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the collisional recombination process of Ar*. The
same results were obtained previously for the
helium and neon atomic ions. 0712

For argon concentrations of 1 and 5%, Ar; ions
were also observed, although, for the experimental
conditions, the Ar* ions were the majority ions.
These studies led to the verification, for the first
time by simultaneous light emission and ion-den-
sity measurements, ofthe dissociative recombina-
tion of Ar; with electrons. The importance of this
recombination process has previously been estab-
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lished by line-broadening studies® as well as by
the large recombination coefficient measured for
the Ar}ion.® The present studies strongly in-
dicate that the dissociative recombination process
populates directly only the 2p and 3p energy levels.
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A high-resolution study of the He 1124686 A m=3-4) line complex emitted from a cooled hol-
low cathode has been made using a double-etalon spectrometer with photoelectric detection.
Computer analysis of the digitally recorded spectra of this line yields fine-structure and iso-
tope-shift measurements for the isotopes SHe and *He which agree with quantum electrodynamic
theory to within +0.0005 em™! for the best measured components. The excitation and deexci-
tation processes for this transition, which are active in the hollow-cathode, have been analyzed.
The results show that the anomalously large widths observed in ionized helium lines which
have been electronically excited arise from large momentum transfers in the excitation pro-
cess. Calculation of the momentum~transfer line profile in the process He+e— Het*+e+e
gives reasonable agreement with the observed profiles when the instrumental profile and
neutral He Doppler profile are included. Measurements further confirm that the origin of
the small anode-drift shift is a residual electric field within the discharge.
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I. INTRODUCTION

High-resolution spectroscopic measurements of
the hydrogenlike lines of Het have previously been
undertaken primarily to improve the measurement
of the relative component positions for comparison
with the quantum electrodynamical predictions. !—*
In every instance, however, anomalies have been
revealed in some of the measured parameters:
positions, widths, and relative intensities of the
spectral components. These anomalies can be re-
lated to the atomic processes occurring within the
hollow-cathode discharge, and thus can reveal in-
formation about the discharge mechanisms. We
study here the anomalies in the measurements of
the Hetn =4 -3 line complex at 24686 A to improve
our understanding of the hollow-cathode discharge.
The level structure for this transition is shown in
Fig. 1.

II. EXPERIMENT

Figure 2 shows the experimental arrangement.
Up to three hollow cathodes could be cooled in lig-
uid helium or in liquid nitrogen, and the light
emitted from one was directed into one of the spec-
trometers. The cathodes were of the double-anode
type, and measurements were made using each one
alternately. This was necessary to average out
small relative shifts in the fine-structure compo-
nents due to an axially directed electric field with-
in the discharge (see Sec. VII). Electrodes of
copper, kovar, and aluminum were used; those of
aluminum produced the coolest discharges. Glass-
to-metal seals for copper and aluminum electrodes,
which could withstand repeated cooling in liquid
helium, were obtained by machining the metal to a
thin (~4 mil) lip and sealing it to the glass with
Bondmaster M640 epoxy.

The emitted cathode light was analyzed by a
three-etalon PEPSIOS® spectrometer, or by a Wis-
consin-Bellevue Spectrometer (WBS) consisting of
a 1-m Ebert-Fastie grating pre-monochromator
coupled to two Fabry-Perot interferometers in
series. Photoelectric detection in both cases was
by a liquid-nitrogen-cooled 1P28 photomultiplier,

Two etalons were necessary to provide a spec-
tral range large enough to include all the fine
structure while still maintaining sufficient reso-
lution (400000). The third etalon in the PEPSIOS
or the grating in the WBS suppressed the remain-
ing light from a strong neutral line only 27 A away
at 4713 A. In the hollow-cathode emission this
line is about 100 times stronger than the strongest
component of the Herr 14686 A complex. The WBS
was temperature stabilized with water flowing
around the etalon chambers from a large reservoir.
For accurate position measurements of the fine
structure, the room temperature also had to be
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maintained constant to +1 °C.

In the PEPSIOS scans, the calibration fringes
were produced from a Michelson interferometer
operated in Hg 25461 A light, one arm being fixed
and the other arm containing a windowed chamber
which was pressure scanned with the main PEPSIOS
etalon chamber. The WBS spectra werecalibrated
with a single long-spacer (50 mm) etalon, but illu-
minated with the °®Hg singlet A4047 A or 24358 A.
These fringes determined the wave-number scale
of the spectrum, thus avoiding errors arising from
nonlinearity of the scan rate.

The spectra were recorded digitally on paper
tape, and simultaneously on an analog strip-chart
recorder. The digital system operated from dig-
itizing drums attached to the output drives of the
two-pen recorder (the second pen recorded the
wave-number calibration fringes). The two sig-
nals were recorded alternately on the paper tape
at rates of up to 5 times a sec. One scan of the
fine-structure complex took approximately 25 min,
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FIG. 1. Energy-level diagram for the He 11 A4686 A
transition. Approximate relative positions and intensities
of the 13 components are shown below the level diagram.
The allowed transitions are numbered 1-13 and identified
at the bottom of the figure.
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with 800 points being recorded over the 3-cm™!
scanning range.

III. REDUCTION OF DATA

The spectra were analyzed using a computer
program to make a nonlinear least-squares fit of
the data with a model which had as parameters the
width, position, and intensity of each fine-struc-
ture component, Three different types of formu-~
lation were used. The first fitted all components
to a profile selected from the violet wing of a
strong component within the spectrum. The sec-
ond described the profile with two parameters «
and B in the form

o) =n/[1 +alo - )2+ B0 -0,)] ,

where o, is the component position and % is its
intensity. Other two-parameter forms were tested,
but always produced a higher least-squares sum.
The third technique used a functional form of the
double-etalon spectrometer function. This was
convoluted with a source function represented by
the convolution of a square function and Lorentzian
function. The half-widths of these last two func-
tions became the two parameters for the profile.
The functional form of this instrument function and
its deconvolution from polyetalon spectra are
treated more generally in another paper.® Because
of a fortunate intensity distribution in the fine-

FIG. 2. Sources and spectrometers.

structure components, shown in Figs. 3 and 4, it
was possible to choose the etalon spacers (I, =7.979
mm; l,=1.773 mm) such that subsidiary ghost in-
tensities were negligible inseparated isotope scans.
This may be deduced by comparing the two-etalon
passband shown in Fig. 5 with Figs. 3 and 4. Only
in the analysis of the isotope mixture was it nec-
essary to include ghost lines. We found that all
three fitting programs gave comparable results.
For strong components, the positions typically had
standard deviations of 0,0001 cm™!, with intensity
and halfwidth accuracy of about 1%. The weaker,
blended components were less accurately known:
+0.001 to 0.005 cm™* in position and 5 to 10% in
intensity and half-width. The fine-structure posi-
tions relative to the most violet transition are giv-
en in Table I. These positions have been corrected
for small variations in the calibration system
which were found to produce linear errors in the
wave-number scale of up to 0.3%. Hence, each
spectrum had to be normalized to the best known
separation: that between components 1 and 9. All
other separations then agree with theory.”

The fine structure of the isotope *He is identical
within 0. 0001 cm-?!, but shifted relative to that of
“He by the normal mass isotope shift. Table I gives
the result for this isotope shift in agreement with
the theoretical value of 0.9570 cm~*.” The Lamb
shifts S (n,7) given in Table II are obtained from
the separations in Table I, and are seen to agree
with theory. ”
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FIG. 3. He1r A4686 A spectrum ex-
cited in a helium-cooled-aluminum
hollow cathode, observed with a two-
etalon spectrometer. The top scan
is of an isotope mixture of *He and
4He, and the second and third of *He
and 4He, respectively. The three
scans are positioned to indicate the
isotope shift A=0.957 cm™!. Note
the intensity-scale change of 3:1
in each scan; the components on
the left have been reduced by a
factor of 3.

FIG. 4. Computed fits to the fine
structure of the separated isotopes
SHe (upper) and ‘He for the transition
at A4686A (n=4—3). The crosses
represent data points and the full line
is the functional fit. The wave-
number scale for components 1—4
is expanded by a factor of 2 and the
intensity scale by a factor of 3 com-
pared with the scales for components
5-13.
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FIG. 5. Comparison of the theo-
retical and experimental two-etalon
passbands. A narrow 198Hg line at
24916 A was used as a source for the
system. Quantitative agreement was
obtained when using the known plate
flatness, plate reflectance, and
entrance-aperture diameter in the
theoretical instrumental function.
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TABLE I. Fine-structure relative positions for the He1r n=4 —3 line complex, expressed in 107 em

-1

Component ‘He? ‘He? Theory b
1 0.0+0.2 0.0+£0.2 0.0
2 137.8+0.6 138.7+£1.0 138.2
3 675.5 +2.5 671.1+2.5 671.8
4 871.7+1.1 871.4+1.5 870.4
5,6 1490.0 +0.3 1490.5+0.5 1489.9
7,8 1742.2 +4.5 1737.3 +4.5 1736.0
9 1945.3+£0.0 1945.3 0.0 1945.3
10 2064.3 2.8 2057.1+2.5 2057.3
11 2300. +45. 2337. +45. 2309.7
12 2407.7£1.0 2407.4x1.0 2407.2
13 2494, +35. 2440. +40 2463 .4
Isotope shift 956.8+0.3 957.0

8Errors are the average differences of ten or more
scans, and are approximately three times the rms. de-
viations estimated for a single scan.

Tables III and IV show, respectively, the results
on the observed half-widths and excitation rates.
The latter are derived from the observed relative
intensities using the calculated mean lives® of the
(4, ) states. The intensity results of the present
hollow-cathode experiment are essentially identical
with those of the previous study.* The values in
these tables are grouped according to the [ value of
the n =4 state of the components in anticipation of
the discussion in Sec. V. Also included in Table IV
for later reference are calculated rates for the
processes to be discussed in Sec. V.

In Sec. IV, we consider first a semiquantitative
description of the general features of the discharge,
some of which are well known. In Sec. V, possible
excitation modes of the He+* (n=4, ) states are
considered. The relative importance of these dif-

bTheoreticaI position of the blended components is the
center of gravity of the blend based on statistical rela-
tive intensities.

TABLE II. Lamb shifts for the n=3 and n=4 levels of
He', expressed in 107 em~

S(n,j) ‘He SHe Theory
S, %) 57.1+2.0 60.3£2.0 59.0
$6, %) 139.1+2.0 140.0 £1.0 139.5

ferent excitation modes in the discharge can be
derived from the experimental intensities of the
various spectral components, and also compared
with similar excitation in a helium atomic beam. 8
In Sec. VI, we discuss the collision processes in-
volved in the decay of the n =4 states, showing that
the excitation mechanism must be responsible for
the excessive linewidths. The component positions

TABLE TI. Experimental half-widths of the observed components expressed in 1073 em™.

Tonized helium, upper state Neutral

helium

4s . 4p 4d 4f 4713 &
‘He total width 103 97 96 89 61
3He total width 120 112 110 103 66
“He decon. width & 94 87 85 76 45
He decon. width & 112 103 103 93 51

Ratio 3 1.19 1.19 1.21 1.22 1.13
Atomic beam ‘He 103 92 86 86 g¢C

decon. width & b

4The deconvoluted widths are derived from the total
widths by deconvolution to remove instrumental broaden~

1'[1%

From Ref. 8.

®This is the observed width of the 5015 A line of He1.
The triplet line 4713 A is very weakly excited in the
atomic beam and was not measured (Ref. 8).



1 EXCITATION OF He IN A DISCHARGE 1509
TABLE IV. Relative excitation rates for the n=4 levels of He'.
Upper Mean life hollow atomic R 7 R+ R 4+
He H
state (1078 sec) cathode 2P beam %€ N
4s 1.415 4 1.00 1.00 1.00 4 1.00 d 1.00d
4p 0.076 87 1.60 1.09 0.43 12.0 3.5
4d 0.225 8 0.41 0.22 0.068 0.19 3.5
4f 0.453 1 0.01 0.043 0.0016 0.003 2.0
20bserved. by normalization to the cross sections for the 4s level.
bFrom Ref. 4. R, is for excitation from the ground state of neutral
CFrom Ref. 8. He, RHe+ is for excitation from the ion ground state,

dFrom the calculated cross sections given in Table VI,

show a small axial “drift shift, ” discussed in Sec.
VI, owing to a residual electric field within the
discharge which links the microscopic calculations
with the variation of the discharge conditons.

IV. GENERAL FEATURES OF DISCHARGE

For a hollow-cathode typically 10 mm in diam and
25 mm long, operated at pressures between 0. 05
and 1.5 Torr, and currents 1-40 mA, a bright
well-defined glow discharge is formed within the
hollow cathode. The discharge boundaries are
more diffuse at higher temperatures (77-290°K)
because of the higher random atom velocities pre-
venting the formation of a sharp potential boundary,
and allowing motion of the decaying atoms outside
the discharge region.

Probe measurements®~'! have shown that most
of the potential fall between cathode and anode in
such discharges occurs in the cathode dark space
(see Fig. 6). The potential fall within the dis-
charge can be less than 1 V, and a potential fall
proportional to the separation of the anode and cath-
ode exists between the discharge and the anode.
This separation is made very small, about 2 mm,
to minimize the discharge input power.

The anode-cathode voltage V;(I) increases slow-
ly with the current I, the variations being similar
for every cathode material; e.g., for copper,
V#(0)=200 V, V4(30 mA)=250 V. These values de-
crease on cooling to liquid-helium temperatures.
On decreasing the pressure or the current, the
diameter of the cathode glow shrinks to a minimum
diameter of about 0.5 times the cathode diameter.
This is consistent with other experiments!! which
show the cathode dark space to be about 5 electron
mean free paths. As a result, larger diameter
cathodes maintain a discharge at lower pressures,
the voltages obeying the following empirical rela-
tionship:

Vv (1,p,d)= V@) +x@I /p

and RHe++ is for double ionization and subsequent re-
combination.

where 2(d) is a constant for a cathode diameter
d(4 -20 mm), and pressure p(0.1-1.5) Torr. The
minimum pressure, p,in, i proportional to 1/d,
and Vt, min 18 approximately independent of d. For
d=10 mm, pmin~ 0.5 Torratliquid N, temperature.
Thus, the hollow-cathode glow forms a relatively
field-free region of low-density plasma. Known
characteristics of the room-temperature plasma
are an electron-ion density of #, =n; =10'* cm~3
within a neutral atom density n,=10"-10'® cm~3,
In helium, the electron temperature has been mea-
sured to be approximately 8 eV in the positive col-
umn and about 2 eV in the cathode glow.'? The neu-
tral atom temperature, measured from the Doppler
linewidths of the neutral atoms (see Table III and
Fig.7), tends to be close to the cathode surface
temperature, which is much less than that of the
electrons. Maintaining this nonthermal equilibrium
is the input of the emitted cathode electrons, with
energies of 150-200 V. We estimate from the
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FIG. 6. Representation of the potentials within a hol-
low cathode. In the type used, the anode-cathode separa-
tion was small enough (0.2 ¢m) to ensure that most of the
voltage drop occurred between the cathode and the nearly
field-free “glow” region.
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FIG. 7. The He1 47134 2p
3P0,1,2—4s 351 transition excited in a
liquid-helium~cooled aluminum hollow
cathode, observed with a two-etalon
spectrometer. The helium was a mix~
ture of the two isotopes He and ‘He.
Some of the theoretical positions and
experimental full half-widths (FHW)
are shown.
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various cross sections that these energetic elec-
trons become isotropic in direction by elastic col-
lisions before producing the excited ions, which
then decay showing the abnormally high linewidths.
The isotropy was verified experimentally by view-
ing spectra from different directions (0°, 180°,
90°, 45°, and 135°) with respect to the anode-
cathode axis: The same mean positions, linewidths,
and profiles were observed in each direction.

V. EXCITATION OF He* (n=4,1) STATES

Analysis of the atomic-collision processes in-
volved in the excitation and decay of the 24686 A
He 11 radiation explains the large width, unusual
profile, and anomalous intensities of this line.

We consider three possible excitation modes of the
He+* (n =4, 1) state.

We first consider direct excitation from the neu-

tral ground state:

He+e-He ™ (n =4,1) +e+e .

Lee and Lin'® have shown this reaction to be the
dominant mechanism in their production of this
state by electron impact, and it was extensively
investigated as the most likely method of excitation
in the hollow cathode. The total cross section @,
for this direct process was calculated in several
ways. The Born approximation with both a hydro-
genic ground-state wave function and also with a
more accurate ground-state wave function agreed
to within 10%. Two variants of the Gryzinski'*
classical model for two-body impact, differing

in treatment of the third electron and the nucleus,
also agreed to within a factor of 2. The probability
I;(P) of excitation to the ionized (1, 7) state with
final momentum P calculated using the Born ap-
proximation is

1(P)= fo"de fk’?é‘:;i’)‘)dk?’zk @I, ky)

where O is the recoil angle of the ion, k; the wave

vector of the ejected electron, and J and I_are
given in the Appendix along with other detaisls of the
calculation. The integrations have to be completed
numerically. I(P)is shown for =0 in Fig. 8. The
full half-widths of the momentum transfer-line
profile L(p)=(1/p®)I(p) for the different n=4,1
states are given in Table V for three different in-
cident electron energies.

To obtain the theoretical line profile for the hol-
low cathode, we must combine this momentum-
transfer velocity with the random thermal velocity
of the colliding atom, which for these experiments

I(p)

_L 1 >
(o] 20 40 60

X102em™!

FIG. 8. Momentum-transfer profile for the n=4, =0
He' state excited by 200-eV electrons. The momentum
scale is converted to the equivalent Doppler shift for the
24686 & line of the isotope ‘He. The scale for the isotope
%He would be# times this scale. The resultant profiles
for the I=1, 2,3, states of n=4 have different widths,
but a similar shape. Half-widths of the resultant line
profiles are given in Table V. The points actually calcu-~
lated are indicated.
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TABLE V. Calculated half-widths of the momentum-
transfer line profile for the components of the 4686 A
line of He™, expressed in 10~ ecm™.

Electron kinetic Full half-widths 2 for ‘He

energy, eV 4s 4p 4d 4f
250 27 41 41 41
200 27 43 43 44
150 26 46 45 45

8 These widths multiplied by-;;‘,‘ are appropriate for SHe.

was similar in magnitude. If p,, I(p,) and p,, M(p,)
denote the momenta and isotropic distribution func-
tion for excitation and thermal motion, respectively,
then the probability of final momentum p is given by

Fp)= fyap, [ 20 apa (o/p p 1o )Mps)

and the line profile becomes L(p)=(1/p2)F(p).

The momentum transfer to the ion in this process
is found to be greater than that transferred in the
electronic excitation of neutral helium states. For
neutral *He, full half-widths of about 0.010 cm~*
are obtained for allowed electric dipole transitions
to P states, and widths up to 0.035 cm-! are ob-
tained for excitation to S states.® The momentum-
transfer profiles for excitation to the He*(47)
states (Fig. 8) are very close to Maxwell-Boltz-
mann distributions. Using two such distributions
in the above integral equation, one for the momen-
tum transfer and one for the thermal distribution
determined from He1 lines, yields half-widths of
63 %1072 cm~! for the “He 4p, d, f states. Al-
though this is 0.015-0.020 cm~! smaller than the
experimental results, it is well within the calcu-
lational accuracy and is considered as explaining
the observed widths. The 4s-state calculation
produces a smaller half-width, whereas observed
widths are roughly 10% larger. The large 4s
width must, nevertheless, be due to the excitation
process, since the same increase is also seen in
the electronic excitation of this state in the colli-
sionless neutral helium beam.® However, the ac-
curacy of these calculations is not very great, and
a factor-of-2 variation is easily possible.

Larson and Stanley find that the atomic-beam-
produced line profiles are predominantly Gaussian,
in agreement with the above theory. In the hollow
cathode, however, the profiles show an extended
wing. This wing shows on traces taken with the
PEPSIOS, on which extremely high instrumental
contrast is achieved, and with the WBS, but does
not show on traces of He1 lines. Consequently, it
cannot be instrumental in origin, and very likely
arises from the excitation of ions (see below)
which have been heated either by the rather strong

1511

fields which surround the hollow-cathode plasma or
by excitation processes involving greater momentum
transfer.

If the momentum-transfer process is the princi-
pal cause of the excessive linewidths, then the line-
width ratio for the two isotopes should be the in-
verse of the mass ratio (m,/m,=1.33). An energy
process, i.e., an equilibrium in temperature,
would produce a linewidth ratio equal to (m,/m,)*/?
=1,15, and perturbations by magnetic or electric
fields would produce a mass-independent width.
Table III shows a width ratio of 1.21 after decon-
volution to remove the instrumental profile. If we
then deconvolute a Gaussian half-width correspond-
ing to the temperature derived from the neutral
helium linewidths (see Fig. 7), the ratio of the
remaining linewidth is 1.30, very close to that ex-
pected for a momentum-transfer process.

We have observed similar anomalously large
widths in other ionized helium transitions: 13203 A »
=5-3; \10124 A n=5-4; A6560 A 7 =6~4; 15411 A »
=T-4; and \4860 A n=8-~4. The detailed analysis
has not been carried out for these other lines.,

The second excitation process considered is elec-
tronic excitation from the ion ground state:

He+(ls 2S,p) +e ~ He+(n =4 l)+e .

The cross section @; for this process was calcu-
lated by scaling the results for the equivalent reac-
tion in hydrogen, ignoring the effects of the long-
range Coulomb field of the He* ion. Comparing
the results for electronic excitation of H and Het 16
indicates that this assumption is valid. To find the
importance of the above reaction, the population of
the He* ground state must be known. If R is the
ionization ratio in the plasma, then R@; should be
compared with the direct-process cross section
@, (see Table VI, where R=10"%).

This process will enhance the population of the
4p states. The momentum transfer is expected to
be less than for the direct process, but the initial
velocities of the ions will be different. Ion veloc-

TABLE VI. Calculated cross sections for excitation
of the n=4 levels of He', 2

Upper level 4s 4p 4d 4f

Q 8.1 2.9 0.68 0.01
Q;x10™4P 0.3 3.0 0.05  0.0007
Qtt 0.22 0.77 0.77 0.44

4Units are 107! em?.

bCross. sections for excitation from the ion ground
state have been multiplied by 10"4, the estimated ioniza-
tion ratio in the hollow cathode, for comparison with the
cross section Q@ for the direct ionization-excitation pro-
cess from the ground state of neutral He.
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ities are expected to be greater than the neutral
velocities because the smaller ion diameter makes
collisions with neutrals less likely and because the
ions are more efficiently heated through the Coulomb
interaction with the electrons. Thus, the width of
lines excited by this process may not be very dif-
ferent from widths observed in the neutral excita-
tion process. (Note also that a group of ions of
much higher velocities is suggested by the ex-
tended wing of the line profile mentioned above. )

The third process is electron excitation to the
doubly ionized helium ion

A+
He+e—~He +e+e+e,

with subsequent cascading, after a single-electron
recombination, through the He**(z=4,1) states.
The cross section for electronic double excitation
has been measured experimentally!” and calculated
in the Born approximation, '® and it is found that
ott~ot/200.

The Het* may decay by two processes., First,
it recombines with an electron into an exicted He*
state and cascades down to the Het ground state

++
e + He

~He ™)~ He (1s %S,,2)

Of the n =4 states, this process will tend to populate

the states of higher angular momentum. The re-

combination rate directly to the n =4 states is the

most important, the cascading from the highest

n states giving a small increase in the 4f states.
The competing process is charge exchange with

a neutral atom:

He "+ He(1s'S,)~ He (n,1) +He (", 1)

There is only sufficient energy available to leave
both ions in the ground state, and thus this process
deexcites the He+* with no 4686 A radiation. Using
a semiempirical method, '° the charge exchange
cross section is calculated to be

— =19 2
Qex-4><10 cm?®

The recombination cross section Qg for He**
was assumed to be Z 2 times that for hydrogen. 2°
The fraction f of recombinations producing ions in
the state He**(n,1) is

fy= Q0. 0/8,
where Qtot is the cross section for all decays:
Qtot:nzl Qpln, 1)+ (N /N Jw /v )Q

where Ng, vg and N, v, are the number density

e’
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and velocity of the neutral atoms and electrons,

respectively. The resultant cross section to the
He+*(n =4,1) state through the double ion is @++

=0**f;, and is compared with the cross sections
for other excitation processes in Table VI.

The observed relative excitation rates were given
in Table IV, which also gives calculated relative
rates for the processes discussed above. The low
4p-state population relative to the 4s-state popula-
tion for both the hollow cathode and the atomic beam
indicates that the direct process of excitation is
much more likely than excitation through the ion
ground state. A close-coupling calculation®! on
the excitation of He™(2s, 2p) from Het(1s), and also
the similar excitations to the He(ls, 37 and 41)
states from the He(1s?), gives cross sections favor-
ing the p states over the s states by a factor of
about 15.22 Then the relative cross sections @;,
which give a ratio @;(4p)/Q;(4s)=12, are expected
to be quite reliable. Thus, the two-step process
through the ion ground state can account for the 4p-
state population while having very little effect on
the other n =4 states. However, the calculation of
the 4p, d, f rates in the direct process may be off
by a factor as large as 5 because under the Born
approximation these cross sections are governed
by the overlap integral between the 1s electron and
the ionized electron., This is very sensitive to the
choice of the effective charge in the wave function
of the ionized electron.?® Furthermore, the cross
section for direct excitation of the 4f state may be
much larger than the value obtained by the Born ap-
proximation because of the close coupling between
the 4p, 4d, and 4f states.?® The values obtained for
@** show that recombination might account for the
high population of the 4d and 4f states. Increasing
the cathode current at a fixed pressure increases
the relative populations of the 4p states in agree-
ment with the increased ionization ratio R. More
refined calculations of the direct mechanism are
needed to more precisely determine the relative
importance of the various processes.

Larson and Stanley® observed this transition pro-
duced by crossed beams of 500-V electrons and
neutral helium atoms. Their excitation widths
were comparable (~0.085 cm™?) to those of the hol-
low cathode (0.080 cm™!) and much wider than the
observed neutral widths. This confirms that the
width arises in the excitation process, since the
atomic-beam density is low enough to rule out any
collision during decay. Table III compares the
widths seen. We conclude that the excitation pro-
cesses are basically the same for the beam and
the hollow cathode, and that small differences in
width, profile, and relative intensities come par-
tially from collisions during deexcitation in the
cathode (discussed below), and partially from dif-
ferences in the initial neutral atom-, ion-, and
electron-velocity distributions.
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VI. DEEXCITATION OF He+*(n =4,]) STATES

For gas densities encountered in the hollow cath-
ode, collisions of the excited helium ions with neu-
tral atoms and electrons must be considered., Col-
lisions with other ions may be neglected because of
the low ionization ratio and the low ion velocity.
Although the major excitation processes in both the
atomic beam and the hollow cathode appear to be
the same, the relative intensities in the hollow cath-
ode are altered by collisions which deexcite or re-
distribute the population of the upper excited states.
Variations in the relative intensities of the compo-
nents observed in a hollow cathode have been pre-
viously studied.®* We consider here some details
of the deexcitation mechanisms,

Ion-electron collisions are dominated by the
Coulomb force, For electrons of velocity v, and
helium ions, the impact parameter for an electron
scattered through an angle 9 is b = (Ze?/mv ?)cot39,
and the momentum transfer to the ion is P=MV
=2mv,sin3d. For Z=1 and 1-eV electrons, b=0.8
x10~7 cot36. Taking v,=6X107 cm sec™! and #n,
=10" cm~® gives a reaction rate R=0*2,04=1.0
x10° cot?(36). Thus, a significant number of col-
lisions will occur within the lifetime of the excited
states (3x107° sec) only for cot?(38) >100 or sin3f
>0.1, for which the momentum transfer is negligi-
ble. We conclude that there would be very little
heating effect due to ion-electron collisions; how-
ever, this Coulomb interaction may cause inelastic
collisions which redistribute the populations in the
different n =4, [ states, tending toward the statis-
tical distribution. Assuming that the energy trans-
ferred to the ion in scattering is similar to that
needed to make changes among the » =4 sublevels,
we find the angle of scattering required is 6~ 0.06
rad, giving a collision time 7;=5x1078 sec, which
is too high to be appreciable for all except the 4s
states. Moreover, we have certainly overestimated
the collision cross section for this process. How-
ever, at higher cathode currents we may be see-
ing such an effect in the slight broadening of the
lines, and also in the approach to statistical dis-
tributions, particularly through redistribution of
the more highly populated 4s levels. Similar col-
lisions with the ions could give larger momentum
transfer, but are reduced in probability by a fac-
tor of 100 through the lower ion velocity. The non-
Coulomb forces have a cross section <10~ cm?
with a collision time of 7;>3x10~" sec, which is
too long to be important.

The elastic-collision frequency with neutral atoms
in the hard-sphere approximation is found using
mean radii calculated® from the wave functions for
the different n =4, states and the ground state of
neutral He.?® The relative velocity is essentially
that of the ions, and for a pressure of 0.5 Torr at
liquid-helium temperature, we obtain an average
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collision rate R=1.5x10% sec™! and a collision time
7;=6.7x10"° sec. This is of the same order of
magnitude as the natural decay lifetimes. The rap-
id variations with pressure observed in the rela-
tive intensities of the components,* together with
consideration of the various collision times, lead
to the conclusion that collisions of excited ions
with neutral atoms are primarily responsible for
the deexcitation and population redistribution in the
n=4 levels. Measurements of the drift shift sub-
stantiate our conclusions.

VII. ANODE DRIFT SHIFT

The anode drift shift is the Doppler shift in wave
number of the fine structure components of
24686 A on observing the hollow cathode in the two
directions, 0° and 180°, to the anode-cathode axis.
It is positive when the shift implies a motion of the
ion away from the anode, i.e., a violet shift when
the anode is furthest from the observer,

A small residual electric field within the hollow-
cathode discharge was postulated by Roesler and
De Noyer.2® This field accelerates the ions away
from the anode during their decay. The neutral
atom should be unaffected, and the measurements
of the Her line X 4713 A (4%S,~2°P, , ;) showed
drift shifts of less than the experimental limit of
+0.0005 cm™!, verifying both the zero drift shift
and the absence of any significant instrumental shift
on switching the anodes. Thus, the drift shift is
postulated to be a measure of the ion velocity
gained by acceleration in this field while radiating.

Consider first the case in which the ion radiates
before undergoing any type of collision, If E is the
electric field, M the mass of ion, and 7 the time
for the n =4, [ state to radiate, then the drift ve-
locity is

vdz(Ee/M)-rl .

If the ion undergoes collisions before radiating,
the drift velocity is determined by the collision
time Te,l for each [ state:

v, 1= (Ee/M)TC

’ 7l ’

where Tc,1= 1/No7V;, N being the density of the col-
liding particles, oj the collisional cross section,
and Vj the relative velocity.

As seen above, the neutral collisions are most
probable. The neutral atom density is N=P/kT.
The relative velocity Vj is approximately the ion
velocity, since this, from linewidth measurements,
appears much larger than the neutral atom velocity.
The cross section is 0'=7T(’}’Z+7"0)2, where 77 is the
radius of the excited ion and 7, the radius of the
neutral atom. Thus,
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vc=(T/P)Ee(1/MVl)1/1r(1fl+1f 2.

0

Figure 9 shows how the drift shifts vary with
pressure for the two separated isotopes. It should
be noted that:

(i) The shift for component 4(4p) (the n,1 values
for the upper state of each component are given in
parentheses) is always close to zero, and some-
times negative. This agrees with its short life-
time, not having time to accelerate in the field be-
fore radiating.

(ii) Component 1(4d) has a small positive shift,
decreasing slowly as the pressure increases. As-
suming it to be accelerated over its decay lifetime,
we can obtain a value for the electric field within
the plasma. For a typical 4d shift of 0.006 cm™?,
we obtain a field within the discharge of 1.5 V/cm.
The decrease of the 4d shift with increasing pres-
sure is explained by a decrease of the electric
field. As the pressure increases, the edges of the
plasma move closer to the cathode wall giving a
larger volume of stable plasma, reducing its inter-
nal electric field.

(iii) Components 5(4d +57), 9(4f), 3(4s), and

12(4s) have shifts decreasing rapidly with pressure.

Both the increase of collisions and the reduction in
the electric field contribute to this decrease. The
4f shift is greater than the 4s shift, corresponding
to the smaller diameter of the 4f state. The 4d
contribution to the shift in component 5 reduces it
below that of component 9.

(iv) The isotope dependence shows that the *He
shifts are slightly larger than the “He shifts. This
is expected especially for the 4d states which decay

16.0

cm”!

T

12.0
L

10°

@
o
T

DRIFT SHIFT,
»
O
T

o
O
T

without collisions. The residual electric-field de-
pendence on isotope mass is uncertain; however,
drift-shift measurements in mixed isotopes also
show larger 3He shifts.

(v) The larger diameter cathodes (see Fig. 10)
give rise to a smaller axial electric field (zero for
diameters above £ in. in the larger plasma, and
hence smaller drift shifts,

For a given cathode we can fit the above drift
shifts to formulas: (i) Ao=kq[E(p)/M]T1+aq
for the collisionless 4p and 4d transitions; (ii) A«
=k9[E(p)/p](1/07) + @ for the collision limited 4s,
4d, and 4f states; %k, and &, are numerical con-
stants, and «, is a measure of the bulk ion velocity
immediately after being excited. This is seen in
the drift shift of the 4p decays which are very rap-
id.

The anode drift shift confirms the calculations
that during decay of the Het*(z =4) states collisions
with the neutral atoms are more likely than elec-
tron collisions. It also indicates that these colli-
sion rates are of the same order as the natural
lifetimes of the different states resulting in a
small number of collisions for the longer-lived
states. This produces a net cooling of the excited
states during decay, which does not occur for the
“collisionless” helium atomic beam, and may in
part account for the smaller linewidths observed
from the hollow cathode (Table III).

VIII. CONCLUSION

This high-resoluotion study of the fine structure
of the He 11 24686 A n =3-4 complex has explained
the origin of the intensity and half-width anomalies

FIG. 9. Drift shift for each iso-
tope as a function of pressure for a
liquid-helium-cooled aluminum hol~-
low cathode, 0.12 cm in diam. The
n, 1l values for the upper state of each
transition are shown.

0.10 0.5

PRESSURE (Torr)
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in terms of the discharge mechanisms which them- After correcting for the drift shift, fine structure
selves can now be more fully understood. In par- and isotope shift measurements agree with quan-
ticular, the anomalous widths observed in the atom- tum electrodynamics.
ic beam as well as in the hollow cathode have been
explained as a momentum-transfer process. This ACKNOWLEDGMENTS
momentum-transfer width appears to be a physical
limit to the attempts during the previous 50 yrs to The authors wish to acknowledge with thanks many
produce narrow spectral-line sources by electronic helpful discussions with C. C. Lin on the excitation
excitation. It has been confirmed that the relative processes. H. P. Larson and R. W, Stanley of
shift in wave number (drift shift) of the transitions Purdue University are thanked for the use of their
from different angular momentum substates arises helium atomic-beam results.

from a small axial electric field in the plasma.

APPENDIX: DIRECT CROSS SECTION

We calculated the momentum transfer to the ex-
cited ion in the process

He +e -Het™* (n=4,1)+e +e .

The differential cross section of Lee and Lin'® is

k iK-T
I * 2
Qk3d0‘dwdk3 4ﬂ2k1’/Vqu\pfe d-r1 drzd-rl dodwdk3 ,
where
1 1 2

Ves—=+3—=——— N
r-r, Ir-T, 7»

the momenta are as shown in Fig. 11, and the wave functions are screened hydrogenic wave functions. The
incident electron has been scattered into the solid angle do and the ejected electron into the solid angle dw.

Then, integrating ka over do,dw, and dk,, we obtain the cross section for a momentum transfer P to the
ion.

k
Il(p)=fo"defk:(fﬁg”)‘)zks(z)J(G, kgddkg
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FIG. 11. Wave vectors for the direct excitation to the
He™™ (n,1) state; k; and &, are those of the incident and
scattered electron, Eg the wave vector of the ejected
electron, and D that for the excited ion.

Directions -K.(0,0), K(SK ,0)
- - K
PO, P, Ko B 00, Ky (X, ¥)

where
J 6, k3)= sine[k32 - P?sin®g]"V/2
cosa = (1/k,){k,* - P*sin*0] /2 ,

K=PcosO +[k,? - P?sin?0]/2 |

1=0, I (0)_26”6”}33 (P? = k% + (K% + p?) cos®a)
- ks ) klzK (P2+H2)4[(MZ+K2-—k32)2+4p2k32]

1 2p 2Ry
* T expl= 2np/ky) P [_ kg arctan <K2 +pf- kf)] ’

|1

2
n+1)13 n,ll

2
_2%7°a?¢* ( na (n—1-1)121+1)!
140, I, =51 <_°’2Z>

(1-e"2e’ 1 2ue’ .~/ 2uk
X 96,2 - 1f_2rs
2°mh (2 + 220 1 — exp(— 27p€ Thy) P | %, tan <k32— /J.z>] :

In, 7 are the Gegenbauer polynomials:
L,;=3D, I,,,=2Dx(12/¢=1), 1, ,=3D[(3/¢")(Tx*~1)-4x/q+1],

2l+5/2 1+1/2

Do (21 +2)1¢

2 (n—l)z+4§2
- 2 2.1+2 7=
T +3)[(e+n) +¢7]

(e +n)2 +4§2

_ 2
x:%(ﬂ(yel)fZ)Zi)fggg’ €=2/z', €'=z/Z", t=Ka,/2Z").

Z'is the shielded nuclear charge of the helium ground state, =1.69. Z’’is the shielded nuclear charge seen
by the outgoing electron, and is tabulated in Ref. 13:

I=1, z''=1.45; 1=2, 2''=1.53; 1=3,2Z"'=1.5,

The authors are indebted to E. T. P, Lee and C. C. Lin for carrying out the above integration on the com-

puter at the University of Oklahoma, Norman, Okla., to produce the momentum-transfer profile shown in
Fig. 8.
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Low-Temperature Mobility of the Electron Bubble
in Dilute He-He* Mixtures and Pure He?® T
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Recent low-temperature measurements of the mobility of negative ions in dilute He®-He!
mixtures are explained. A new method based on the Boltzmann equation is used to derive the

general formula for the drag force of a heavy impurity in an arbitrary gas.

It is shown that

the structure of the negative ion (electron bubble) depends on the He® concentration C; and
temperature. Also, for C; above about 1% the distortion of the He® distribution by the moving
ion becomes important. The application of our theory to pure, highly degenerate He® shows

that the mobility remains finite at T'=0 and rises with temperature.

experiment.

1. INTRODUCTION

Recently, Meyer and Neeper!’® have studied the
mobility of positive and negative ions in dilute He3-
He* mixtures with atomic He® concentration Cj
ranging 1.5X10* to 4.4. X102, In their tempera-
ture region (0. 05 °K < T <0. 5 °K) the mobility is
determined by He® scattering except in the very
dilute case, where a small correction for phonon
scattering is necessary. Some of the experimental
results for uC;, where g is the low-field mobil -

Both results agree with

ity, ® are shown in Fig. 1. One sees that the prod-
uct uyCs does not depend very much on concentra-
tion. The remaining variation of uy,C; with con-
centration, its rather complicated temperature
dependence, and the vast difference in the behav-
ior of the positive and negative ions impose severe
restrictions on a theoretical explanation. We pre-
sent a theory that explains some of the observed
features and yields quite good agreement with the
experimental results on negative ions.

For our purposes we assume that the He®-He?



