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By means of an optical detection technique, the electron-loss cross sections for He atoms in the
excited states 33P, 435, 4'S, 535, and 5'S have been measured in H, in the energy range 8-160
keV. These cross sections are compared to theoretical cross sections derived by means of the classical
impulse approximation of Bates and Walker. In agreement with. this theory, the present electron-loss
cross sections are found to depend very little on the binding energy and the specific quantum state of
the weakly bound electron being removed. Further, they are approximately equal to the total
electron-scattering cross section taken at the same impact velocity, as also predicted by the mentioned

theory.

I. INTRODUCTION

Recently several experimental papers concerned
with destruction cross sections for fast excited
atoms in various gases have been published. Gil-
body and co-workers,!? Miers and Anderson,®
Tawara,* Dose and Gunz,® and Hughes and Choe®
measured the electron-loss cross section for
metastable helium and hydrogen atoms in various
gases. Gilbody ef al.? and Krotkov ef al.” mea-
sured the total quenching cross section for meta-
stable hydrogen, while Edwards and Thomas®
and Hughes and Kisner® measured the same quanti-
ty for the 3s state of hydrogen. These cross sec-
tions were discussed in terms of the theoretical
work of Bates and Walker,'® who estimated the
electron-loss cross section for weakly bound
electrons on atoms, but the loss cross sections
for the different excited states studied experi-
mentally were not compared, although similarities
between them are predicted by theory.

The Bates-Walker theory has also been applied
in this laboratory to the cross section for elec-
tron loss from ground-state lithium.!' In this
work it was concluded that although the agreement
between the Bates-Walker theory and the experi-
mental results for ground-state lithium, meta-
stable helium, and metastable hydrogen is fairly
good in each individual case, experimental un-
certainties imply that no final conclusion could
be drawn about finer details, such as the depen-
dence of the loss cross section on binding energy.

In order to investigate this aspect of the problem
in more detail, an experiment was set up which
allowed the measurement of electron-loss cross
sections for fast excited helium atoms in the 33%P,
43S, 4'S, 535, and 5'S states by the same tech-
nique. The energy ranged from 8 to 160 keV, and
the target gas was H,.
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II. EXPERIMENTAL PROCEDURE

The measurements were performed at two ac-
celerators. An isotope separator covered the
energy range 8-80 keV, and a heavy-ion ac-
celerator covered the range 60-160 keV. Both
accelerators are equipped with universal ion
sources and mass-separation magnets with dis-
persions of 1264AM/M mm in the focal plane.
The current of He* entering the experimental
setup was typically of the order of a few pA.

The experimental arrangement is shown sche-
matically in Fig. 1. The monoenergetic mass-
analyzed beam of He* ions was partially neutra-
lized in a thick He neutralizer and subsequently
charge analyzed by means of a set of electro-
static deflection plates. The neutral-beam com-
ponent proceeded into the 300-mm-long target-
gas cell through a 1.0-mm entrance aperture.

In the target-gas cell was a strong transverse
electrostatic field (20 kV/cm) which ensured that
the charged-beam particles were swept away from
the neutral beam immediately upon formation.

The remaining neutral particles left the target
cell through a 2.0-mm aperture and were finally
detected by a secondary-electron detector with
the purpose of beam normalization, while a

Mc Pherson 218 spectrometer was set to monitor
a certain He I line emitted by the neutral beam.
The spectrometer was equipped with a 1200-lines
mm grating blazed at 1500 A and an EMI 6258 S
photomultiplier operated in the pulse-counting
mode. The dark counting rate of the cooled photo-
multiplier was 2-3 per sec.

In this experiment, the relative intensity of the
He I line normalized to the neutral-beam intensity,
as given by the secondary emission detector, was
measured as a function of pressure in the target-
gas cell. An example of a measurement on the
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FIG. 1. Schematic dia-

SPECTROMET7

gram of the experimental

arrangement.

2'P-4'S line is shown in Fig. 2. In each run the
normalization was checked by measuring half of
the points, following a schedule of increasing
pressures, and measuring the rest, lying in be-
tween, following a schedule of decreasing pres-
sures. At each pressure both the total number of
pulses from the photomultiplier and the time spent
in counting these were recorded, making possible
a correction for dark counts in the data analysis.
In the typical example, shown in Fig. 2, this cor-
rection ranges from 10% at the lowest pressures
to 3% at the highest ones. In order to eliminate
the influence on the optical measurements of
beam polarization as well as of instrumental polar-
ization, the spectrometer viewed the beam at an
angle of 54°, while the spectrometer slit made an
angle of 45° to the plane through the ion beam and
the light beam entering the spectrometer.?

The pressure in the gas cells was recorded by
means of two Pirani gauges calibrated over the
pressure range from 10~* to 10~! Torr against
a capacitance manometer (Datametric 1038). The
calibration was checked by a McLeod gauge (Con-
solidated Vacuum Corporation, type GM-100A).

III. EXPERIMENTAL MEASUREMENTS

A. Interpretation

In order to interpret the light-intensity-vs-pres-
sure curves in terms of cross sections, it is nec-
essary to consider the differential equations which
connect these quantities:

Bl -~ foom+ T +L

‘ 2; <ow*N +‘iilfi> L(R). (1)

I,x and I; are the respective intensities of neutral
particles in the excited state being investigated
and in the quantum state i. o,x, is the electron-
loss cross section for the state 0*. 37, o,%; is the
sum over all excitation and deexcitation cross
sections from the investigated state 0* to all other
neutral states i, while }7, 0,,% is the corresponding
sum over all cross sections from other excited
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states i to the one being investigated, 0*. R is the
depth in the target-gas cell and N the gas density.
v is the beam velocity, 7 the lifetime of the ex-
cited state 0*, and A,,x the transition probability
per second from state i to state 0*.

By ignoring all excited states other than the one
under investigation (an approximation which will
later be discussed in more detail), Eq. (1) is re-
duced to

Q‘b}(—m =— (00*1N +;ljr->10*(R) +000*NI(R), (2)

where [, is the intensity of particles in the ground
state and o4y« is the cross section for excitation
from the ground state to the considered excited
state.

In the same approximation, the intensity of
ground-state neutrals is given by

IO(R) = Io(o) exp(_001NR) )

where ¢,, is the electron-loss cross section for
the ground state.

Equation (2) can be solved analytically with this
expression for I(R). The solution is
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FIG. 2. Typical example of light-intensity vs target-
thickness data together with the best least-squares fit
of Eq. (3) to these. The asymptotic value of Eq. (3)
is indicated. The goodness-of-fit parameter was in
this case 0.98.
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I,x(R) =1,%(0) l:(l -fexp (—Uo*rNR - 1%)

+f eXp(—omNR)J ’
where

_ 1,(0) Ogo* N
1,%(0) (0o #;, = 06N +(1/v7)°

With the special normalization used in this ex-
periment (which does not correspond to a constant
incoming, but rather to a constant emerging, in-
tensity), the following expression is found for the
measured light intensity I3« versus target thick-
ness p =NL, where L is the length of the gas cell,

L) =K [[1 =) lemp (~(ogm ~ o0 = ) +7w)]
(3)

where I
-0 Ogo K
Aw) Iox (00% = 00 1t +(L/v7)
and K is a constant of proportionality.

The unknown parameters in Eq. (3) are oy,
(I,/I,%)040*, and K. These were found by adjusting
Eq. (3) to the experimental data by means of an
iterative least-squares-fitting routine. The fully
drawn curve in Fig. 2 is the result of such a fit.
The lifetimes used for the investigated excited
states are the mean values of the experimental
results published in Refs. 13 and 14. They are
111 nsec for the 3 ®P state, 66 nsec for the 43S
state, 85 nsec for the 4'S state, 105 nsec for the
538 state, and 133 nsec for the 5'S state.

The strong electrostatic field in the target-gas
cell, however, can give rise to a shortening of
these lifetimes due to Stark mixing. The effect
is strongest for the 5'S state, which under the
action of the electric field mixes with the adjacent
short-lived 5'P state. According to Bethe and
Salpeter'® the ratio between the strengths of the
11S-5'S and 1'S-5'P transitions will be about
equal to the ratio between the Stark-effect energy
shift of the 5'S level and the energy separation
between the 5'S and 5'P states. At 20 kV/cm a
Stark-effect energy shift of 1.2 em™! is found for
the 5'S state and an energy separation of 280 cm™
between the 5'P and 5'S levels. Using the transi-
tion probability of 1.3 x10® sec™* for the 1'S-5'P
transition, a transition probability of about 5.7
x10° sec™?! for the 1'S-5'S transition is thus found.
Adding this to the field-free transition probabilities
for the 5'S state lowers the lifetime of this state
by about 7% to 124 nsec. While the neglect of this
Stark-effect quenching may introduce a systematic
error in the determination of the electron-loss
cross section for the 5'S state of about 7%, the
cross sections being too low, it is completely
negligible for the other investigated states.

B. Discussion of interpretation

In Sec. III A the effect of all excited states other
than the one being investigated was ignored. The
influence of these is twofold. There will be con-
tributions from collisional excitation and deexcita-
tion as well as cascade contributions. In order
to get a theoretical estimate of the relative im-
portance of these contributions, they were cal-
culated for the H (4s) +H system at the representa-
tive impact velocity of 10 keV/amu, using the
theoretical excitation and deexcitation cross sec-
tions of Pomilla'® and the theoretical electron-
loss cross section for the H (2s) +H system given
by Bell et al.’” These cross sections are all cal-
culated in the first Born approximation (exchange
neglected). It is assumed that the Born loss cross
section for the 4s state is relatively close to that
for the 2s state. The transition probabilities used
were those for the triplet spectrum of He I taken
from the tabulation of Wiese et al.'®

Because the investigated excited helium states
are hydrogenlike, it is reasonable to assume that
the hydrogen-hydrogen system mentioned will
given a good estimate of the relative importance
of the various collision processes for the states
under investigation here.

The collisional and cascade contributions are

' Af,
- (Z ‘74s.f14s - E 0}.451f>N + Z: qu If ’ (4)
f f f

where the prime indicates that the ground state is
omitted in this sum.

This quantity should be compared to the remain-
ing terms of Eq. (1),

1
—(045,1N+,l;>14s+ols.4lels’ (5)

which were the only ones used in deriving Eq. (3).

The relative populations of the excited states are
estimated in the following way: In the single-col-
lision region, one finds

I;=0y, 1, NvT[l - eR?7],

which gives the following approximate result for
the states considered here lying close to each
other and all having lifetimes of the same order
of magnitude:

IL‘. =%si (6)
i Ois,

Correspondingly, for N going to infinity, Eq. (1)
reduces to

dIdiizR) = 67; at Z o,-_J>NIi (R) + Z 0, NI, (R)
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and I; will be given by
I; (R) = F¢ exP(‘UolNR) ’

where F;, being independent of R, measures the
relative amount of neutrals in the state i.
These two equations lead to

Z 0;:F; - Z 0;,F; = (0,1 =00))F; =0,
i j

which is formally solved by

F = 235 9uF;
P01 000 %5504
zolsx‘Fls +Z:,z‘ai.iFi ,
Oi.1 01
where, in the last step, it is assumed that o, ;
> 3,04 =00l
By further assuming that the first term in this

expression is dominating, an explicit iterative
solution is finally obtained:

o 015,50
Fi=<_L&L+Z-1_S-2L_bL+_”>Fls' (7
Oia 5 i

Keeping only the first term of this expression
one finds approximately the same expression as
before [Eq. (6)] for the relative population of ex-
cited states.

This expression is therefore adopted for the
whole pressure range. By inserting it into Eq.
(4), one arrives at the expression

~O4g 1 NR= 3" 04 (1 - Jisr >NR

f O1s.4s

Af s O1s.f
+ fz -—v— R

O1s,4s

for the collisional and cascade contributions,
which should be compared to

R
-045.NR T

Using the cross sections and transition probabili-
ties mentioned earlier, the latter two expressions
reduce to

+4.0 x10"2%(ma2NR) +1.4 x1072

and
-1.57ma3NR - 3.3,

respectively. Furthermore, Eq. (7) becomes
L,,=(2.6x1073+5.1x107%+.. ),

which shows that double processes are relatively

insignificant for this state.

On the basis of these estimates, it was concluded
that the influence of other excited states on the
one under investigation is negligible over the whole
pressure range.

This conclusion is supported by various experi-
mental facts. First of all, the approximate ex-
pression (3) could be fitted very well to the ex-
perimental light-intensity-vs-pressure curves.
The goodness of fit, which is defined as the ratio
between the number of degrees of freedom in the
fit and the final square sum, was not significantly
different from 1 in any of the measurements pub-
lished here. According to the least-squares theo-
ry, this is the ideal value for normally distributed
data. Second, the influence of cascades was in-
vestigated by measuring the light intensity emitted
from the 33P, 43S, and 4'S states as a function
of the distance from the gas cell for various gas
pressures. The light intensity was, as expected,
found to fall off without cascades in all these
cases, following a single exponential decay. The
lifetimes found from these measurements are
115+ 5 nsec for 3°P, 65+3 nsec for 4°%S, and
84+ 7 nsec for 4'S, in good agreement with other
measurements of these lifetimes. As a final and
more indirect test of the approximations made in
Eq. (3), light-intensity-vs-pressure curves were
measured for the 3 *P state for both incident neu-
tral and singly charged helium without the attenua-
tion field in the target-gas cell being turned on.
The relevant equations describing these cases
were solved,®® neglecting excited states other

23s-3%p

IOZ.LLx;L....J;.,.Al

5 10 15
THICKNESS [10' mol /cm?]

FIG. 3. Light-intensity vs target-thickeness data
obtained without field attenuation in the target cell. The
full-drawn curves are theoretical ones derived as ex-
plained in the text. The asymptotic value is indicated.
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than the one under investigation as in Eq. (3),
and the solutions were roughly fitted to the ex-
perimental data. The result is shown in Fig. 3.
The only parameters that varied in the fit were
the cross-section ratio oy, */0,0* and a constant
of proportionality such as K in Eq. (3). In this
example oq,#/0,%=0.37, a reasonable value which
unfortunately has not been measured or estimated
in the literature. The remaining parameters used
are g,%, =1.6x107'° cm?/mol, ground-state cap-
ture and loss cross sections as tabulated by Alli-
son and Garcia-Munoz,' and the lifetime indicated
earlier in this article. The fit is found to be rea-
sonably good. In particular, the maximum in the
case of He" is nicely reproduced by the theory.
Exchange reactions have been neglected until
now, although Hughes and Kisner® have argued
that electron capture by the singly charged core
of the excited neutral particles can be a significant
deexcitation mechanism. Its inclusion in the anal-
ysis will not change the form of Eq. (3). Only
the interpretation of the derived cross sections
has to be changed. They will be total-quenching
rather than electron-loss cross sections. In the
present case, however, the ratio of the capture
cross section to the measured loss cross section

PEDERSEN 10

is rather small, varying from 10% at low energies
to 15% at high energies. In view of the approxi-
mations already made, this correction was ne-
glected.

The geometry of the target-gas cell was such
that only projectiles scattered through angles less
than about 10 mrad would reach the detection re-
gion. The influence on the present results of
elastic scattering out of this cone was estimated
by calculating the integrated Rutherford cross
section for scattering through angles larger than
10 mrad for He or H. At 10 keV this cross sec-
tion is 0.82742 and it varies with energy as E™2.
The loss cross section per hydrogen atom for the
excited states investigated here, being of the
order of 87ma2, are thus at least an order of magni-
tude larger than these scattering cross sections.
It was therefore concluded that elastic scattering
does not have any significant influence on the pres-
ent results, even at the lowest energies.

The spectrum of helium lines emitted by the
beam after the gas cell contained strong 'D and 3D
states besides the investigated P and S states.
Unseccessful attempts were made to analyze in-
tensity-vs-pressure curves for these states,
using Eq. (3). The goodness-of-fit parameter
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FIG. 4. Electron-loss cross sections in H, for various excited states of He. The ionization potentials are indicated.

The full-drawn curve facilitating comparison is the same in

all the figures.



turned out to be significantly different from 1 in
all cases. Furthermore, the lifetime measure-
ments for these states show that they are in-
fluenced by strong long-lived cascades. This
shows experimentally that the approximations
leading to Eq. (3) do not apply to D states. The
reason is that the states with high orbital angular
momenta are mainly populated via excited S and

P states [the second term of Eq. (7)]. No attempts
were made to analyze the D-state results in terms
of theoretical expressions more complicated than
Eq. (3) and containing an excessive number of un-
known parameters.

IV. RESULTS AND DISCUSSION

Figure 4 shows the experimental results. The
indicated errors are the ones estimated by the
fitting routine, and they reflect the counting sta-
tistics in the individual measurements. The scat-
ter of the points reflects the total statistical error,
which is about +15%. The possible systematic
error, including the approximations made in Eq.
(3), is believed to be less than 20%.

The present electron-loss cross sections are
discussed in terms of the Bates-Walker theory,
which is developed with the purpose of making it
possible to estimate electron-loss cross sections

2/mol ]
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FIG. 5. Electron-loss cross sections in H, plotted
against impact energy per atomic mass unit of the pro-
jectile. The solid upper curve represents the total ex-
perimental cross section for electron scattering in H,
and the lower solid curve represents the theoretical
Bates-Walker electron-loss cross section for He (23S).
Experimental electron-loss cross sections are plotted
as follows: Vertical error bars: He (3°P), this experi-
ment; error bars through full circles: H (3s), Ref. 9;
dash-dot~dashed line: H (2s), upper curve, Ref. 5, low-
er curve, Ref. 2; dashed line: He (23S), Ref. 1; dash-
circle-dashed line: Li, Ref. 11.
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for weakly bound electrons. According to this
theory, the loss cross section for a given target
gas depends on binding energy and impact velocity
only. For small binding energies, the theory
further predicts that the loss cross section is
close to the total electron-scattering cross sec-
tion taken at the same impact velocity and hence
largely independent of binding energy.

In Fig. 4, which shows all the measured loss
cross sections, an average curve is drawn through
the results for the 33P state. This curve is re-
peated on the plots for the other investigated states
in order to facilitate comparison. Taking into ac-
count the experimental uncertainties discussed
earlier, the present electron-loss cross sections
are, in agreement with the Bates-Walker theory,
found to be independent of binding energy as well
as of the specific quantum state of the removed
electron.

Figure 5 shows the electron-loss cross section
for the 3 %P state together with the total experi-
mental electron-scattering cross section® and
the Bates-Walker cross section for metastable
He (23S), as estimated by the present author'
by means of the electron-scattering cross sec-
tions. Further, the figure includes the experi-
mental cross sections for hydrogen in the 3s
state, metastable helium, and ground-state lith-
ium.

The agreement between the quenching cross
sections for hydrogen atoms in the 3s state (bind-
ing energy 1.51 eV) and the present cross sec-
tions is good. This is also the case if the quench-
ing mechanism discussed by Hughes and Kisner®
is taken into account by subtracting the respective
electron-capture cross sections from the ones
plotted in Fig. 5. This agreement, which is in
accord with the previous conclusion that the loss
cross section for loosely bound electrons depends
only weakly on binding energy, supports the ab-
solute calibration used in the experiments.

At high velocities, the total experimental elec-
tron-scattering cross section is 40% smaller
than the present electron-loss cross section,
whereas at low velocities the two cross sections
agree. In view of the uncertainties in the theoret-
ical approximations leading to the Bates-Walker
expression for the loss cross section, combined
with the uncertainties in the experimental elec-
tron-scattering cross sections and the present
cross sections, this disagreement, however, is
not found to be significant.

The electron-loss cross sections for metastable
hydrogen (I=3.4 eV), metastable helium (/=4.8
eV), and ground-state lithium (/=5.4 eV) tend to
cluster around the theoretical Bates-Walker cross
section for /=4.8 eV, again in qualitative agree-
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ment with this theory. As mentioned earlier,
however, the experimental uncertainties in these
measurements render a closed comparison im-
possible.

Finally, it can be concluded that the electron-
loss cross section in hydrogen for very weakly
bound electrons is independent of the binding en-
ergy and the specific quantum state of the elec-
tron being removed. Further, the cross section

is approximately equal to the total electron-scat-
tering cross section taken at the same impact
velocity. These conclusions are in agreement
with the Bates-Walker theory.
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