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The exchange excitation of the 4'S and 3 'P levels of helium by electron impact has been studied by

means of time-resolved spectroscopy of the 4 S 2 P (X = 4713-A) and 3 P 2 S (k = 3889-A)

transitio~, Measurements were carried out for incident electron energies in the range 50-400 eV at

helium-gas pressures of 8 and 4 mtorr. Radiative cascade transitions from the n P levels and from

the n S and n 8 levels contributed 12 and 10% to the total 4 S and 3 P populations, respectively,

at 50eV. These fractions increased to about 30 and 40go, respectively, at 400-eV electron-impact

energy. The 4'S and 3 'P direct-excitation cross sections were observed to decrease with increasing

electron impact according to the relation (energy) '. This result is in agreement with the theoretical

predictions of Ochkur and Bratsev.

I. INTRODUCTION

Many experimenters have used the optical meth-
od to examine the phenomenon of electron-exchange
excitation in electron-atom collisions. Particular
emphasis has been given to the study of the triplet
levels of the HeI spectrum since they can be direct-
ly excited only through the exchange mechanism.
Absolute measurements of the direct-excitation
cross section and its dependence upon incident-
electron energy have been obtained for several of
the He I triplet levels. However, discrepancies
presently exist between many of these measure-
ments and the corresponding theoretical predic-
tions. Qne example is the apparent discrepancy
between theory and experiment in predicting the
relative energy dependence exhibited by the direct-
excitation cross-section curve (excitation function).

In the case of helium the Born-Qppenheimer the-
ory predicts that triylet-state excitation functions
will have a peak just above the threshold energy
and then experience a rapid monotonic decrease
with increasing energy of the incident electron.
This rate of decrease of the direct cross section
with electron energy E is calculated to be E ',
E ', and E ' for the 'S, 'P, and 'D levels, re-
spectively. ' Calculations of the direct-excitation
cross section carried out using the expansion
technique of Qchkur and Bratsev predict a E ' de-
pendence for all of the triplet-level cross sections. '
Previous experimental studies of this energy de-
pendence have produced contradictory results. '
The theoretical calculations become more valid at
the higher energies (above 100 eV). However, this
is a difficult region to interpret experimental re-
sults because secondary excitation mechanisms,
such as radiative cascade, genera11y make signifi-
cant contributions to the low-level optical measure-
ments. The 43&, O'P, and O'D apparent-cross-

section energy dependence determined by Kay and
Showalter4 indicates a single E ' dependence for
the 4'9 cross section for the higher energies.
However, they found that the O'P and O'D levels
have excitation functions which exhibit a far more
complicated energy dependence at these higher en-
ergies. A log-log plot of their apparent cross sec-
tion versus incident-electron energy shows that
the O'P- and O'D-level excitations each exhibit a
E ' dependence for energies above approximately
100 eV. Subtracting this energy dependence from
the original data points leaves a second component
that varies as E "and E "for the O'P and O'D,
respectively. The slow components are attributed
by the authors of Ref. 4 to the effects of secondary
excitation on the levels in quesbon.

The present work uses time-resolved spectros-
copy to determine the energy dependence of the
direct-excitation cross section. The effects of
secondary excitation mechanisms which have tem-
poral decay rates different from the radiative rate
of the upper level of the transition under study are
subtracted off from the total light intensity. This
technique provides direct information about the
excited-atom density produced by direct electron-
impact excitation. The time-resolved technique is
a simple and useful method to isolate, identify,
and quantitively measure the effects of secondary
excitation mechanisms and therefore can be used
effectively in conjunction with absolute-intensity
measurements to determine direct-excitation
cross sections.

II. EXPERIMENT

The time-resolving apparatus shown in Fig. 1
was similar to that used in our previous experi-
ments. ' Helium gas passed through a cooled trap
and into the excitation chamber through a small
orifice. The rate of helium-gas flow was held
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constant by means of a precision gas-metering
valve. A cooled zeolite molecular sieve tx'ap was
connected to the excitation chamber to remove im-
purity gases produced during the experiment. The
tax get-gas px essure was continuously monitored
by means of calibrated ion and Pirani gauges.

The time-resolved apparatus employed a gated
electron beam as the excitation mechanism. The
electron source was an electron gun x'emoved from
a SEM5 radio tube. The gun was initially biased
to cutoff by applying a negative dc potential to the
control grid and then biased to conduct by applying
to the gx'id a positive variable-%idtll pulse. The
pulse width and pulse repetition rate used in the
present experiment mere 600 ns, and I ksz, re-
spectively. It was observed experimentally that
the length of the electxon beam pulse was sufficient
to allover equilibrium of the excited-state population.
(The light intensity reached a constant value before
beam cutoff. ) The pulsed electron beam passed
through a field-free collision region and was col-
lected in a deep Faraday cup. The gxid structure
of the excitation tube and the Faraday cup mere
modified to reduce the influence of slow and sec-
ondary electrons upon the excitation process. (A
grid with a retarding potential was placed adjacent
to the collision-chamber entrance and spiraled
aluminum foil was inserted into the rear of the
Faraday cup. )

The eollisionally induced radiation left the col-
lision chamber at right angles to the electron beam
and was focused vrith unit magnification along the
sUts of a 0.5-m-focal-length monochromator oper-
ated at a spectral slit width of Ah=8k. The photo-
deteetion system employed a sampling oscilloscope
to analyze the decay of the eollisional x'adiation.
The signal-to-noise capabilities of the sampling
system frere increased by use of a double-modula-
tion scheme employing a lock-in detection system.
The resulting x-y tx ace of the time-xesolved sys-

tern was a plot of light intensity versus time.
Absolu& calibraU05 of the time sg55 %% activ4
by monitoring a signal of known frequency with the
sampling system.

Relative measurements of the aypare+ exoes
section were obtained using the time-resolved
system operated in a dc mode. The NO-03 leek-in
detection systexn was used to detect the collisional
radiation. Th image ef the lectran beam %as
focused with unit magnification box'ilontally Rex'os
the monochromator slit openings. Measurements
of the integrated light intensity were taken at
several values ef incidentwlectron energy. Th
monochromator wavelength was scanned over the
spectral line, pxoducing a record of the U,ne yx'o-
file and background spectra. The heUum~as
pressure was held constant during the measure-
ments, and the electron beam curt'ent collected
in the Fax aday cuy ~ monitored. Snag traces
of impurity gases were observed to be present in
the excitation chamber. The principal impurity
~as nitrogen, which has strong bands lyi g eeai'
the X 8889 i and a 4'll8 A helium lines under
investigation. The presence of nitrogen dM not
interfere with the intensity measurements of the
x = N89 A line, since this is a strong helium Une
and the d,a 8 A spectral sUt width of the mom-
chromator effectively isolated it from the 'A. ~ 8914
A band of the nitrogen spectrum. However, it was
not possMe to spectrally resolve the X ~4V09 L
nitrogen band from the l. ~4'H8 L helium Une.
The X =4'll8 1 signal contained less than 5% nitro-
gen contamination at 50 eV and approximately 25%
at 800 eV. The nitrogen background signal could
be determined from the spectral intensity versus
wavelength profile since the narrow helium line
rode on top of the broader nitrogen band. An
additional coxxection +as carried out for the 3'9
-O'S {x=8889A) transiUon. Below approximately
l00 eV, the X =8889 L Une is subject to pobarixa-
tion effects. The polarization measurements of
Hughes e& eE.' were used to eox'rect fox the effects
of the 3'P anisotropic radiation pattern and the
polarization-sensitive response of the detc~n
system. This procedure yielded a muNplicaUve
polarization-correction factor which vatied h'o
0.91 at 50 e7 to L.OO at 250 8V incident-electron
8nergy.

HI. YIKATMjENT OF DATA

The excitation pulse was an electron beam which
established excitatjIon equQjbrium before it m~
turn4 off Rt time t -O. I5 the simple cN of ~
excited stat88 g and 0, &her stat 0 casCades ito
state j, the population-rate equation of state j at
time t &0 is given by
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~ 0 - t/tpn, =n,A„e n-, /T, ,

where n~ is the density of atoms in state j, no is
the density of atoms in state k at t =0, A» is the
transition probability k- j, and r, and ~~ are the
lifetimes of the states k and j, respectively.

The population of state j as a function of time
after the cessation of electron excitation is given

by the solution of Eq. (1), which is

n~ =Pe ' '~+y, e ' '&,

where

p =n& —y» y~ =n, A,p, (1 —r&/r„) ',

(2)

and n& is the total density of atoms in state j at
time t=0. Also, at t=0, n~=n,*+v,n,'A». There-
fore, n,

*
P +y,v~/v„, where n~* is the number den-

sity of atoms excited by direct excitation.
The apparent cross section for populating state

j by all available means is the one normally mea-
sured in a dc electron-beam experiment. It is
written as Q,

' =n,'( pCr. ) ', where 4 is the electron
flux and p the atom number density. The direct-
excitation cross section can be defined in a similar
manner and is defined as Q& =n~ (4pr~) ' Cros. s
sections for excitation to higher levels are de-
fined in an analogous manner. In the absence of
secondary excitation mechanisms (e.g. , radiative
cascade) the two cross sections are equal.

If ~, & r&, then a semilog plot of n~ vs t [Eq. (2)]
will show two characteristic decay modes hav-
ing positive initial intercepts P and y~. If we
define f8 =P/n~~ and f, = y, /n~~, which are the frac-
tions of the total decay having intercepts P and y~,
respectively, then f~+ f, =1. In the present case
state k represents several cascading levels whose
individual lifetimes cannot be resolved by the
present apparatus They are therefore observed
as a single long-lived decay mode with a com-
posite decay constant ~, . The direct-excitation
cross section is our primary interest. It can be
expressed in terms of experimentally measurable
quantities as

Q~ =Q~(fs+ fg~/&a).

Errors in the determination of Q, occur if v, = r
such that these decays cannot be resolved as
separate decays. The fraction f~ then includes
the cascade from k as well as direct excitation to
j. Under most circumstances this occurs when

~~ & 2v& in the present apparatus. This difficulty
does not arise in the cascade analysis of the 4'S
level since the cascading n'P levels (n =4, 5, . . . )
have lifetimes which are more than twice that of
the 4'S level. (Gabriel and Heddle' report theo-
retical lifetimes of 150 and 260 ns for the 5'P and
6'P levels as compared to 64 for the 4'S level. )

However, this problem arises during the cascade
analysis of the O'P level, where several cascading
n'S and n'D levels have lifetimes that cannot be
experimentally resolved from the natural O'P
decay.

Examination of the theoretical lifetimes reported
in Ref. 8 shows that the n'S levels have lifetimes
of 64, 110, and 180 ns for n=4, 5, and 6, respec-
tively, and that the n'D levels have lifetimes of
60, 108, and 146 ns for n=5, 6, and 7, respective-
ly. The lifetime of the O'P level is reported by
the same source to be 97 ns. All of these lifetime
values fall within the resolution limit of our ap-
paratus, which implies a possible cascade con-
tribution to f8 for the 3'P level. Fortunately, an
upper limit of the nondirect cascade contribution
to f~ can be estimated.

The apparent cross section Q '(3'P) is propor-
tional to the total O'P population produced by all
means, and the cross section Q(3'P) represents
direct excitation. I et Q'(3'P) =Q(3'P)
+Q, Q(k-3'P). The cross section Q, Q(k-3'P)
represents the cascade contribution to the apparent
cross section Q'(3'P). The ratio Q(k- 3'P)/Q'(3 'P)
is the fraction of the total 3'P population produced
by cascade transitions from the upper k state.
Estimates of the cross sections for the cascading
levels which cannot be resolved from the O'P
natural decay can be obtained from the expressions

( SS 8 )
Q (n S)A(n S 3 P)

A (n 'S)

Q'(n 'D)A (n 'D- 3 'P)
A(n'D)

where n=4, 5, and 6 and n=5, 6, and 7 for the 'S
and 'D levels, respectively. The absolute ap-
parent-cross-section data of St. John et al.' and
the theoretical transition probabilities reported
in Ref. 8 were used to evaluate the fraction of the
O'P population which could not be resolved from
the direct 3'P excitation. (Apparent cross sec-
tions for the 6'S and the 7'D levels were not
reported by St. John et al. These cross sections
were estimated assuming a n ' cross-section
dependence. ) The cascade contributions, n 'S
-3'P, were estimated to be 9%, 2@, and less
than 1% for the n = 4, 5, and 6 levels, respectively,
at 100-eV incident-electron energy. At this elec-
tron energy, the total n'D contribution (n= 5,6, and
7) is estimated to be approximately 2%. A total
of approximately 13+ is estimated to be the frac-
tion of the 3 'P population produced by cascade
transitions which cannot be resolved from the
natural 3'P decay. This represents an upper
limit of the cascade contribution to fs. The pres-
ent 3'P lifetime measurement (101 s5 ns) ex-
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hibits reasonable agreement with the measure-
ments of other experimenters' and suggests that
our analysis of the situation is proper. No cascade
corrections are applied to the cross sections
presented in this paper. The omission of these
corrections leads to small overestimation of the
true O'P cross section and has a negligible effect
on the O'8 cross section.

rv. RzSmTS mo DISCUSSroN

The intensity of the eollisional radiation was
monitored, using time-resolved techniques, for

incident-electron energies between 50 and 400 eV
and at helium-gas pressures of 4 and 8 mtorr.
Several intensity decay curves were obtained at
each electron energy and an average curve was
plotted on semilog graph paper. Typical decay
curves for the 4'S 2'I' and O'P- 2'S transitions
are shown in Figs. 2 and 3. The contribution of
direct excitation to the total light intensity was
separated from that of the cascade transitions by
subtracting the long-lived cascade component from
the original data points. The decay constant of
each mode was measured and the direct-excitation
contribution was identified through comparison
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at 4-mtorr gas pressure
and at (a) 50-eV and (b) 200-
eV electron-impact energy.
The long-lived decay mode
represents the composite
decay of several nsS and
NGD states into the 33P lev-
el. The short-lived decay
is identified as the direct-
excitation contribution to
the 33P population.
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50 88 222
55 Vl 231
80 66 248

100 69 252
120 81 258
150 84 314
170 84 288
200 83 364
250 67 380
300 64 383

82 18
81 19
80 20
72 29
89 31
82 38
59 41
64 36
82 38
63 3V

27.2
18.V
5.9
3,3
2,1
1,1
0.8
0.5
0~3
Q.g

23.8 + 3,3
16.2+ 2.0

5 ~ 1+ 0.5
2.6*0.2
1,6 + 0.2
O.V a 0.1
0.5 + 0.1
0.4 + Q.l
0.2 ~ 0.1
0.1 + 0.03

with the corresponding theox etical transition
probabilities for the O'8 and 3'P levels. The
short-lived decay modes have lifetimes of approxi-
mately 66 +5 and 101 +5 ns for the A. =4%13 A and
A. = 3889 A transitions, respectively. These values
are in good agreement %'ith the cox'x"esponding
theoretical values of 63.8 and 96.6 ns reported by
Gabriel and Heddle. The long-lived decay mode
has a lifetime which appears to increase with
incx'easing elqetron energy and cannot be identi-
fied with th@ lifetime of any one particulag higher-
energy level. B appears rather to be the composite
result of multiple cascade transitions.

Apparent-cross-section measurements for the
4 8 and 3 p levels %ere carried out Using R dc
electron beam at electron. energies corresponding
to those of the time-resolved ineasurements. The
dc measurements frere obtained at several heliurg-

lOQ „-—

TABLE I. Estimates of cross sections for 438 direct
electron impact in units of 10"~o cm~. Listed uncer-
tainties are relative to the experimental measurements
of this paper only and primarily reflect reproducihility
uncertainties.

Energy v& v& f& fz f+fzv&/v» Q(4 38) Q(4 ~8}

(eV) (ni) (ns) (%) (%} (%} (10 ~ cm') (10 "cm')

50
60
80

100
120
150
1VO

200
250
300
400

96 282 85 15
96 278 90 10

101 278 80 20
101 282 VR 28
103 298 VQ 30
105 306 80 40
101 318 59 41
103 335 55 45
101 335 $5 45
101 354 50 50
101 384 45 55

111.0
69.8
29.5
15.$
9,1
5.2
3,8
2.4
1.7
1.2
0.5

99.9 + 1.1
65,4 + V.B
2.5.8+3.1
12.8 ~ 1.3
7.3+ 1,.2
3.9k 0.8
2.8 a 0.6
1„7a0,4
1.2k 0,3
0.8+ 0.2
0,3+0.1

gas pressures and electron beam currents, Ex-
trapolation of these data was used to obtain ap
parent cross sections vrhich vex'e independent of
pressure an/ current effects. %hen necessaxy the
measurements were cox'rected fox effects of po-
lariFRtion and impurity gases. The corrected
O'8 and O'P appaxent crqss sections vere placed
on an absolute scale by normalizing to the absolute
cross sections at 100 eV reported by St. John
et al.' (Our apparent-excitation functions had

shapes similar to those reported in Ref. 9 for en-
ergies below 100 eV.)

The experimentally determined values of fq,
f„and Q,

' for the O'8 and 3'P levels, listed in
Tables I and D, respectively, vere substituted
into Eq. {3)to obtain estimates of the absoiute

TABLE H. Estimates of cross sections for 33P direct
electron-impact excitation in units of lo so cd List
uncertainties are relative to the experimental measure-
ments of this paper only. They primarily reflect re-
producibility uncertainties and do not reflect a possible
overestimate due to incomplete resolution (see text).

Energy rp v& f8 f& f&+f&vj~vi '(3
(eV} {ns) (ns} (%) (%} {%) (3,0 ~o cm2} (10"~4 am~)

j0
I
o

CP

I
O

Wl
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lg
IIP

PIg. 4. Direct-excitation
cross section vs electron-
impact energy at gero effec-
tive pressure with coxrec-
tions for polarimstion and
nitrogen-gas impurities.
(a) 438 level; The direct-
exci@tion cross section de-
creases with increasing in-
cident-electron energy
with a slope of -2.8+ 0.2.
P) 33& level: The direct-
excitation cross sectiop
decreases with increasing
incidegt-electron energy
with a slope of -3.0+ 0.2.
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values of the corresponding direct-excitation gross
sections. The uncertainties associated with the
absolute cross sections listed in Tables I and II
are relative to the experimental measurements
of this paper only. They' do not take into account
possible uncertainties in the data of Ref. 9, which

were used to place our relative measurements
on an absolute scale.

The relative values of the 4'S and 3'P direct-
excitation cross sections are plotted on a log-log
scale as a function of electron-impact energy
(Fig. 4). The error bars represent the limits of
experimental reproducibility and take into account
measurement errors present in each of the quan-
tities used to determine the direct cross section.
A weighted least-squares analysis of the data
indicates that the 4'S direct cross section de-

creases. with increasing electron energy according
to the relation (energy) "'c', while the 3'P cross
section decreases as (energy) ""'.In each case
the rate of decrease exhibits reasonable agree-
ment with the dc intensity measurements of Kay
and Showalter. 4

It appears that above electron energies of 50 eV
both the 4'S and 3'P direct cross sections follow
an (energy) ' dependence. This result would ap-
pear to contradict the (energy) ' dependence pre-
dicted by Born-Oppenheimer theory for the 4'S
level, and instead tends to support the expansion
technique of Ochkur and Bratsev. The present
work demonstrates the versatility and promise
of time-resolved spectroscopy as a research tool
when used in conjunction with absolute-intensity
measurements.
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A 250-keV electron accelerator was used to carry out time-dependent studies in neon gas at the wavelength

of the 'P, and 'P, resonance line and the 850-A continuum over a wide range of pressures, up to 1000 Torr.
The resonance line decays exponentially with a lifetime that is governed predominantly by the escape of
resonance radiation to the walls of the emission chamber and by three-body destruction of the resonance

0

states. The main continuum near 859 A comes to a maximum well after termination of the excitation pulse

and then decays with a lifetime that is very long at low pressures. However, this lifetime decreases with

increasing pressure at low and intermediate pressures and assumes a nearly constant value of 5.1 p,sec at the

highest pressures. From the time-dependent studies it is proposed that both 'P, and 'P, resonance states are

converted to metastable molecular states by three-body collisions. The metastable molecules in turn may

undergo two- and three-body collisions with ground-state atoms which convert them to radiative molecules

that radiate the 850-A continuum with a lifetime of about 5.1 p.sec.

I. INTRODUCTION

Recent investigations of the vacuum-ultraviolet
(vuv) radiation in argon' and helium' have shown
that the excitation of noble gases by energetic
charged particles provides a valuable tool for

measuring the time and pressure dependence of
the resonance radiation and continuous emission
in these gases. The objective of this paper is to
report lifetime measurements of the 740-A reso-
nance line and the 850-A continuum in pure neon
gas over wide pressure ranges.


