne type. A

2
quantitative study of the accuracy of the Landau-Zener approx-
imation for collisions of this type is in order and the feasi-

bility of such an investigation is under consideration,
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TABLE T

TIME-VARYING BEHAVIOR OF THE Ne* 2p53S IN THE AFTERGLOW

1,2 mm Pure Ne

State M
Rel., Pop. at

50 usec in 1
Afterglow

Exp. Decay Const,
at 50 psec in - 340
Afterglow (usec)

R s M R s
1/6 1/6 1 1/6 1/10
115 280 || 65 55 60

TABLE II

SUMMARY OF EXPERIMENTAL RESULTS, TOTAL CROSS SECTION

FOR DE-ACTIVATION OF Ne* BY COLLISIONS WITH H

Reaction TOK
Ne®P + H 300
2 2
Ne®P + H 500
2 2
Ne®P + H 650
2 2
Ne®P + D 300
2 2
Ne®P + D 500
2 2
3
Ne Po + Ha 300
3
Ne Po + H2 500

2

2

k9

Cross Section O in 107'5 cm
0.7
1.5
2.5
1.1
1.7
0.7
1.6
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METASTABLE CONGCENTRATION, 10'%/cc
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