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Electron Capture into the 4s State of H by Fast H+ Impact on Gasesa
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Cross sections have been determined for electron capture into the 4s state of atomic hydrogen by fast-
proton (5—120-iceVl impact on He, Ar, Ne,¹,H&, and O~. Some improved measurements are reported on
previously published cross sections for electron capture into the 3s state of atomic hydrogen for fast-proton
impact on these gases. Above 80 keV, the cross sections for capture into the 3s and 4s states appear to be
proportional to n 3, where e is the principal quantum number of the 6nal state. Secondary structure appears
in the 3s and 4s excitation functions for impact on the heavier gases (Ar, Ne, N2, and 02) below 7 keV,

I. INTRODUCTION

" 'N R previous paper' we reported cross-section mea-
- ~ surements for electron capture into the 3s state of
H by fast-proton impact on He, Ar, Ne, N2, 02, and
H2. In this paper we report cross-section measurements
for electron capture into the 4s state of H by fast-
proton ln1pRct on these SRme gRses Rlong vAth additional
3s capture measurements and remeasurements.

The technique for measuring the 3s cross sections
described in Ref. 1 involved passing a monoenergetic

$0

proton beam through a diRerentially pumped collision
chamber which contained the target gas. Electrons were

captured by the protons into various states of atomic
hydrogen in this chamber. The resulting fast atoms
emerged from the collision chamber into an evacuated
observation chamber where the excited atoms decayed
in flight. Cross sections for capture into the 3s state
wcl'e determ1ned by llleaslll lllg H (n =3 ~ 2) 1adlatlon.

at a point suSciently far from the collision chamber to
ensure that only the 3s —1 2p transition was being ob-
served. Those atoms excited into the short-lived 3p
and 3d states contributed essentially no radiation at
this point, having already decayed oR.

This technique is easily adapted to measuring capture
into the 4s state of H. In this case measurements are
made on Hp (11=4—+ 2) radiation at a point in the
observation chamber where all of the shorter-lived e= 4
states have decayed oQ, leaving only the long-lived
4s ~ 2p radlatlon.

In Ref. 1 some concern was indicated over the possi-

bility of Stark mixing of certain v=3 states by small

electric fields that might be present in the collision.

chamber.
As applied to this experiment, the Stark eRect is con-

sidered in the following section.

II. STARK-EFFECT CONSIDERATIONS
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FIG. 1. Plot of Hp intensity versus distance from the beam
departure aperture for 10-keV H+ impact on Ar (beam current
about 1 pA). The open circles represent the raw data while the
closed circles represent the difference between the raw data and
the long-lived (230-nsec) decay.
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and C. A. Stigers, Phys. Rev. 53, (1966)

Very small electric fields can Stark-mix certain states
together. ' Especially vulnerable to mixing are 4d3, 2

with 4psls states and 4fs, s with 4d„.ls states since the
energy separation between these levels is extremely
smaiL The 4slls and 4plls states are separated by the
Lamb shift which reduces the probability of mixing,
However, the slls and pris states are more easily mixed

at m= 4 than at m= 3 since not only is the Lamb shift
smaller at n=4 but also the matrix elements connecting
the states through the Stark eRect are larger at m=4.
(The critical field, s that minimum field which will fully

mix the states, is 12 and 58 V/cm for the stls and P„,
states at 0=4 and m=3, respectively. ' The critical
field for Ps&s and dsls mixing is aPProximately sV/cnl
and 2 V/cm. at rs=4 and 11=3, respectively. ')

' H. E. Bethe and E. E. Salpeter, QNantlm 1lfechanics of Oee-
and T7fffo-E/ecderon Systems (Academic Press Inc., New York, 1957),
p. 288.
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In our previous paper we implied that electric fields
exist inside the collision chamber which partially mix
the 3p3/2 and 3d3/2 states. The decay of H radiation
outside the collision chamber indicated that the fields
in the observation chamber were too small to produce
appreciable mixing. However, in the case of the n=4
level, the fields in the observation chamber can ap-
parently produce appreciable mixing. Figure i shows
an Hp decay in the observation chamber. A two-mode
decay is observed with the shorter-lived decay being
an unresolved complex possibly having 4p«„Stark-
mixed 4p, /2-4d3/2 and Stark-mixed 4f4/2 4d4/2 -initial
states. (The longest-lived decay of such a complex would
be from the fully mixed 4f4, 2 4d4/2 -initial states having
a lifetime of 48 nsec. ) Since the 4s decay is observed with
the proper theoretical lifetime, we assume tha, t the
fields existing in the observation chamber are too small
to produce appreciable 4si/2-4P1/2 mixing.

It was necessary to show that the fields existing inside
the grounded collision chamber did not appreciably
affect the 4s data. The collision chamber had been
modified to allow a longitudinal electric field to be
applied and no measurable change in the 4s population
could be effected until a field larger than 1 V/cm was
applied. However, we would rather base our argument
on the fact that the 4s atom density followed the ex-
pected buildup in the collision chamber for different
length chambers, which varied over a factor of 2. The
collision chamber was fully grounded for Gnal data.

In principle, a sensitive indicator of mixing is the
lifetime of the 4s state. The lifetime of the 4p state is
about 19 times shorter than 4s, which means that a small
amount of mixing can appreciably shorten the "4s"
lifetime. The effect of Stark mixing has been treated
recently (see Wangsness and Series)."At the risk of
being somewhat redundant and since we require
slightly different information from that obtained by
these authors, we again consider Stark mixing. Using
Bethe and Salpeter's notation, we can consider a two-
state mixed wave function as

where

P+ 22'(tdl+td2)~[P 2 (f2+1~2+~P )j1/2

Here, p+ ——pi+p2, and p =pi —p2. As Bethe and
Salpeter do, we define wave functions

U, = (A Ui+CU2)e"+'

U4= (BU1+DU2)e"

such that U(t) will be a linear superposition of the
U, and U4. Letting a&))f and co))2/L, the real part
of X+ becomes

which is a measure of the decay rate of state a.
In the limit of (A/C)2= (f/~)2&&1, U, and Ut, are

nearly orthogonal. Let state 2 be associated with the
4$1/2 state, state 1 be associated with the 4P«2 state,
and state u be associated with the partially mixed 4s»2
state. Then

r./r .=L1+18 (f/(o)'P',

where v, is the lifetime of state u and v 4, is the lifetime
of the fieM-free 4s state.

The excited atom density e* at the exit aperture of
the collision chamber is dependent, in principle, on the
lifetime of the state. If cascade is assumed negligible
and the gas density is sufficiently low,

n" =QpFr (1 e~/"'), —

where Q is the 4s capture cross section, p is the gas
density in the collision chamber, Ii is the proton Qux,
7 is the state lifetime, L is chamber length, and v is the
atom velocity. For a uniform field of 1 V/cm which is
either parallel or perpendicular to the axis of quantiza-
tion, (f/a&)2=7X10 ' Such a le.ld would reduce the
4si/2 lifetime by about 13%.The resulting reduction in
the 4s atom density at the exit aperture would not be
detectable in the apparatus since the largest I./vr4,
value used was about —', .This means that the approxima-
tion, 1 e~/"'=L/vr, i—s still fairly good and that the
density of the 4s atoms at the exit aperture is nearly
independent of the lifetime for small fields existing in
the chamber. The amount of state mixing depends on
(A/C)2= (f/co)2 and as long as the capture cross sections
into the pure states are comparable, there is little effect
on the "cross section" for small fields.

U(f) =ai(t)U'ie '~tt+g2(tI)U2e '"2'

where U2 and U» are the field-free unperturbed wave
functions. In the atomic system (e= h= 2n = 1), we have
from time-dependent perturbation theory the following
coupled equations:

61= 2f/42e ' 2p181, —
t4= —$fgie' 2p2p2—

III. APPARATUS
where f is the electric field perturbation; co=cu2 —cvi is
the Beld-free separation of states 1 and 2; and 4pi and
4/32 are the decay rates of states, 1 and 2, respectively.
The solutions are:

e—'kdtt/4 —g ex+ t+pe)lt—
e iutttt Centi-t+—De)t—

8 R. K. YVangsness, Phys. Rev. 149, 60 (1966).' G. %. Series, Phys. Rev. 136, A684 (1964).

Signal to noise has been increased by cooling the
photomultiplier to ice-water temperatures in this ex-
periment. The apparatus is essentially the same as in
Ref. 1. The collision chambers were modified to allow
a longitudinal electric Geld to be applied to the collision
chamber for other studies. Since data were taken with
the chamber grounded, this modificatiori is not
important.
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slit widths up to 25 A. The spectrometer was then
removed and a small aperture was placed in the positio~
formerly occupied by the entrance slit of the spectrom-
eter. The Glter-lens-photomultiplier system was placed
so that a unit-magniGed image of the aperture fell on
the photo-cathode. (In operation, a unit-magni6ed
image of the beam is projected on the photo-cathode
by this optical system. ) The H and Hs emissions
from this aperture were recorded. From the solid angles
lnvolvcd, thc scnsltlvltlcs of thc detcctol systcIDs werc
determined. The H„emission from stationary H atoms
produced by $00-kcV H+ impact on H2 was then meas-
ured in order to compare with previous measurement. '
The agreement was within 15%. However, it was de-
c1dcd to nol'mallze to thc oldcI' mcasurcmcnt so that
the most consistent data could be presented from this
laboratory. The Hp calibration relative to the norma-
lized H calibration was used.

6 8 l0
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Energy (k8Vj

Fro. 2. Plot of 4s capture by H+ on He along with 2s (Ref. 8)
and Bs (Ref. 1) capture. Dotted line is an ss ' scaling of the 3s
porn-approximation curve (Ref, 1) while dashed line is an e 3

scaling of the experimental 3s curve.

From 5 to 30 keV, data were obtained with the smaller
accelerator using an 8-cm-long chamber. A 4-cm cham-
ber was used to verify the proper dependence of the
excited atom density on chamber length.

The range 20 to j.20 keV was covered with the larger
accelerator. Collision chambers of lengths 8 and i8
cm were used to verify the proper buildup with the
fjnal data obtained from the 18-cm chamber.

Data -on thc 4s capture werc obtained at a distance
of er4„ from the exit aperture. It was ascertained that
this point always fell on an e «""4 curve, vrhcre xo is
the distance measured from the exit aperture. The 4s
study required a lengthening of the observation cham-
ber. For example, er4, at 100 kcV is 1 m. At such large
distances, the spatial beam spread could become a
problem but the beam collimation afforded by the
longer collision chamber m'as suQicicnt to keep all
radiating atoms in the Geld of view.

The Htl Glter-lens-photomultiplier system and H
6ltcr-lens-photomultiplier system vrcrc calibrated in
the following manner: A hydrogen discharge tube was

placed in front of a calibrated spectrometer used in this
laboratory. ' The absolute H„and Hp emission per
stcradian from the lamp werc recorded. Thc lamp
cmissions were scanned around the H and Hp wave-

lengths to determine if there was appreciable molecular
background produced by the lamp that might be passed

by the Baird-Atomic Bi 6lters. An appreciable back-
ground could not be detected vrith spectrometer spectral

' R. H. Hughes, 'R, C, bring, and Q, Y, Fan, Phys. Re&. 122',
525 (1961).

10

6 we

Ct
E
CP

$9 t t' f

6 8&0 20 30 40 60 60100 i50 200

Energy ( keg )

FIG. 3. Plot of 4s capture by 8+ on Hg along with 3s capture
(Ref. j.). Dashed line represents an e~ scaling of 3s capture curve.

SR. H. Hughes, S. Lin, and L. L Hg, t6cld, Phys, Rev. I30,
2318. (1963)

IV. TREATMENT OF DATA

The Hy emissions were measured and the 4s cross
sections determined by correcting the H p cross sections
according to the proper branching ratio since 4s can
decay through the 4s —+ 3p mode as well as the 4s-+ 2p
mode.

Since H and Hp radiations are produced by reac-
tions with the residual gas in the observation chamber,
it was necessary to correct the data by subtracting
this background from the total signal. To determine
this background the collision chamber was pumped out
and gas introduced into the observation chamber until
the pressure there was the same as that measured during
the actual run. The light signals produced by passing



164 4s STATE OF H 169

io"
8

Io I8

3. Hydrogen

Figure 3 is a plot of 4s capture cross section versus
proton energy for impact on H2. The previously pub-
lished 3s capture-cross-section curve is included. No
remeasurements were done on this gas. The curve
shapes are similar with a e ' dependence occurring at
energies above 60 keV.

Once again the energy at which maximum capture
occurs increases with the principal quantum number e.
This is a characteristic of all gases studied.
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FIG. 4. Plot of 4s capture by H+ on Ne along with 2s capture
(Ref. 8) and 3s capture (Ref. 1). Filled triangles and open tri-
angles represent D+ and H+ 2s data, respectively. The dotted 2s
curve below 5 keV is our literal interpretation of the 2s data.
The dashed line represents an e ' scaling of the 3s curve.

an H+ beam through the chambers were then measured
and taken as background.

The proton Qux measured at the Faraday cup was
corrected for the beam attenuation due to neutralization
in the collision and observation chambers. The beam
attenuation was never more than 10%.The mean proton
Qux in the collision chamber was used in the cross-
section determinations.

Reproducibility of data was as follows: 100—120
keV, &10%, 6-95 keV, &5%; 5 keV, &15%.

V. RESULTS AND DISCUSSION

A. Helium

Figure 2 shows a log-log plot of the 4s capture cross
section versus proton energy. The 3s capture-cross-
section curve also is plotted. This 3s curve is identical
with the previously published curve with the exception
of adding a point at 120 keV. Also plotted are a 3s curve
based on Mapleton's Born-approximation calculations
for capture in helium' and the 2s capture cross sections
measured by Jaecks et ul. s

There is a great similarity among the 2s, 3s, and 4s
curve shapes. The maximum in the 4s capture cross
section appears to occur nearly 15 keV higher in energy
than the 3s maximum. The dashed line in Fig. 2 indi-
cates the 4s cross section calculated by an n ' scaling
of the 3s cross section, where e is the principal quantum
number. The agreement with the e 3 dependence at
energies above 80 keV is good where the Born approxi-
mation predicts such a dependence. ''

' R. A. Mapleton, Phys. Rev. 122, 528 (1961).
8 D. Jaecks, B.Van Zyl, and R. Geballe, Phys. Rev. 137, A340

(1965}.' J. D Jackson and H. Schwa, Phys. Rev. 89, 359 {1953l.
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FIG. 5. Plot of 4s capture by H+ on
¹ along with 3s capture

(Ref. 1). Dashed line represents an I g scaling of 3s curve.

' From tabulations of S. K. Allison, Rev. Mod. Phys. 30, 1137
{1958).

C. Neon

Figure 4 shows the results for Ne. An n ' dependence
appears likely to be valid above 50 keV.

Several remeasurements were made on the 3s cross
sections with the improved detection systems (cooled
photomultiplier). A restudy of the region from 5 to 20
keV resulted in raising 'the 5-keV point by about 5% and
adding a point at 14 keV to the previously published
3s curve. The not-so-evident structure between 6 and
14 keV, which was attributed to possibly the inQuence
of ground-state capture in Ref. 1, was again repro-
ducible. (See Fig. 5, Ref. 1.) Structure between 6 and
14 keV is not evident (or resolved) in the 4s curve. The
3s curve has been extended to 2 keV showing additional
structure below 6 keV. A similar structure is indicated
in the 4s curve.

It does not seem to us that the inQuence of ground-
state capture is like1y to be the entire explanation for
the structure below 6 keV in the 3s and 4s curves.
Ground-state capture has a reasonable sharp maximum
in the vicinity of 10 keV '0 and its inQuence oGers good
probable explanation for structure in the range 6—14
keV such as evidenced, in particular, by the 2s curve.
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FIG. 6. Plot of 4s capture by H+ on 0& along with 3s capture
I'Ref. 1). Bashed line represents an e ' scaling of Bs curves.

Thc secondary IQRxlma 1n thc 3s Rnd 4$ curves occur Rt
energies well below 10 keV and thus the inQuence of the
ground-state capture loses considerable appeal as an
explanation. It would sccIQ that Unlvcrslty of Kash1ng-
ton's 2s curve could also be interpreted as having
structure below 6 keV. Their published data show points
at 3 keV that are de6nitely above their interpretation
of the curve. In Fig. 4 we also dot in a curve which is
R literal intepretation of their data.

D. Nitrogen

Figure 5 is a plot of the 3s and 4s capture cross sec-
tions. A 6- and 4-keV point has been added to the
previously published 3s curve and the 5-keV point has
been raised approximately 10%

The 3s and. 4s curves are similar with the e ' de-

pendence setting in above 50 keV. There is an obvious
change in the shape of the curves below 15 keV sug-

gesting additional structure in the curves at lower

energies. Unpublished data taken to 2 keV" indicate a
possible secondary maximum in each curve.

"Bata taken to 2 keV are unpubHshed because of possible
systematic error. For example, the apparent 4s cross section for
2-keg impact on N~ which was obtained from the 8-cm chamber
is considerably smaller than from the 4-cm chamber. A possible

FIo. 7. Plot of 4s capture by H+ on Ar along with 2s and 3s
capture (Refs. 8 and I, respectively). Dashed line represents an
e ' scaling of 3s curve.

E. Oxygen

Figure 6 is R plot of the 3s and 4s capture cross section
in 02. A 6-keV point has been added to the previously
published 3s curve and the 5-keV point has been raised
about 5/~. Unpublished data to 2 keV" indicate a
secondary maximum at low energies in each curve.

The agreement with the e ' law at high energies is
less striking then in the other gases. This is more likely
the result of increased experimental uncertainties
brought about by the detrimental cfkct of this gas on
ion gauges, etc. than a failure of the law.

F. Argon

Figure 7 is a plot of thc 2s, 3s, and 4s capture cross
sections in Ar. The 4-keV point on the 3s curve has been
raised about 5/o relative to the previously published
curve while the 2.5- and 3-keV points have been omitted
because of the possibility of a systematic error caused
by large-angle scattering. Unpublished data to 2 keV"
indicate a secondary maximum below 8 keV.

explanation is that large-angle scattering is occuring and some of
the excited atoms are being lost to the inside wall of the chamber.
Such measurements cannot be considered absolute and therefore
are not included.


