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Measurements of the electron-capture probability for close encounters in the reactions H+

+He H(2s)+He' and H"+Ar —H(2s)+Ar' are reported. The incident proton energies employed
range from 3 to 20 keV. Measurements were made for particular impact parameters by select-
ing particular angles of scatter between 1 and 5 deg. The data show little angular depen-
dence but exhibit structure as a function of collision time. For H'+He- H(2s)+He this struc-
ture is similar to that observed previously by Everhart and co-workers for capture into all
states of hydrogen for the reaction H'+ He- H+ He', which is dominated by transfer to the 1s
state of hydrogen. The present data are not in agreement with available coupled-state calcu-
lations for this process.

I ~ INTRODUCTION

Measurements of charge-transfer cross sections
and probabilities are of interest for testing the
range of validity of various models used in calcula-
tions of atomic collision processes. One model
based on the semiclassical impact-parameter ap-
proach has been used with some success in the the-
oretical calculations of some atomic collision pro-
cesses. ' For charge transfer, such calculations
predict directly the probability of electron transfer
to a particular state of the atom formed during an
ion-atom collision at a particular classical impact
parameter (scattering angle). Thus measurements
of charge-transfer probabilities to particular atomic
states, at particular scattering angles, provide a
more direct comparison between theory and experi-
ment than total-cross -sections measurements.

The measurements of Everhart and his col-
leagues of the probability for forming atomic
hydrogen (in all states) in close collisions, for
reactions such as H'+H-H+H' and H'+He-H
+ He', have provided important tests of theoretical
calculations~ 8 (Refs. 5-8 are given as examples of
the many coupled-state calculations relying on the
impact-parameter approach). Usually the theo-
retically predicted probability for transfer to the 1s
state of hydrogen is compared with the measurement
of transfer probability to all states, since the total
transfer is expected to be predominantly to the 1s
state. However, measurements of the probability
of transfer to particular atomic states give a more
direct comparison with theoretical calculations and
help to establish the relative contribution of partic-
ular states to the total charge-transfer process.

In this paper, measurements of the charge-trans-
fer probability for formation of H(2s) from close
collisions of H' with He and Ar are presented.
Measurements of the probability of transfer to all
states of hydrogen for these collisiors have also

been made, with good agreement between the pres-
ent data and those of Ziemba, Lockwood, Morgan,
and Everhart and of Helbig and Everhart.

Present measurements include the energy range
3-20 kev with scattering to angles between 1 and 5

deg. Data are presented for measurements at
constant incident energy with varying scattering
angle (impact parameter) and for varying incident
energy at constant impact parameter. For classical
trajectories the product of incident energy and
laboratory scattering angle (8T) corresponds to a
particular impact parameter p, according to Ref. 9:

&U dke~= —
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0

where U is the interaction potential which is only a
function of the internuclear separation r. The
values of impact parameter given for the present
data are obtained from the work of Dose, ' where
a screened potential allowing for a separate screen-
ing constant for each shell of electronic structure
of the atom has been employed to evaluate this rela-
tionship.

The present results for the probability P2, for
forming H(2s) show some similarity to the results
for Pp the probability of forming hydrogen in all
states, at least for the He case. An attempt is
made to interpret these results in terms of the
semiernpirical equation presented by Helbig and
Everhart and discussed by Lichten. " For He,
comparison is made between the present results
and the coupled-state calculations of Sin Fai Lam
and the earlier constant-angle measurements by
Dose and Meyer. "

II. EXPERIMENT DESCRIPTION

A. Technique

The experimental arrangement is schematically
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FIG. 1. General experimental arrangement (top view).

illustrated in Fig. 1. Protons were selected from
the output of the duoplasmatron ion source by the
analyzing magnet. The resulting beam of protons
entered the scattering chamber through two circular
apertures of 1.0-mm diam separated by 25. 9 cm.

The interior of the scattering chamber (46 cm in
diam) was filled with target gas at pressures of
1&&10 ' Torr, or less. A differentially pumped,
rotatable assembly housing the detectors received
scattered particles from a portion of the length of
target gas traversed by the proton beam. This
assembly (Fig. 2) communicates with the interior
of the scattering chamber only through the first of
two apertures defining the scattered-particle ac-
ceptance geometry.

Figure 2 shows details of the detector arrange-
ments as viewed from the side. Scattered particles
enter the detector assembly from the left. A center
slot is provided in the middle deflection plate to
allow particles to pass through to the quenching
capacitor and subsequently to strike the first stage
of a bare-electron multiplier. When no voltage is
applied to the deflection plates, both scattered fast
protons and hydrogen atoms resulting from charge
transfer are incident on the particle detector. With
appropriate voltage applied to the deflection plates,
the scattered protons are deflected, and only the
fast hydrogen atoms reach the particle multiplier.
Thus for any angle setting, the probability of charge
transfer P„defined as the number of hydrogen
atoms scattered divided by the total number of
particles scattered, can be measured employing
the deflection plates. Assuming equal detection
efficiency of the bare multiplier for protons and for
hydrogen atoms of the same velocity and holding the
experimental parameters constant, the probability
Po is the direct ratio of the number of detected fast
hydrogen atoms to the number of detected total
particles.

If the scattered hydrogen atom is formed in the
2s state by charge transfer, it will remain in that
state through the detection region because of the

long lifetime of this state, 0.14 sec. However, the

lifetime is reduced by application of an electric field

which causes Stark mixing of the 2s and 2p states
and subsequent decay to the ground state by emis-
sion of a Ly-a photon (1216 A). The lifetime of the

2s state in a field of 600 V/cm is reduced to about

4. 5&&10 sec. '4 In the present experiment the scat-
tered particles pass through a quench capacitor
which can be used to apply such electric fields. The

hole in the front plate of the capacitor forms the

second aperture defining the scattered-particle ac-
ceptance geometry.

A photodetector views the quenching region from
above and counts a fraction of the total number of
emitted Ly-n photons depending on photodetector
efficiency, the solid angle from the quench region
which the photodetector views, the fraction of the

H(2s) atoms decaying within the quenching length

viewed, and the angular distribution of the radiation.
The probability of transfer to the 2s state P~,

was measured employing quenching as outlined.
Assuming the radiation is isotropic, the probability
can be written as

Na, /(E~f ) NR, E~

N„,/E„N„tEPf
where Nz, is the number of 2s photons detected, E~

is the photodetector efficiency times the solid angle
it views, f is the fraction of the H(2s) atoms decay-
ing in the quench length viewed, N„, is the total
number of hydrogen atoms plus protons detected by
the bare multiplier, and c is the multiplier detec-
tion efficiency. The question of the angular dis-
tribution of the quenched radiation will be discussed
in Sec. IID. N2, was determined from the differ-
ence in photon counts with quench voltage applied
and with the quench capacitor grounded. Deter-
mination of the apparatus quantities will be de-
scribed in Sec. IIB.

Actual data collection was controlled by integra-
tion of the primary beam. One of the beam collec-
tion cups (depending on whether the assembly is at
a positive or negative angle setting) collected the
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FIG. 2. Side view of rotatable assembly, showing detec-
tor arrangement.
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primary beam. The total ion beam charge collected
was stored by a current integrator. Data collec-
tions were repeated for quench voltage applied and
for quench capacitor grounded, for deflection voltage
applied and for deflection plates grounded, with
target gas in the chamber and with the chamber
evacuated. From these data, Po and P2, were de-
termined for each angle and incident energy used.

Only for scattering angles less than 2. 5' was
appreciable background observed with the chamber
evacuated. For these small angles the extremity
of the primary beam could be reflected from the
first slit defining the scattered particle acceptance
geometry. Backgrounds, at small scattering an-
gles, were 10-15% of the signals. These back-
grounds were appropriately subtracted for the photon
and scattered particle numbers used in determina-
tion of Po and P».

The differential cross sections for total scattering
were also determined in the present experiment.
This measurement required knowledge of the ab-
solute target gas pressure, the beam collection effi-
ciency, dnd the productof the solid angle of scattered
particle acceptance times the length of the proton
beam in the target gas viewed by the particle de-
tector. The results for the total differential cross
sections and the discussion of the related problems
mentioned above are to be presented elsewhere. "

B. Apparatus Quantities

Target gas pressure was continuously monitored
with a Bayard-Alpert ionization gauge which was
calibrated and frequently checked against a McLeod
gauge used as an absolute standard. Some care
was taken with the McLeod gauge to reduce the
known systematic errors.

Care was also taken to assure that the data were
not influenced by multiple collisions. Measure-
ments of the number of scattered particles at small
angles, and of emitted photons from the collision
center, were made as a function of target gas pres-
sure, at several energies. The intensity of these
quantities is expected to vary linearly with pressure
for single-collision conditions. All measurements
were made with pressures well within the linear
region.

The scattered-particle acceptance geometry is
determined by iwo apertures (see Fig. 2). The first
is a slit 0. 513 mm wide by 31.8 mm long, where
width is in the horizontal direction and length is in
the vertical direction. This slit is 1.63 cm from
the center of rotation of the detector assembly.
This first slit is formed by the sides of two beam
collection cups which are milled to knife edges.
The second acceptance geometry aperture is a rec-
tangular hole in the front plate of the quench capac-
itor. This aperture is 12.66 cm from the first slit.
It is 1.01 mm wide by 3.73 mm long. The maximum

spread of the angle of scatter of particles entering
this geometry is x —,", determined by the widths of
these apertures and the distance between them.

The width of the primary proton beam at the sec-
ond defining slit of the rotatable detector assembly
was measured by moving this slit across the beam.
The beam was found to be sharply defined (with no

gas in the chamber) and the total width at the second
defining slit was observed to be 1.25 mm. Assuming
a beam width of l.00 mm entering the chamber (the
size of the beam defining apertures), the corre-
sponding angular divergence of the beam in the
chamber was less than +0.05'.

The accuracy of the angle setting of the rotatable
detector assembly has been taken to be +0.05 .
The position was externally controlled by a hand
crank and measured by a scale which divided turns
of the crank into 100 parts. The reproducibility of
an angle setting was found to be +0.01 turn or about
+0.03'. In addition to reproducibility, the most
serious limit to angular setting accuracy (at the
small angles employed) is the alignment of the scat-
tered-particle acceptance slits so that the first de-
fining slit is accurately centered on the line between
the scattering center and the second defining slit.
This alignment and the general angular calibration
were checked in several ways. Perhaps the most
significant check were measurements of total scat-
tering on either side of the zero angle position.
Some small differences were observed at angles
less than 2', but were less than allowed for by the
quoted angle setting accuracy of +0.05 .

Because of the construction geometry, all fast
particles that enter the quenching region mill be
incident on the particle detector. Thus the particle
acceptance geometry for the H(2s) atoms which emit
Ly-a photons is the same as for all other particles.

The bare-electron multiplier consists of 13 Cu-Be
box structure dynodes. The scattered particles
were incident on the first dynode (at ground poten-
tial) with the electron multiplier structures along a
direction perpendicular to incoming particle motion.
The electron multiplier was chosen over more re-
cently developed continuous channel multipliers be-
cause of the relatively high particle counting rates
employed (in excess of 50 kHz for periods of time
exceeding several hours).

The efficiency of the multiplier for detection of
fast hydrogen atoms was determined by measuring
in coincidence the quench induced Ly-n photons and
the residual hydrogen atoms which strike the mul-
tiplier. Each quench induced Ly-Q( photon comes
from one hydrogen atom which subsequently strikes
the electron multiplier. Thus, every counted photon
is associated with one hydrogen atom which will be
detected with a certain efficiency. This efficiency
can thus be obtained from the ratio of photon-parti-
cle coincidences to total photon counts. The effi-
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FIG. 3. Total cross section for transfer to H(2g) from
protons incident on helium. ~ —~ -, data of Jaecks et al. ,
Ref. 19. 6-6-b„dataofhndreev et al. , Ref. 20; o o 0,
present data normalized to the others at 16 keV.

ciency values obtained by this method have been
used for & in the reduction of the present data and
were observed to vary almost linearly with incident
ion energy from about 0.09 at 4 keV to 0. 16 at 20
keV.

It has been assumed that the efficiency of the
multiplier for detection of protons and hydrogen
atoms of the same velocity is identical. This as-
sumption has been used by other investigators (Ref.
3) and is supported by measurements of surface
quantum efficiency for production of secondary
electrons by atoms and ions of various charge
states. ' In the present case the efficiency of the
multiplier was also checked by comparing measured
and calculated differential cross sections for total
scattering for H' on Ar. This check of efficiency
agreed well with the coincidence measurements and
showed no variation with the changing ratio of pro-
tons to hydrogen atoms in the scattered particles
detected. 7

The photodetector with LiF window is sensitive tf

radiation between 1050 and 1800 A with a peak ef-
ficiency near the 1216-A line to be detected.

The value of e~ in Eq. (2) was obtained by mea-
suring the intensity of the quenched 2s radiation at
0 and identifying it with the total cross section for
transfer to H(2s). For this measurement the elec-
tron multiplier was replaced by a Faraday cup for
collection of the beam which passed through the ac-
ceptance geometry. This current was used as the
normalizing beam current for determining the inci-
dent intensity in the data reduction. Data were
taken at sufficiently low pressures so that no de-
crease in measured current was observable as gas

was introduced into the collision chamber.
In order to identify the measurements at 0 with

the total cross section for charge transfer to H(2s),
it is necessary to determine the fraction of the

H(2s) atoms which are scattered out of the accep-
tance geometry during the charge-changing colli-
sions. By examining the quench induced photon

yield at small scattering angles near 0', with and

without target gas in the scattering chamber, it was
established that less than 7% of the H(2s) atoms
formed at 4 keV, H'-Ar collisions, were scattered
out of the acceptance geometry. Since the differen-
tial cross section has a 1/T2 dependence, an even
smaller fraction of the H(2s) atoms formed will be
lost at higher energies.

The present results for the total cross section
for transfer to H(2s) for H'+He-H(2s) +He', nor-
malized to the previous results of Jaecks, Van Zyl,
and Geballe' and of Andreev, Ankudinov, and
Bobashev at 16 keV, are shown in Fig. 3. This
normalization does not include correction for H(2s)
lost by scattering since from the above arguments
it should be small at 16 keV. This normalization
was used to determine a value of &~. Using this
value, the cross section for total transfer to H(2s)
in proton-argon collisions was measured. The re-
sults agreed with those of other investigators'
within quoted uncertainties.

The value of &~ was also estimated using the
manufacturer's quoted efficiency for the photode-
tector, with measurements for the efficiency of
transmission of pulses by the electronics and cal-
culated solid angles. This estimate of E~ was within
10% of the result obtained by the normalization
process. The value of &~ used in the reduction of
the present data is the one determined by normali-
zation to previous work. Errors in determining E~

due to a nonisotropic distribution of the quenched
Ly-~ radiation will be discussed in Sec. IID.

Since the photodetector views a finite length of
the quenching region it is possible that some frac-
tion f of the H(2s) atoms may pass beyond the view
of the photodetector before decay and emission of
a photon. This can happen even though the quenching
field is made sufficiently strong that saturation of
the observed Ly-o. signal is obtained (Fig. 4). For
sufficiently fast atoms, some may still pass beyond
the length viewed. This fraction [f in the definition
of P~ in Eq. (2)] will change with changing velocity
of the atom in the quenching region.

An estimate for the change in the fraction f with
changing energy was calculated. In order to esti-
mate the lifetime, it was necessary to determine
the field along the axis of the quenching capacitor.
The capacitor consists of a grounded front plate
with a shallow closed cylinder forming the other
electrode. The construction was to help shield the
quenching region from stray electrons and photons.
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The potential at points inside the capacitor was cal-
culated employing a numerical technique. For —905
V applied to the closed cylinder end, the field along
the axis of the capacitor was found to vary from
660 to 250 V/cm, with the region directly viewed
by the photodetector averaging about 550 V/cm.
The lifetime of the 2s state ~2, was determined from
the expression given by Bethe and Salpeter

where 7@, is the lifetime of the 2p state of hydrogen
and M is the field interaction, M = 2WFeao/t. , with
L the Lamb shift, ao the Bohr radius, e the elec-
tronic charge, and F. the field strength.

The fraction of H(2s) atoms decaying in the length
viewed by the photodetector was then calculated
employing the expression

r/ur 2 d-f f'» x/IH'Qgd 7Oe
(4)

where the time in the field has been expressed in
terms of the velocity of the atom. The results in-
dicated that, at 1 keV energy, 99% of the H(2s)
atoms decay in the length of quench region viewed,
but at 20 keV only 69% decay within this length.
The fraction f was calculated for each energy used
and employed in the determination of P„as indi-
cated in the definition (2).

It should be noted that our previously reported
preliminary results did not include this fraction f
in the reduction of P~. Also, the preliminary re-
sults were obtained by using calculated Rutherford
cross sections for the total scattering rather than
the experimentally determined total scattering
cross sections. "

C. Sources of Experimental Error

In addition to possible error in the normalization

I I I I I
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QUENCHING FIELD (volts/cm)

I IG. 4. Photon yield as a function of applied quenching
field. Incident proton energies are: 5 keV, 0; 10 keV,
o; 15 keV, D.

process several other sources could introduce error
in the measurement of the quench induced Ly-n
photon intensity. They include (i) cascade from
higher states to the 2s state, (ii) quenching of H(2s)
metastables before the region viewed by extension
of the electric field through the entrance hole in the
front plate of the capacitor, and (iii) polarization
of the quench induced radiation.

The increase in the H(2s) population due to cas-
cade from higher states can be estimated using the
measurements of total cross sections for production
of H(3p) and H(4p) due to collisions of H' with He

and Ar reported by Hughes, Stigers, Doughty, and
Stokes. " The H(3p) cross section is given by this
work, but the H(4p) cross section was estimated
from the measurement of H(4s). With these cross
sections and the branching ratios for the decay of
these states, the cascade contribution from these
states can be estimated. Cascade from higher
states decreases rapidly since the total cross sec-
tions for transfer decrease roughly as n ' according
to Hughes et a/. The estimated increase in H(2s)
population for cascade from all higher states is
4-5% for both He and Ar targets throughout the en-
ergy region investigated.

It should be pointed out that the earlier measure-
ments of total H(2s) cross sections used for the
normalization, should contain less cascade contri-
bution than the present data because of the place-
ment of the quenching field in the collision region.

Some of the H(2s) photons may be quenched before
entering the quenching region viewed by the photo-
detector if the quenching field extends through the
hole in the front plate of the capacitor. This pre-
quenching loss was estimated to be that due to a
field of one-half the maximum value just inside the
quench capacitor extending a length of one-half the
width of the aperture. This estimate of the loss of
H(2s) atoms due to prequenching varies from 7/p a' t
4 keV to 3' at 20 keV.

D. Polarization of Quench Induced Radiation

The polarization of quench induced radiation pre-
sents a greater problem. The previous investiga-
tors19-21 assumed the radlatlon induced by coupl. ng
the 2s and 2p states was isotropic. This assumption
was based on the relative magnitudes of the fine-
structure splitting between P1 /p and P3 fp and the
Lamb shift between 'P&&, and 'S1», states. Since the
Lamb shift is only 10%%u& of the fine-structure split-
ting, it was assumed that Stark mixing would couple
the 'S1+ state predominantly to the P1&2 state so
that the resulting radiation would be isotropic.

In 1968, Fite, Kauppila, and Ott ' reported mea-
surements of the polarization of radiation induced
by weak-field quenching of H(2s) atoms excited by
electron impact. They observed the polarization
P for a quenching field of 15 V/cm to be
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FIG. 5. Calculated polarization of quench induced Ly-o.
radiation as a function of quenching field.

= —0. 30+0.02,

1

E (y, ~x, ~q)*(y, ~x, ~q)dt, (6)
g p a=-1

II j. (5)I„+I~ o

where I„ is the intensity of radiation along the field
and I, is the intensity of the radiation perpendicular
to the field, observed at 90' to the field. Qtt,
Kauppila, and Fite calculated the polarization em-
ploying time -independent perturbation theory to
find the relative mixture of Pg/2 and P3+ states.
The polarization predicted by this calculation was
—0.329, in reasonable agreement with their experi-
ment.

In the presence of stronger fields, the polarization
may be modified from the value given above. Sellin,
Biggerstaff, and Griffin have calculated the polar-
ization of the quenched 2s radiation as a function of
electric field strength for the case where the atom
enters the quench field adiabatically.

However if the atom enters the electric field re-
gion in a nonadiabatic manner, it is not clear that
the results of Sellin, Biggerstaff, and Griffin will
hold. Following the suggestions of Macek, ~ a cal-
culation has been performed to determine the polar-
ization of radiation induced by the quench fields of
various strengths under conditions where the H(2s)
atom enters the field in a time 4t such that &E&t

h, where 4E is the fine-structure splitting of the
2p state.

The calculation performed has ignored the widths
of the P states and the hyperfine structure. The
wave function g for the atom in the quenching field
can be expanded in terms of the unperturbed atom
wave functions for the S,+, 'P«„and P,&, states
with n = 2. Using the standard transformation theo-
ry and the assumption that initially the atom is in
the n = 2, S«, state, the wave function g was con-
structed. The radiation from the atom represented
by g to the ground state Pp is given by

where (Qol X, I (o) is the usual dipole matrix element
for a radiative transition and X, is the component
of X along polarization direction q where q =+ 1, 0,
—1. The components of the radiation, I„along the
field (associated with q =0), and I, perpendicular to
the field (associated with q =+1 and —1) were de-
termined from (6) for various field strengths (g is
dependent on the field strength). The results for
the polarization (5) as a function of field strength
are shown in Fig. 5. For low fields, this calcula-
tion is in agreement with those of Ott et al. and
Sellin et al.

The intensity observed at some angle relative to
the quenching field can be written as

I„, 3(1 Pcos'-8)
(&)

47I 3 —P

employing the polarization as defined in Ref. 31. For
the present experimental situation, with the detector
at 90' to a field of about 600 V/cm, the predicted
polarization is —0. 20 for the present calculation
with the H(2s) atom entering the field suddenly.
According to Sellin et al. the polarization is —0. 55
if the atom enters adiabatically. These correspond
to intensities, I(90'), of I„,(0.94)/4v for the sudden
case and I„,(0.85)/4w for the adiabatic case. Thus
the radiation may be 6 —14% lower than for an iso-
tropic distribution.

An error due to the polarization may exist in all
the measurements of the cross section for produc-
tion of H(2s) that rely on electrostatic quenching.
The experiment of Andreev et al. employed a fieM
of 600 V/cm with the photodetector at 90' to the
field direction. This experiment, in which the H(2s)
atoms were formed in the electric field, is thus a
clear case where the sudden approximation is valid.
The sudden approximation outlined above does not
apply, however, since the polarization of the 2s and
2p state radiation must be determined simultaneous-
ly, since radiation from both is observed. The ex-
periment of Jaecks et al. quenched the 2s state in
the region where it was formed, in a manner similar
to that of Andreev et al. ; however, the quench
field was made to reverse direction several times
within the region viewed by the photodetector. For
the experiment of Bayfield the quenching field
strength and direction have not been specified.

Because of the uncertainty in the cited published
results used for normalization, no attempt was
made to correct our present data for polarization
effects. The agreement among previous investi-
gators is generally within their quoted errors
of 20 —40'. Because of this and the consistency
between our normalization and the use of the manu-
facturer's quoted efficiency for determining q& for
our photodetector, it is expected that errors due to
polarization may not be much greater than the
6—14% calculated for the present case. Neverthe-
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less, polarization of quench induced radiation is a
continuing problem. The information presented
here may be useful to future investigators employing
electrostatic quenching of H(2s).

Considering the quoted errors of the measure-
ments used for normalization and the sources of
error mentioned above, the accuracy of our normal-
ization should be +50%. This seemingly poor ac-
curacy is sufficient for drawing specific conclusions
about the data and related theories, for, as we
shall see in Sec. IIIA, theory and experiment differ
by factors of 10.

FIG. 6. Probability of transfer to all states of hydro-
gen from protons on helium. +, C3, o, 6, x, present
data; g, ~, 4, data of Helbig and Everhart, Ref. 4.
Curve A: calculation of Sin Fai Lam (Ref. 8) for transfer
to H( s, 2s, 2p) ateT =20 keV deg. Curve B: calcula-
tions of Green (Ref. 32) for transfer to H(ls) ateT =20
keV deg. Curve C: calculations of Colegrave and Stephens
(Ref. 33) for transfer to H(ls) at 3'.

regular in the collision time (reciprocal velocity)
has been termed "quasiresonant" and is discussed
by Ljchten,

The term "resonance" stems from the quantum-
mechanical description of the H2' molecule. ' It is
the interference between symmetric and antisym-
metric states of the quasimolecule of H~' formed
during the collision H'+H which gives rise to the
oscillation of charge-transfer probability observed
by Lockwood and Everhart. During the collision
the oscillation of electronic charge between the
lowest symmetric and antisymmetric states takes
place. As the collision time decreases, the elec-
tron is left first with one nucleus, and then, when
the collision is shorter by one-half the charge os-
cillation period, it is left with the other nucleus.

Lichten gives criteria for this same interference
to arise in nonsymmetric collisions, such as H'+He
where the resonance will be damped because +he

separated atom configurations have different ener-
gies after charge transfer. The criteria are that
the collision be sufficiently sudden so that trans. —

tions take place in the quasimolecule in spite of the
energy difference, and that the energy levels of the
interfering states be widely separated during the
collision so that many oscillations of the electron
charge will occur during the collision time. The
two conditions for quasiresonance are then (in a. u. )

IE2(0) —E,(0)
I
»/"& IE2(") —Ei(")I, (8)

where 7 is the collision time and the quantities in
parentheses are the internuclear separations.

From Fig. 7, a correlation diagram for HHe'
from the work of Michels, " it can be seen that for
H'+He-H(1s)+He' the conditions (8) are 2. 2 a.u.
»1/r»0. 40 a.u. Approximate values for the
range of 1/r in the present experiment are 0. 5 —1.2
a. u. so that quasiresonant oscillation of Po is ex-
pected.

Lockwood and Everhart and Helbig and Everhart'

III. RESULTS AND DISCUSSION

A. Protons on Helium

The present measurements together with mea-
surements of Helbig and Everhart and several cal-
culations of Po for H'+He- H+He' are shown in
Fig. 6. The calculations of Sin Fai Lam and
Green, Stanley, and You-Chien Chian' are cou-
pled-state calculations employing expansion of the
wave function for the system in terms of eigenfunc-
tions of the individual atoms, the former employing
an expansion involving five atomic states and the
latter employing two atomic states. The calculation
of Colegrave and Stephens" is a perturbed state
calculation with a two-state expansion of the system
wave function in eigenfunctions of the quasimole-
cule. The damped oscillating behavior which is

Li+

S(ls3s) -4.75.
P(ls2p) -4.99
P(ls2p) -5.03~/-
'S(ls2s) -5.04
S(ls2s) -5.I I

-2.07 He S(ls3s)+ H+

-2.I2 He P(ls2p)+ H

-2.I2 He+(Is) + ~
W(2p)

-2.13 He P(ls2p)+H+
-2.I5 He S(ls2s) + H+

-2.I8 He S(ls2s) + H

- -2.50 He+(Is) + H(ls)

S(ls~) -7.28-

- -2.90 He S(ls) + H+

FIG. 7. Correlation diagram for states of (HeH)', from
Michels, Ref. 35. Energies are in a.u.
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FIG. 10. Comparison of present measurement of P2s

with that of Dose and Meyer (Ref. 13). Q, 0, 0, present
data; g, data of Dose and Meyer at 2. 2'; ———,data of
Dose and Meyer multiplied by 3.
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FIG. 9. Probability of transfer to H(2&) from protons
on helium at several impact parameters, as a function of
reciprocal velocity.

represented the oscillation of charge-transfer prob-
ability Pp for H'+H and H'+ He by an empirical
formula of the form

Pp =A sin ((Ea)/2v —B)

where E is the energy separation of the states, a
is the distance over which the collision takes place,
and 8 is the empirical value of the phase of the os-
cillations. The quantity (Ea) is determined from
the data. The period of oscillation of the electron
between the states of the quasimolecule is

T = h/Z = a/v„- a/v „...
where the n denotes any peak or valley of the ob-
served oscillation in charge transfer. Expression

(9) has been ."ound to fit the data for Pp from H '+ H

and H'+ He with B nearly 4m in both cases.
As indicated in Fig. 6, quantitative coupled-state

calculations predict oscillation of Pp with the cor-
rect phase, but incorrect amplitude.

For the reaction H'+He- H(2s) +He', it is not

obvious from the qualitative discussion above that
quasiresonance (and hence oscillation) of Pp, should
be expected. The quasiresonance conditions (8)
are still approximately satisfied, 2. 2» 1/r & 0.78
with 1/r between 0. 5 and 1.2 a. u. However, the
population amplitudes of several nearly degenerate
states, near the one which tends to H(2s)+He', rule
out a simple two -state interpretation.

The present experimental results indicate that
the quasiresonance oscillation of P~ remains, at
least in part. Figure 8 indicates that Pp and

P2, do not exhibit large structure at a constant im-
pact energy (collision time) for the range of impact
parameters tested. Figure 9 illustrates that at
least two distinct maxima occur in P2, as a function
of collision time for the values of impact param-
eters which cover the entire range.

Figure 10 shows comparison of the earlier mea-
surements by Dose and Meyer' at a fixed scattering
angle of 2. 2'. Dose and Meyer did not have any
convenient way to normalize their results. The
experimental results were normalized to the Born
approximation for H'+He- H(2s)+He' at 40 keV,
which is of doubtful validity. Except for a differ-
ence of a factor of 3 in absolute value, the agree-
ment is quite good. This is expected since the

de
previous two figures demonstrate that the prima ry

ependence of P2, is on collision time and not im-
pact parameter over the range measured. The re-
sults of Dose and Meyer indicate a third peak in
Pz, is likely at some energy above 60 keV.

Application of the empirical formula (9) to the
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FIG. 11. Comparison of measurement of P» with pre-
diction of the coupled state calculation by Sin Fai I.am
(Ref. 8). 0, present data BT = 20 keV deg; 0 present
data BT=10 keV deg. Solid Curve: coupled-state calcu-
lation of Sin Fai Lam for BT =20 keV deg times 1/10.

present data for P2, requires estimating (Ea) with
the two peaks available. Nevertheless, estimating
(Ea) to be 9 a.u. and using Everhart's value of
B = 4', we find that sin ((Ea)/2v —~v) is a minimum
at 10 and 30 keV and is a maximum at 6. 3, 16, and
85 keV. This is in good agreement with the ob-
served behavior and predicts the third maximum at
85 keV.

In Fig. 11 the present data are compared with the
predictions of the four-state coupled-state calcula-
tions of Sin Fai Lam' for H'+He. For Pa„ it is
seen that the quantitative theory differs by a factor
of 10 from present results and the predicted oscil-
lations are not in phase with those observed. In a
previous paper, ' the failure of the coupled-state
calculations was suggested to be partly due to failure

LABORATORY ANGLE (degrees)
6.0 4.0 3.0 2Q l.5 1.0 0.8

I I I I I I I

H + Ar at 6.25 keV

I l i I

I.O I.5 2.0 2.5 3.0
RECIPROCAL VELOCITY (a.U. )

FIG. 13. Charge-transfer probabilities for H'+ Ar at
fixed impact parameter (BT = 20 keV deg; p = 0.53 a.u. )

as a function of inverse velocity. o, probability of transfer
to H(2s); ~ present data, probability of transfer to all
states of hydrogen; 4, data of Everhart et al. (Ref. 3),
probability of transfer to all states of hydrogen.

to include the excitation channels H'+ He- H'
+He(2'S, and 2 P) which are nearly degenerate
with the charge transfer channels of interest H'+He
—H(2p, 2s) +He'.

The error bars shown for P2, in all of the figures
represent the standard deviations of five or more
trials of those particular data, and thus represent
reproducibility. Nearly all of the P~ data are av-
erages of at least four measurements. The absolute
error for P2, is estimated at +50 j~, as stated pre-
viously. Values of Pp are accurate to +10k.

It might be noted that the contribution of P2, to Pp
is small. Measurements of P» indicate that the
2s and 2p contributions to the charge transfer are
only about 1—

2%%up. Higher states are expected to
contribute even less. Thus Pp is dominated by
transfer to H(ls) for the H'-He system.

.OI5"
CO

aN

o o o0
0 0 B. Protons on Argon

.OG-

ao

h hh
h hh

h hhh

.4 .6 .8 I.O l.2
IMPACT PA RAMETE R h. u. )

FIG. 12. Charge-transfer probabilities for H++Ar at
fixed impact energy 6. 25 keV as a function of scattering
angle. 0, probability of transfer to H(2s); 6 probability
of transfer to all states of hydrogen (present results).

For protons on argon, no quantitative calcula-
tions for Pp or P2, are available. However, Pp ex-
hibits quasiresonant behavior.

Figure 12 indicates that at a constant collision
time corresponding to an incident energy of 6. 25
keV, Pp is nearly constant where P2, may contain
some small structure. Figure 13 shows regular
oscillation of Pp with changing collision time as ex-
pected for quasiresonant behavior. Pa, for BT = 20
keVdeg exhibits oscillatory structure of a higher
frequency than Pp; however, the data are not precise
enough for any meaningful analysis.

Figure 14 shows the lowest levels of the united
and separated limits for (H+Ar)'. No attempt at
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i Ar(3p 41)+H

Ar (3p )+ H(le)

K"(ape) 0
AT SKI ARATION R~O

0 Ar(3p6) + H+

AT SKPA RAT ION R e

FIG. 14. Lowest energy levels of (Ar+H)' and K'.

correlation of energy levels has been made. How-
ever, charge transfer to H(1s) is expected to take

place between states of the quasimolecule involving
the lowest level and one of the higher levels indi-
cated of the united atom and involving the two lowest
levels of the separated atom limit. Using the energy
differences from Fig. 14, it can be seen that the
quasiresonance conditions (8) are reasonably well

satisfied for Po.
The uncertainties in P2, and Po for protons on

argon are the same as for helium. However, the
larger cross section allowed easier differential
measurements for the argon case.
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