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AMeasurements of the time resolved carly afterglow of the |

tinuum and the visible bands occur primarily as an

ielium spectrum show that the Hopfield con-

afterglow following pulsed excitation. Following a rela-

tively rapid build-up, the slower afrerglow decay of both the Hopfield continuum and the molecular tran-

sitien 3pw, LI, — 25, 413

I, 7 isan exponential function of time, for approsimately 30 usec. Within the range
ol experimental variables, the decay rate is found to depend on t

he He pressure, but not on other discharge

conditions. The kinetic constant associated with the exponential decay increases linearlv with the He pres-
sure, indicative of a two-hody process. Separate studies of two regions of the Hopfeld continuum, near

825 X and 680 X show that, for fixed pressure,

The rate of change of the

the kinetic constant associated with 825 4
observed for the transition /i~ within experimental error. The kinetic constant at 680 i
kinetic constant with pressure is the same in all

is the same as that
«is slightly smaller.
three cases. The two-body rate

constant obtained is 384 2X 107 ¢m¥/atom -sec. Both the magnitude and form of the pressure deper.dence

of the observed rate constant indicate that the three-
nant process of Heo™ production in the early afterglov

Hes ina two-body collision of an exeited

body process He™+2He — Hes"+He is not the domi-
v. The data are consistent with the rapid producticn of

and a ground-state atom. Residual-impuritv quenching hy H.,
Ne and N, did not affect the afterglow decay. Values of quenching rates for all three g
Possible interpretations of the ohserved afterglow kinetics are discussed.

gases are reported.

InpEX HEADINGS : Spectra; Moleculur spectra; Helium,

HE afterglow emission excited in gaseous helium

discharges has been extensively studied.! The
kinetics of the afterglow atomic emission at low pres-
sures appears to be governed by a collisional radiative-
recombination mechanism.®* In general, observations
of the molecular emission huve referred 10 the late
afterglow, e, >100 wsec after termination of the
excitation pulse. Thev indicate that the moleculur
emission is governed by recombination of electrons
with He,™ =7 Only a few studies of the early molecular
visible afterglow have been reported S The Hopteld
continuum" near 823 A also appears as an early after-
glow emission, 1
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This paper reports the observation of the time de-
pendence of molecular emission produced in the early
afterglow of a pulsed helium discharge. Observations
are reported for the Hopfield continuum and for
several molecular transitions as functions of helium
pressure and excitation conditions.

EXPERIMENTAL
Apparatus

The vacuwm ultraviolet and visible measurements
were recorded simultaneoushyv by means of two mono-
chromators. The source was mounted on the 1 m Seva-
Namioka vacuum-ultraviolet monochromutor described
previoush"' In this case the monochromator was
cquipped with a fust two-stage differential pumping
assembly. A 600-line/mm Bausch & Lomb grating,
blazed for 1200 A as used in the Seva-Namioka mount-
g, coated with MgFy, provided a first-order reciprocal
dispersion of ~32 A/mm. For the present study, a
250-u entrance slit and a 1000-u exit slit were used ;
symimetrical 230-u slits provide a 3-A band-pass full
width at half maximum. A sodium-salicvlate-coated
photomultiplier served as detector. The pressure in the
monochromutor and the detection chamber was main-
tained below 107° torr. A Spex Industries Inc. 1.5-m
Czerny-Turner spectrometert’ was emploved to ob-
serve the visible emission. A 1200-line/mm Bausch &
Lomb grating blazed for 7500 A provided a first-order
reciprocal dispersion of ~10 A/mm. The adjustable
entrance and exit slits were varied in accordance with

HL Hurzeler, ML Gl Inghram, and J. D. Morrison, J. Chem.
Phya, 28, 76 (1938).

" Model 1700-1T Czerny=Turner Spectrometer, Spex Industrie
Tne., Metuchen, New Jersey, 08841,
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the requirements of a specific measurement. A photo-
multiplier with S-11 response served as detector. This
instrument was also used as a spectrograph to photo-
graph the visible spectrum. The time-resolved em’s-
stons from the pulsed source were observed by display-
ing the photomultiplier outputs on the screen of two
oscilloscopes.’®

The source was a water-Jucketed quwrtz discharge
tube (13 mm 1.d., 25 em long) as shown in Fig. 1. The
vacuum monochromator viewed the discharge along
the discharge-tube axis while the observations in the
visible region were made at right angles to that axis.
The experimental arrangement is shown in Fig. 2.

Helium was excited using o pulsed high-voltage power
supply, see Figs. 2 and 3, which permitted independent
variation of the pulse width, pulse-repetition frequency,
and pulse power. For the measurements reported, o
range of pulse durations between 0.1 and 1.0 psec was
emploved. The pulse-repetition frequency was varied
from 10 ¢ps to 60 ke, sec. From voltage- and current-
pulse shapes observed on an oscilloscope, it is estimated
that peak pulse power was as high as 200 kW, “Ringing”
of the current pulse was observed: with a 0.13-usec
{fwhm) voltage pulse, the current often did not attain
zero unul 0.7 uscc after onset. The pulsed high-voltage
power supply was triggered from a Hewlett-Packard
pulse generator’® whose pulse output was delaved 0.1
usee. The oscilloscopes used in conjuncuon with both
monochromators were triggered from the pulse-genera-
tor trigger output. Thus, a tyvpical oscilloscope trace

o G

i, b Cross-sectional view of the quartz discharge tube:
i1y gas inlet tubing; (2) air-cooled cathode, 2 § grade aluminum:
t3) water-jacketedt discharge tube, quartz; (4) water-cooled
lange: (5) anode, 2 S grade aluminum; (6) monochromator and
differential pumping system. The water taps in parts (3} and
(4) arc not shown.

18 Tektronix 541A Oscilloscopes equipped with Type 1. fasi-
risc-time preamplifiers were used. The oscilloscope sweep was
checked and found to be accurate within the manufacturer's
specincations.

¥ Nodel 214\ Pulse Generator, Hewlett-Packard Co., Talo
Alto, California.
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116, 2. Schematic dingram of apparatus. The diagram does not
indicate that it was also possible to measure the time-averaged
intensity from the photomultiplicr of either monochromator
while simultaneously observing the time dependence of both
monochromator outputs. Legend: (G) pulse generator, 200-W
peak power; (A) pulse amplifier, 2000-W peak power; (§) dc
supply and trigger, 200 000-W peak power; (1) charcoal trap at
777K (A manometer; (D) discharge tube; (VM) vacuum
monochromator; (F) irequency counter; (O) oscilloscopes; (P)
sodium salicylate converter and photomultiplier; (C) Czerny—
Turner Spectrometer.
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Fi6. 3. Schematic diagram of the pulsed excitation unit. The
input pulse was obtained from a Hewlett-Packard Model 214 A
puise generator.

exhibited a 0.1-gsec spur, the emission observed during
the excitation pulse, and the afterglow emission.

Commiercial tank helium was purified by passage
through an outgassed charcoal trap immersed in a
liguid-nitrogen bath. The etfect of residual impurities
present is discussed in a later section.

Procedure

The helium spectrum between 3100 A and 7200 A
was photographed; an iron arc provided the com-
parison spectrum. Analysis of the plates showed a well-
developed He, spectrum in addition to He1 lines. It
was possible to identify most of the previously reported
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molecular-helium bands. In addition, many lines of the
Ner spectrum and a weak 4861.3-3 H line were
present. We were unable to find molecular bands not
attributable to Hes. A search for lines attributable to
N, O, €, and Ar did not reveal presence of these jm-
pwrities; further, no He 11 or Ne 11 lines were identitied.
The Nez lines and the 4861.3 H line were positively
identified by admitting trace quantities of research-
grade Ne and H, into the tflowing He stream and
monitoring these lines. A similar experiment using N
revealed N 1 lines at spectral positions where, prior 1o
the addition, no N1 lines could be found. This does
not imply that impurity species other then Ne and H,
were absent, but rather that, if present, no visible
spectra attributable to such species could be found.

Since it was necessary to increase the band pass of
the Czerny-Turner spectrometer to ~20 4 in order
to attain sufficient intensity to study the molecular
afterglow, a careful choice of the He, bands studied
was Imperative. No atomic lines should be included.
No lines belonging to a different band svstem should
be included, cither. One band system that satisfies
these criteria was found to be 3pw, EMI, -~ 25, 413, %
(with Q-branch head of the 0-0 band near 5133 A).
Aore than thirty lines of the 0-0 band were identified,
as well as a number of members of the 1-1 band.2 We
estimate that any extraneous lines which might have
fallen within the band pass of our spectrometer were
not more than 1/1000 of the signal level of the lines of
the E~d4 band studied. By similar reasoning it was
possible to study the transition dpm, P, -~ 25, @33 ,*

——— Hel
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I'16. 4. Helium continuum obtained under the following con-

600 700 800

ditions: pressure, 39 torr; PRF, 30 ke/sec; average power, 740 W
)hotomulupher voltage, 980 V' ; band pass ~3 A,

* 5. Tmanishi, Sci. Pap. Inst. Phys. Chem. Res. (Tokyoy 10,
237 (1929).

LOW

IN HELIUM

Fre. 5. Oscilioscope traces of emission for a variety of experi-
mental conditions. The wavelengths, sensitivities, time scales,
pressures, PRIs, average powe “and circuit time constants w ere
as rollo\\s {a) 823 i, 0\ \/dn Susec/div., 24.8 torr, 4.45
kefsec, 140 WY, 1/4:L(‘ (b\ 825 %, 1t V/div., 5 upsec/div., 56.3
torr, 11.5 ke/see, 340 W, 1 usec; (c) 825 4,1 \/rh\ \,u.SCC/ iv.
708 torr, 135 kefsee, 440 W, ]p&ec (d) 823 A, 0.1 V/div
nge ‘div., 39.0 torr, 4.537 kc/scc, 130 W, 1usec; (e) ()b() x

2 V/div. 5 usec/div., 33.2 torr, 11.1 ke/sec, 320 W, 1 psec;
1) 680 &. other conditions as in (dy; (g 5133 A, 0.05 V/div,,
10 psec/div., 29.8 torr, 8.08 ke/sec, 240 W, 0.1 usec; (hy 3676 i,
0.02 V/div., other conditions as in {g).

with Q-branch head of the 0-0 transition near 3676 A.
In this case, more than thirty lines of the 0-0 and 1-1
bands were readily identified.?" 2
A tme-averaged photoelectrically measured intensity
of the 600-1000 A continuum is shown in Fig. 4. We
did not observe the 600-A band of the He, molecule
at the resolution emploved.®

The He pressure was measured with a Wallace and
Tlernan absolute-pressure manometer® below 30 torr
and a simple mercury manometer above 50 torr. Be-
cause of pressure drops in the tubing leading into the
discharge tube and the impedance of the He discharge
to gas flow, all pressures cited have been corrected to
give the pressure within the discharge tube. To deter-
mine this correction, a special discharge unit was con-
stricted with a Wallace and Tiernan absolute-pressure
manometer mounted on glass tubing leading through

AL E. L urtis and R. G. Long, Proc. Roy. Soc. (London) 108,
11\) 11923).
2 G. H. Dieke, Fakamine, and T. Suga, Z. Physik 49, 637
{'1()28).

" Y. Tanaka and K. Yeshino, J. Chem. Phys. 39, 3081 (1963).
* Absolute pressure mdlmtor Model No. A 160, Wallace
and Tiernan, Inc., Belleville, New Jersey.
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the water jacket directlyv into the middle of the dis-
charge tube.

Fast electronic circuit techniques were emploved (o
study the emission afterglow displayed on the oscillo-
scopes. Since the sodium salicvlute fluorescent-decay
time is known to be less than 10 nsec® and the photo-
multiplier delay times are small, the limiting time
constants of the visible and vacuum ultraviolet instru-
ments were determined by the detection circuit. Circuit
time constants up to 2pusec were emploved; in all
cases, a time constant was chosen which was small
compared to the decay constant of the light pulse
studied.

At fixed pressure, the pulse power delivered to the
discharge tube could be varied by controlling the power
available from the dc high-voltage supply. Since the
voltage drop across the discharge tube was determined
by the pressure and pulse repetition frequency; excita-
tion was varied in this way. The Intensity of the cb-
served spectrum could be changed by more than an
order of magnitude by this means alone. While no
electron densities were directly measured, it iz believed
that a change of the pulse power producing this varia-
tion results in a corresponding variation in the electron
density.

The light pulse accompanying and following excita-
tion was recorded simultaneously in the visible and
vacuum-ultraviolet regions by photographing oscillo-
scope traces of the gated photomultiplier outputs.
Typical photographs are shown in Fig. 3.

OBSERVATIONS
Hopfield Continuum

In agreement with previous studies of pulsed dis-
charges in helium at moderate pressures, we fnd two
distinct maxima in the continuum, one near 823 A and
one near 680 A as shown in Fig. 1.29°% The two regions
at 825 A and 680 A were separately studied. The time
dependence of the continuwmn afterglow at selected
wavelengths in the region from 825 A 10 960 A show
no departure from the time dependence at 825 4. No
significant deviation from the behavior observed at
680 A was found when the region between 680 A and
610 A was scanned. However, differences did appear be-
tween the 825 A and 680 A regions. Hereafter, we
discuss the two regions at 823 A and 680 A on the
basis of measurements made at these wavelengths only,

* G. K. Herb and W. J. Van Sciver. Rev. Sci. Insir. 36. 1630
(1965).

*Y. Tanaka, Sci. Pap. Inst. Phyvs. Chem. Res. iTokyo) 39,
165 (1942).

Y. Tanaka, A, S. Jursa, and T J. LeBlanc, J. Opt. Soc. Am.
48, 301 (1938).

*R. E. Hutfman, Y. Tanaka, and J. C. Larrabee, J. Opt. Soc.
Am. 52, 851 (1962); Appl. Opt. 2. 617 (1963).

#P. H. Metzger and G. R. Cook, J. Opt. Soc. Am. 55, 516
(1963).

®R. E. Hufiman, J. C. Larrabee, and D). Chambers, Appl.
Opt. 4, 1145 (1963).
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We find that the emission ohserved at both 823 A
and 680 A is principally an afterglow following termina-
tion of the pulsed excitation, in agreement with the
observations of Huffman et «l.”> Under all experimental
conditions, the afterglow decay has been observed to
vary exponentially with time for approximately 30
wsec. Analysis of photographs of some oscilloscope
traces bas shown the decayv o be exponential over
more than an order of magnitude: two cxamples of
this exponential decay are shown in Iig. 6. The expon-
ential decay is well-represented by the equation

T(f)=T e, (1)

and the integrated intensity per pulse mayv in most
cases be well represented by 7o'k The rates of the
exponential decays, £(680) and £(823), are independ-
ent of pulse width, pulse-repetition frequency, aad
excitation. We find these quantities to be functions of
the pressure only. The cuantities #(823) and £(680)
are both linear functions of the pressure p and can be
represented by the equation

{volts)

INTENSITY

colli L o b ¢ b v PN
OE02030405060

TIME (usec)

1. 6. Exponential decays of the Hopfield continuum in tie
carly afterglow: open circles, 825 X, 20.5 torr; closed circles,
680 4, 38.2 torr. Twu or three data points plotted at the same
tme coordinate indicaie that the intensitics were determined
from two or three oscilloscope traces employving  different
sensitivities.
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I'16. 7. Pressure dependence of the rate constant £:(680; char-
acterizing the (‘\[)’rnCIhldl decay of emission at 080 A: open
circles, Fe at 2¢ 98°K ; closed circles, He at 373°K. The pressures
measured with He at 373°K have been converted 1o e quivaient
pressures at 298°K. The data plotted were collected under a wide
variety of excitation conditions, The least-squares linear nit to
the data at 298°K is also shown.

with equal slopes 3. This behavior is shown in Figs.
and 8 where measured values of £(680) and k(823) ar

given as functions of the He pressure. The points shew
results obtained under a wide variery of pulse-repetition
frequencies, pulse-power levels and pulse widths, il-
lustrating the insensitivity of £ to variables other than
the pressure. Least-squares lines of the form of Eq. (2)
have been fitted to the data and the derived dhlc> of
a and 3 are given in Table I.

The detailed shape of the afterglow pulse wis found
to depend on both excitation conditions and pressure
As shown in IFigs. 4 and 3, following onsct, the after-
glow emission rises rapidly, reaches a maximum, and
decays in the manner described above. The time delay
between termination of the discharge voltage pulse

TapLe [ Pressure dependence of rate constant characterizing
early-afterglow decav.?

A @ 3P
Wave- Intercept at 3 Slope
length £CTO pressure Slope (1015 cm?,

(4 (1()“%( (- fsech atom

620 1180437 36,54 1.1
825 127004237 3935411
3133 1300287 00227

a The quoted errars are the \tanddrd deviations of

the least-squares 1t,
b Calculated assuming a gas temperature of 298¢

AFTERGLOW

IN HELIUM 1378
and onset of the afterglow emission was found to vary
inversely with the pressure and to depend on excitation
as well. The rate of rise of the afterglow was found to
be n strong function of the excitation. The quantities
14(823), &(8)3) and 7,(680),%(680) are approsimately
lincar functions of the pressure at constant excitaticn.
At constant pressure these quantities are strongly
sensitive to excitation and the ratio 7,(823)X%(680)/

To(680) X % (823) increases with increasing excitation.
Thus, the relative amplitude of the intensity maxiria
measured in a

at 680 & and 823 A time-averagad

k(10%sec)

L i 1 L | 1 1
I0 20 30 40 50 60 70 8C
HELIUM PRESSURE (mm Hg)

I"15. 8. Pressure dependence of £(825) measured under a wide
range 01 excitation condmons open circles, He at 298°K ; closed
circles, He at 373°K. The least-squares linear fit to the data at
298°K is also shown. Pressures measured at 373°K have been
converted to 298°K.

manner, as in Fig. 3, can be expected to depend on
both pressure and excitation.

Visible Region

It has previously been suggested that the transition
AT XIE,T s responsible for the principal maxi-
mum in the continuum near 825 A2 A check of this
suggestion would naturally include observations of the
strong molecular emissions terminating in the 113, *
state. We find that the molecular emission at 5133 A
(E~4) consists primarily of an extended afterglow
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which appears after termination of the excitation pulse.
As in the case of the Hopfield continuum, the afterglow
exhibits a rapid buildup to the maximum followed by
a simple exponential decay ; the decay rate £(5133) is
independent of all discharge conditions except pres-
sure. Observations of the emission at various positions
along the length of the discharge tube indicated that
this decay rate was independent of position within the
discharge. Within our experimental accuracy (repro-
ducibility of about 209), this pressure dependence of
the rate followed the linear relation of Eq. 2. Measure-
ments of £(3133) as a function of He pressure are
shown in Fig. 9 together with the least-squares fitted
line. The derived quantities « and 3 are presented In
Table 1. The variations with changing excitation of
1,(5133)/k(5133)  follow closely the variations of
I,(823)/%(825).

Observations of the 0~0 band of the system pr,
I, —~ 25, @®2,* showed similar features including an
exponential decay of the afterglow emission. The decav
slope £(3676) observed was substantially smaller than
that found to characterize the E—d decay at a given
pressure. In addition to this difference in the expo-
nential decay, we also find that the trace observed at
3676 A differed in another significant manner from that
observed at 5133 A; the time position of the muximus
amplitude of the afterglow emission of i~a was sub.
stantially delayed In comparison with the £-4 svster,
as shown in Figs. 3(g) and 3(h).

Effect of Tube Geometry and Temperature

In addition to the measurements employing a quartz
discharge tube, experiments were attempted using a
Pyrex discharge tube with a capillary section of sub-
stantially different geometry: 4 mm i.d., 12 em long.
The required helium flow rates produced a substantial
pressure drop across the length of the discharge tube,
thereby preventing a strict comparison of the resulis
of this experiment with the results obtained emploving
the quartz discharge tube. At low heliun pressures
and consequent low flow rates, experiments in this
narrower tube were found to agree with the quartz
tube studies. At higher pressures the decay rates oh-
tained with the Pyrex tube were somewhat faster.
While these differences are considered to be beyond
experimental error, the very large change of geometry
(factor of 20 in volume and 14 in diffusion time) indi-
cates that there is no large syvstematic variation at-
tributable to geometry alone.

The effect of the temperature of the helivm gus
entering the discharge tube on the quantities 2 and
Io/k was studied. This was achieved by flowing the
purified helium through a spiral trap contained in an
oven; further, the Pyrex tubing connecting the spiral
trap to the quartz discharge tube was heated. The
water-cooling system surrounding the discharge tube
was turned off and the water in the jacket was heated.
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1716, 9. Pressure dependence of £(3133) measured under a wide
range of excitation conditions at 298°K; the least squares linear
fit to the data is also skown.

Mcasurements of the wall temperature of the helium
inlet system and the water jacket indicated that tbe
temperature of the tlowing gas was roughly 373°K.
The measured pressures of the heated helium were con-
verted to equivalent pressures at 298°K. Both the
quantities £ and 7,/% exhibited the same pressure de-
pencence as was observed in the absence of heating
at both 680 A and 825 A (see Figs. 7 and 8). Under
the unfavorable assumption of low gas pressure and
maximum discharge power converted into heating of
the gas, the ambient temperature rise per pulse is
caleulated to be 25°C. This calculation, the experiment
employing externally heated helium, and the insens:-
tivity of the decay rate to pulse repetition frequencies
from 10 cps to several ke/sec imply the absence of an
appreciable activation energy for the process deter-
mining the kinetics of the helium afterglow. While we
have not determined the ambient gas temperature in
the early afterglow, the above considerations support
treatment of the data presented for an ambient gas
temperature of 298K,

Effect of Impurities

It has long been known that low impurity levels are
sufficient to quench the molecular bands as well as the
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Hopfield continuum.* As mentioned earlier, spectro-
scopic evidence indicated the presence of trace amounts
of Ne and Ho in the purified tank helium emploved in
these experiments. In a separate experiment, additional
quantities (up to 400 ppm) of Ne, 1, and N, werc
separately added to the dowing helivm and the quench-
ing of the Hopfield continuum was studied as a function
of the partial pressure of the admitted gus. Research-
grade samples of the indicated foreign gases were
admitted to the discharge tube and, in the absence of
helium flow, the steady-state pressure was measured.
For Ne and II, the flow rate was mecasurcd in the
absence of helium, and agreed with rates calculated
from the geometry of the svstem. In the case of N,
the flow rate was not measured ; rather, the calculated
flow rate was assumed. The helium flow was then
turned on and the discharge initiated. Upon achieve-
ment of diffusion equilibrium of the foreion gas in the
hellum flow, the afterglow decay rates were deter-
mined. Measurement of the helium tlow rate perniitted
evaluation of the true foreign-gas partial pressures.
The residual levels of these foreign gases in the purified
tank helium were estimated by monitoring the Appro-
priate spectral lines in the visible region v total added
partial pressure and extrapolating to zero added partal
pressure. The residual I and Ne impuritv levels cor-
respond to 0.1 and 6.2 ppmy, respectively. The estimated
residual No impurity level is less than 0.2 pput.

S S T T W R

{1 S S I .
2 34 56 78 9101 1213141516 17
IMPURITY PARTIAL PRESSURE (MICRONS)

Fig. 10. Dependence of #(823) (open symbols) and (680}
(closed symbols) on H. (squares), N (triangles), and Ne (circles)
partial pressures at a fixed helium pressure (39 torr) and constant
excitation conditions. The six lines are linear least-squares fits
to the data.
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At all partial pressures of the impurities studied, a
purely exponential decayv of the afterglow was foundl.
The quantities £(680) and & (825) were linearly increas-
ing functions of the partial pressures, at fived tot:l
pressure, as shown in Fig. 10. The quenching rates
derived from the slopes of these curves are: N, 2.2
X101 em® atom-sec; Ne, 1.2X10-% cm? atom-sec ;
Ha 9.0X107 cm? ‘atom-sec. We conclude that the
effect of residual Impurities is such as to increase the
true values of & roughly 1.397, as compared with purs
He. To further check this point, a sample of research-
grade helium was used.® The results obtained at 823 A
680 A, and 3133 A (F-4 ) agree with the data obtained
using the purified tank helium. Since clectrode out-
gassing cannot explain the observed dependence of
decay rates on pressure and excitation conditions, we
believe that the observations described in this report
refer to pure helium.

Prompt Molecular Emission

In addition to the afterglow emission, a pulse is ob
served at 823 A with thme constants comparable to
those observed for the voltage pulse. By emploving a
sufficiently short detection-circuit time constant, i-
was possible 1o resolve this pulse from the afterglow
pulse. No evidence was found for the existence of .
similar prompt pulse accompanying the excitation ar
580 A. Under conditions when the apparent ratio of the
maximum amplitudes of the afterglow emission at 680 &
with respect to that at 825 A was 0.3, the correspond-
g ratio for pulses possibly accompanying the excita-
ton was <0.07. The relative amplitude of the pulsc
accompanying the discharge with respect to the after
slow pulse is independent of wavelength for the region
1000 A 1o 823 A and is very nearly so between 823 A
end 760 A, Below 760 A the pulse accompanving the
discharge rapidly decreases and approaches noise level
near 700 A, There is no positive evidence indicating
the existence of such a pulse below 700 A. Observation
at 3133 A (f:—1) also showed o similar prompt pulse.
The amplitude of this pulse as compared with the
amplitude of the afterglow was found to be a function
of position of observation along the axis of the dis-
charge tube. This ratio was somewhat larger near the
cathode than the anode.

The relative amplitude of the prompt emission with
respect to the afterglow was found to be dependent on
both pressure and excitation. Tt was possible, by lower-
ing the excitation, to create conditions in which the
afterglow pulse was a minor feature compared to the
pulse accompanying the excitation. Oscilloscope traces
cbtained under these conditions are shown in Figs.
3(d) and 3(1).

8 The Matheson Company, Inc., Joliet, Tllinois 60434 quoted
2 ppm N; and less than 1 ppm levels of other gases.
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TECHNOLOGY

The pulsed helium discharge has been studied as ‘t
relates to the over-all mtensity of the Hopfield con-
tinuum. Empirical properties for fixed geometry arc
described. The peak amplitude of the voltage pulse is
found to be an increasing function of the gas pressure
2 at fixed pulse-repetition frequency (PRT) and fived
pulse width. Measurements with the smaller tube indi-
cate that the variable of relevance is not the pressurs
alone, but, analogous to the case of the dc discharge,
the product pd, where ¢ is the electrode separation
Also, the peak amplitude is a decreasing function of
the PRE at fived pressure and pulse width. A furthe-
feature is the apparent invariance of the magnituce of
the voltage pulse at fixed pressure and PRI with
respect to the pulse width. For pulse widths between
0.15 usec and 1 psec (fwhm), the amplitude of the
voltage pulse is constant to within 1067,
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I'1G. 11. (a) Dependence of the integrated emission intensity
per pulse at 825 & (circles) and 680 A (tricmgle‘s) on the pressure
at fixed excitation conditions (13 ke/see, 470 W), () Dependence
of the time-averaged emission intensity at 823 '3 on the PRYE ai
fixed pressure (11.3 torr) and fixed nominal pulse power.

To deseribe the vuriation of the over-all light in-
tensity it Is convenlent to speak separately of the
output per pulse, 7o/, and the product of this quantity
with the PRI" 7. For our geometry, at fixed pressure,
PRT, and nominal pulse power, the quantity 747% is
essentially independent of pulse width for widths be-
ween 0023 psec and 1 psec although the average power
drawn from the dc supply increases lincarlv with pulse
width. For pulse widihs less than 0.23 usec the quantity
L.k decreases as the pulse width is diminished. At
fixed pressure and PRF, Iy 'k is found to be linear
with the pulse power. At fixed [requency and pulse
power the intensity 7,7 increases linearly with in-
creasing pressure, provided that sufficient voltage is
available, see Fig. 11(a).

The variation of the timeaversged intensite as a
function of the pulse repetition frequency is shown in
Il 11{by. The departure from nearity at low PRI
Is thought 10 be charucteristic of the power supply. At
higher values of the PRE the time constunt associated
with the afterglow kinetics becomes an Important con-
sideration. The circuit shown in I'i: was developed
Lo overcome the freguency limitation of the usual
thytatron pulse supplv, We have compared the Lght
output resulting from the use of this circuit with that
obtained when o spark-gap-controlled  condensed-dis-
charge unit Is substituted. The Improvement in in-
tensity obtalned i consistent with what would be
expected on the busis of the higher PRI values ac-
cessible using our cireuit,

(@S]

In a separate experiment we have replaced  the
pulsed capillary discharge tube with an clectrode ess
Pyrex vessel (dimensions: 33 mm long, 23 mm id.)
and a pulsed magnetron microwave excitution unit.
The microwave power (v band, 10 kN ) was delivered
to the lamp through a conventional wave guide placed
aguinst the face of the vessel. Pulse widths between
0.2 and 2 psee were emploved with PRE between 500
and 3000 cps, consistent with the recommended duty
exvele of the magnetron. VWhen operated in this manner,
the Hopfield contnuum was obtuined. The intensity
varied linearly with the pressure at constant PRE and
pulse power and was found to be lincar in PRE at
fixed pressure and pulse power. However, owing to
poor coupling of the microwave power to the gas phase
system, the over-all intensity was substantially less
than typical intensities obtained with the pulsed exci-
tation unit.

\
(

CONCLUSIONS AND INTERPRETATION
General Remarks

The observations at 825 A and 680 A indicare that
tme averaged nicasurements of the intensity distribu-
tion of the Hopfield continuum previously reported are
strongly influenced by excitation conditions as well us
impurity levels and possibly tube geometryv. Differ-
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ences™* concerning the relative intensities at 8§23 A
and 680 A can be understood in terms of these varia
as well as other instrumental variables.

The observations demonstrate that at least two proc-
esses are operative in producing  the radiation at
825 A and that one of these is absent or strongly
inhibited at 680 A. This can cxplain the ohservation
of the 823 A continuum but the absence, or weak
excitation, of the 680 A continuum in an uncondensed
discharge.® The observations also sugrest that the
650 A region of the continuum is a result of an elec-
tronic transition from o sinule excited electronic staie
or from several excired states
kinctics of formation.

bles

vwhich exhibit ‘Lh(: St

The sinularity of the timeresolved bu avior of the
transition 3pm, LI, — 2. 1Y 7 with the 825-A region
of the continuum sugwest that states at the level 3pm,
LM, or higher are significunt contribuiors to cascading
radiation processes which result in the Hopfield con
tinuum as a terminal process,
sistent with a model which includes recombination of
helium molecuiar ions with electrons to form excited
neutral molecules at the level 3pm, LI, or higher,
This observation also supports the suggestion thae the
825-A region of the Hopfield continuum is produced

This observation is con

by the clectronic transition -2

The results reported here agree well m'Ll observie
tions of the carly helium afterglow previoush reported
by Anderson He was also able 10 \h«w hat mild
hummf of the electrons in the 'ILLHur)\* terporarily
inhi bn(d the molecular emission. We terpret this

as showing that the clectron temperature reluses rapidly
at moderate helium prc%:mcs and
tion step is substantially faster than the
mining step in the early afterglow. Jani
studied the

that the recombina-
ate-deter-
nd Evraud®
ar afterglow in helium, follow-
ing pulsed excitation, at pressures up o 135 1o Thev
report, at 13 torr, that the 3J5, /A, = 2p=, 1L,
emission exhibited the swne gener d features reported
here for the 7.1 and 1l ion of the
Le., they report an emission l
charge followed by un extended afterg
buildup relatively rapid compared to the de=cas,
Bayvet® has interpreted his results in tcrms of the
variation of the recombination probability with changes
of both electron density und electron enersy. These
varfations are fmportant at low press and high
excitation.? However, there is substantial evidence that
thedecavrate of the electron energv at the pressures em-
ployed in the present study Is substanuaily faster than
the observed rate of moleculur afterglow decay,10 5.5t

carlv molecul

C

e & CONUINUWN.

pulse :'Lu:omp;ui‘"v‘; cis-

ow with 4

nres

ROG Newburgh, T ITerous, and 11 10 Hinteregeer, Appl.
Opt. 1, 733 11962)
'”H J. Gskam, Philips Res. Rep. 13, 333 {103y,
B Loch, Basic Lrocesses o Gaseons [ /C( redrics Universite
of Qahf Press, Berkeley, 1933), p. 477 el seg.

AFTERGLOW IN

HELIUNX

Prompt Emission

The observation reported here of molecular emission
nccompanying the excitation pulse implies a mecha-
nis producing excited Hey within a few hundred nano-
seconds. Re-excitation ol metastable He, molecules
formed during a previous pulse cannot account for
this ub:uxduon. This hypothesis was rejected as o
result of observation of the radiation at 825 A using
a pulse repetition frequency of 10 cps. In addition to
quenching of long-lived species by processes such as
ditffusion to the discharge tube wall, the How rates
employved in this experiment were such as to replace
all of the gas In the discharge tube within about 0.0253
sec. The ohserved time dependence of the afterglov:
emission at 10 cps was identical to that observed using
excltation {requencies of a few ke/sec. This experiment
ruled out the possibility that anv of the observed
features of the molecular emission were produced by
reexcitation of a long-lived excited species, molecular
or atomic. From the observation of this prompt light
pulse at L1, we conclude that the light pulse accom-
panving excitation is produced by formation of a mole
cule in the zeroth or possibly first vibrational state, as
the emission is too fast to allow relaxation processes
from higher vibrational states to be operative.

A process which results in the initial random popula-
tdon of high Rydberg levels would be expected to
])omuuc both the 22 and D states. (uanucm]\' as-
suming the 680-A region of the continuum is I)IOdULL(
by D— X% we interpret this rapid emission in terms
of a primary formation of the £ state or possibly ¢
higher state from which radiation to the £ state is
strongly allowed. The electronic term values of the
states Ir and D with respect to the 4 state are 19 476.5
emtand 18 693.3 cm“, respectively. The difference,

amelv 781.2 cnrl, is about 49 of the term value of
1110 E state and, since the cube of the frequency enters
into  the spk)llt&HCOUb emission probability, plainly
leads to a small value of the branching ratio. Then.

although the £ — D transition is allowed, the branching

ratio of LD E- is sufficiently small for this prompt.
cmission to be observable at 5133 A and 823 A, but not
680 A,

Afterglow Emission

The butldup and <ub<cque 1t decay of the earls
molecular afterglow requires a separate nnuplet‘mon
The duta Indicate that Hey* is the intermediary in-
volved in the formation of Hes*. The only other
molecule-forming process L()n%ht(‘llt with our observa-
tions would be direct formation by a two-hody collision
between an excited helium atom and a ground-state
atom. However, the persistence of the molecular emis-
sion well into the afterglow, in contrast to the more
rupld atomic afterglow decay, suggest that only the
metastable species 255 or 715 (ould be participants.
The features of the relevant molecular-potential curves,
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as they are now understood,? appear 1o preclude
direct molecular formation of any states except possibly
the AT, % or a32,* states from these species,

In contrast to the appurent low probability of
direct molecule formation, substantial experimentaul
evidence supports the efficient production of He," in
gaseous discharges.® =% Two efficient processes seem
well established

He*4-He — Heot4-¢ o (3
Het4-2He —» Hey -+ He. (1)

Recent experimental determinations™™# of the rutc of
Eq. (4) are in good agreement with the theorctical
value deduced by Mahan# Thus, at a pressure of 10
torr, the rate corresponding 1o Eq. (1) is 10t sec
somewhat smaller than the observed afterglow-decay
rate of 3X10* sec™! reported here. In contrast, at 60
torr the rate is 4X10° sec, substantially faster than
the corresponding decay rate of 9X 104 sec- reported
here. Moreover, the rate of Eq. (4) varies as the square
of the helium pressure. Consequently, the observations
reported here are inconsistent with the formation of
He,™ predominantly by this mechanisin; for times
later in the afterglow, it is not unlikelv that this three-
body process assumes the dominant role in the pro-
duction of Hey". The rate corresponding 1o Eq. (3} is
known to be rapid; it has recently been suggested that
the cross section for the two-body  destruction of
He (3'F) atoms is 2 A2, a value interpreted as being
consistent with the rate of production of He,* by the
mechanism of Fq. (3).% Assuming a relative velocity
appropriate to a translational temperature of 300°K,
this process is expected to proceed at a rate of ~2X 107
se¢ b at 25 torr. Hornbeck’s® value of gr~3% 10-%
em? sec, where ¢ is the effective cross section for pro-
duction of the molecular ion and 7 is the radiaiive
lifetime of the excited atomic level, predicts that at
35 torr roughly 109 of the excited wioms should he
converted to molecular ions. Consequently, we con-
clude that the process should result in the efficient
formation of Hest within a few hundred nanoseconds
after initiation of the discharge. This is further sup-
ported by the observation of Craggs, who reported®

RS, Mulliken, Phys. Rev. 136, A 902 (1964,

AV Phelps and S. C. Brown, Phys. Rev. 86, 102 (1932,
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 J. A Hornbeck, Phys. Rev. 84, 1072 (1951).
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that, at 50 torr, the Hest concentration reaches a
maximum about 0.3 gsec after termination of excitz.tion.

‘The quantity 7,/% is understood to represent an
initial concentration of Hes™ formed by the two-body
process at time zevo. The approximate linear depend-
ence of 7y b on current is consistent with mass-spec-
trometric investigations of Hes* formation which show
a lincar dependence of the moleculur-ion concentration
on  bombarding current.’ The observed Impuarity
quenching is also consistent with this interpretation.
If we interpret the observed quenching rates in terms
of cross sections for Heot destruction at 300°K, the
derived cross sections are 11 A% 22 A2 und 45 A% for
Ne, Ny, and Ho, respectively, Tn view of the uncertain.
tes in our determination of the foreign-gus pertial
pressure, the absolute mugnitude of these cross sec-
tious are believed to be correct within u factor of two;
however, the relative values for the three gases should
be more precise. These cross sections can be used to
rule out three of the tfive known long-lived helium
species as being responsible for the early afterzlow
molecular emissions described here. Table 1T pre-
sents a summary of experimental data on the de-
struction of He (1s2s, 1S), He (1525, 55), Hev, and
Hes™ together with the results of the present study.,
The very large quantitative discrepancies and varia-
tions between the various foreign-gas species permit
elmination of He (215), He (225), and He* from
further consideration. In contrast, the good agreement
between Oskam’s value of 15 A2 for the destruction of
Hey™ by Ne** and our value of 11 &2 for the observed
fiuenching by Ne further supports the interpretation

Tasre T Cross sections (4% for quenching of
long-lived species in helium.

["oreign Present

qus PRRRAN He* He." studyh

Ne (.28 ERE s 15 11
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that the long-lived species primarily responsible for
the Hopfield continuum is in fact Hes*,

The insensitivity of the afterglow-decayv rate to ex-
citation conditions and the linear pressure dependence
of this rate strongly suggests that recombination of
molecular jons with clectrons is not the rate-controlling
step in the early afterglow. The duta may be interpreted
as reflecting the slower two-body conversion of Hest
from a nonrecombining to a recombining form. This may
be consistent with the recent discovery by Madson ef al.
of two Hes™ species, distinguished according to mo-
bility.®® They suggest that one species is a freshly
formed molecular ion while the second species is an
ion which has been aged. Such a model would predict
all of the features reported in the present studyv: rapid
buildup of molecular light intensity, buildup sensitive
to excitation, cxponential decay in the early afterglow,
decay rate insensitive to excitation, quenching due to
collisions of Hey™ with foreign-gas species, and similar
kinetics for several singlet molecular trarsitions. This
model is also consistent with the very different phe-
nomena observed in the late afterglow since the re-
combination rate constant depends on the electron
concentration and could become the rate-determining
step at a later time in the afterglow.

A plausible physical interpretation of the two-body
conversion suggested above could be the vibrational
relaxation of vibrating helium molecular ions. Mulliken
has recently advanced arguments® indicating that for-
mation of Hes" by the two-body process, Eq. (3),
should result in vibrational excitation of the ions
formed. Curran,® using electvon bombardment, finds
that the two-body process is considerably enhanced
when the principal quantum number of the He* excited
is n=4 as compared with n=3. This is true in spite

*®R. K. Curran, J. Chem. Phys. 38, 2974 (1963).
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of the fact that St. John ef al.® report that the excita-
tion cross sections for the =3 level of He* are larger
than those for excitation to the n=4, 3, or 6 levels.

11 recombination of vibrationally excited molecular
fons occurs, we would expect to observe either dissocia-
tive recombination or transitions from higher vibra-
tional states of the Hes* produced, or both. There is
no conclusive evidence supporting dissociative recom-
bination in the helium afterglow.! The observed spec-
trumr. of Heo™ is well known to be characterized primarily
by 0-0 and 1-1 transitions. Since recombination seems
to be efficiently accomplished only in the low vibra-
tionel levels of the molecular ion, it is necessary to
invoke a mechanism for vibrational relaxation opere.
tive in the early afterglow. We suggest that the two-
body process described in this report is the vibrational
relaxation of the Hes* formed initially. In this model,
assuming a translational temperature of 300°K, the
observed pressure dependence of the afterglow-decay
rates vields an apparent cross section of about 3.3
X107¥ cm? for this vibrational relaxation. While an
alternative interpretation of the early molecular after-
glow may be possible, the experimental results reported
here severely restrict speculations regarding the domi-
nant mechanisms.
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