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Atomic-electron capture in the presence of a narrow nuclear resonance: Ar(p, p)4oAr reaction
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Electron capture in close, energetic collisions between protons and Ar atoms is studied. As the proton
energy is varied across the 1859.7-keV Ar(p, p) Ar elastic nuclear resonance at a fixed deflection angle
of 60, a dip of about 27% in the atomic-electron-capture probability is found, demonstrating the
inhuence of the nuclear process on the atomic-charge exchange. The effect is very large considering that
the similar dip found in the probability for scattering the proton without capture is only about 37%. A
systematic comparison with previously reported capture probabilities for other elastic reactions has been
made.

PACS number(s): 34.70.+e, 24.30.—v, 34.50.Fa

I. INTRODUCTION

A close collision between an atom and an energetic
proton may lead to a strong deflection of the proton and
ionization of the atom. The ionization is described ex-
clusively by atomic parameters if the proton is scattered
elastically by the pure Coulomb part of the internuclear
force, but in case a transient compound nucleus is formed
during the collision, the ionization depends also on the
parameters describing the compound nuclear state. In
recent years, there have been a number of studies on this
interplay between atomic and nuclear processes. Most of
them have concentrated on the inAuence of nuclear reac-
tions on the ionization to continuum states of target
inner-shell electrons, but there are also a few studies of
ionization by charge transfer near elastic nuclear reso-
nances [1—4].

The theoretical study of electron capture at large
deflection angles and near nuclear resonances has result-
ed in two theoretical approaches: One based on the
strong-potential Born approximation (SPB) [5,6] or its
on-shell version, the impulse approximation (IA) [7], and
the other on a generalization of the two-amplitude Blair-
Anholt formula developed for ionization [8]. In the SPB
approach, the capture amplitude near a nuclear reaction
may be expressed as a sum of three terms which describe
capture due to the Coulomb interaction between projec-
tile and electron outside (the Coulomb term) or inside
(the nuclear-volume term) a small spherical volume
around the nucleus, and capture due to target recoil (the
recoil term ) [9]. The Coulomb term describes the three
time sequences enc, nec, and ecn, where e symbolizes exci-
tation of the electron, c electron capture, and n nuclear
scattering. The sequences enc and nee thus describe exci-
tation before and after the nuclear scattering, respective-
ly, followed by attachment of the electron to the projec-
tile, while ecn describes excitation and capture prior to
the nuclear scattering. The Coulomb term and its three
sequences are also present in the absence of nuclear reso-
nances. The recoil term is ahvays present for large
deAection angles. However, the nuclear-volume term is
present only for rapidly varying nuclear-scattering ampli-

tudes, i.e., at nuclear resonances. It has two contribu-
tions corresponding to the sequence enc and nec.

The two-amplitude formulation contains a Coulomb, a
nuclear-volume, and a recoil term like the SPB or IA.
These terms can be combined into two terms which
represent the sequences ecn and nec, but the contribution
from the sequence enc is neglected. The formulation in-
volves electronic amplitudes to be calculated for a
prescribed broken straight-line nuclear trajectory [10].
Both theoretical treatments have shown general agree-
ment when compared to experimental results.

The interplay between nuclear and atomic processes in
atomic-charge transfer is seen as an anomaly in the ener-

gy dependence of the probability for the atomic process
at the nuclear resonance. This anomaly is due to a rapid-
ly changing interference between inelastic half-trajectory
amplitudes separated by the nuclear reaction. A simple
criterion for a strong atomic-nuclear interplay in electron
capture is [5,6]

Cf CI + 2/2

r r
where E, f (negative numbers) are the initial and final en-
ergies of the captured electron relative to the target and
projectile, respectively, v is the projectile velocity in the
laboratory frame, I the width of the nuclear resonance,
and m is the electron mass. The final-state energy of the
electron relative to the ionization limit of the target
atom, Ef+mv /2, is well defined for capture but not for
pure ionization reactions in which the kinetic energy
—,'mv of the ejected electron is normally unknown. The
term —,'mv contributes to making the energy transfer AE
relatively large for capture and comparable to the width
of the nuclear resonance in a number of reactions.

The general criterion expressed through Eq. (1) for a
strong inAuence of the nuclear resonance may be under-
stood as follows: If the atomic inelastic-energy transfer
hE is larger than or of the order of the width I of the
elastic nuclear resonance, and in addition the initial pro-
jectile energy E =Ez +AE, where E~ is the resonance
energy, then the energy transfer AE will shift the energy
of the projectile to the nuclear resonance if it takes place
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while the nuclei are still approaching. The terms enc and
ecn will thus involve the nuclear-scattering resonance,
whereas the term nec will be off resonance. At the lower
energy E =Ez, the terms enc and ecn will now be off res-
onance, while the term nec will be on. If AE))I, one
therefore observes two separate resonance structures (at
E =Ez and E =Ez +b E ) of a certain strength. Howev-
er, if DE=I, all terms of the capture amplitude vary
near the resonance, and therefore one interference struc-
ture at E =E~ is expected. Finally, if AE &&I, all terms
of the capture amplitude are simply proportional to some
common nuclear-scattering amplitude, and no special
atomic-interference structure due to nuclear effects is pre-
dicted. Nevertheless, the various atomic half-trajectory
amplitudes still interfere. This may lead to a strong an-
gular dependence of the capture amplitude both on and
off resonance.

The magnitude of the excursion of the probability for
electron capture from a given atomic shell due to an elas-
tic nuclear reaction depends not only on the ratio AE/I,
but also on the strength of the scattering resonance rela-
tive to the smooth Coulomb background scattering.
Therefore, in order to compare the inAuence of reso-
nances with different values of hE /I, a normalization to
the resonance strength is required. When the available
data [11—16] are normalized in this way, a fair agree-
ment with the basic criterion (1) is found.

In the present work, we report on atomic-electron-
capture probabilities across the elastic nuclear resonance

Ar(p, p) Ar at 1859.7 keV. The width I of this reso-
nance is 1288 eV [17] and the ratio b,E/I is equal to 1.0
for capture from the L shell [18] which gives the dom-
inant contribution to the total cross section. A dip in the
capture probability of close to 27% is observed near the
nuclear resonance which is a very strong effect when

compared to the proton-scattering resonance intensity
which is only 37%. The strong inhuence is expected con-
sidering that hE/I is close to 1 in the present case. The
size of the measured resonance structure in the capture
probability is in good agreement with calculations based
on the IA model, but the theoretical shape is somewhat
different from the experimental one, and theory overesti-
mates the data in absolute value by nearly a factor of 2.
Off-resonance electron-capture probabilities as a function
of the laboratory proton-scattering angle were also mea-
sured.

II. EXPERIMENTAL SETUP AND PROCEDURE

Figure 1 shows the experimental setup. The proton
beam was obtained from the 6-MV Aarhus University
tandem accelerator. After passing through a set of 2 X 2
mm collimators, the proton beam traversed a cell with
Ar gas and was finally collected in a Faraday cup after
the interaction region.

A position-sensitive surface-barrier detector (PSSB)
placed at 60' relative to the beam direction and covering
a solid angle of 7 X 10 sr was used to detect scattered,
neutralized particles (H ). A strong permanent magnet
gave a field of nearly 10 kG over a 5-cm-long part of the
12-cm beam path between the gas cell and the position-
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FIG. 1. Experimental setup. The position-sensitive surface-
barrier detector (PSSB) is placed at 60'. A removable per-
manent magnet is used for separating the neutral H and the
scattered charged particles. The other surface-barrier (SB)
detector at 52. 5' is used for normalization. V„represents the
voltage applied on the electrically floated target cell. It is the
sum of a scanning voltage and the accelerator HV ripple multi-
plied by 2.

sensitive detector. The protons were deAected sufficiently
by this field to clearly distinguish the neutralized parti-
cles from scattered protons. The permanent magnet
could be removed for measuring the protons and neutral
particles together on the detector. In addition, for nor-
malization purposes, the particles scattered into a solid
angle of 4X10 sr around a laboratory angle of 52. 5
were counted by means of a surface-barrier (SB) detector.
In order to scan the beam energy across the elastic nu-
clear resonance without changing the accelerator-voltage
or beam-transport settings, a post-acceleration voltage in
the range —0.5 to —4. 5 kV was applied on the Ar-gas
cell. Thin Al foils placed directly in front of each detec-
tor served to stop secondary electrons from the negative-
ly charged target.

The Aarhus tandem accelerator can be run under com-
puter control. In this way, the field in the analyzing mag-
net, which defines the energy of the beam from the ac-
celerator, can be set at a constant value with Auctuations
smaller than 1X10 . Long-term drift in the magnetic
field, which would broaden the resonance, is thus avoid-
ed. The width of the 1859.7-keV Ar(p, p) Ar resonance
studied here is 1288 eV [17]. The accelerator-voltage rip-
ple is of the order of 500 V FWHM (full width at half
maximum). This leads to an energy spread of about 1

keV, which would cause a significant broadening of the
resonance and blur its inAuence on the capture probabili-
ty. Therefore, a technique for compensating the
accelerator-voltage ripple was developed. BrieAy, the tar-
get region is electrically isolated from ground and forced
to follow two times the voltage Auctuations of the ac-
celerator terminal by means of a fast HV power supply.
The factor of 2 is due to the double acceleration of the
protons in the tandem accelerator. A beam-energy
spread as small as 95 eV on the target was achieved,
which is 13 times smaller than the width of the resonance
studied here. A detailed account of this technique has
been published elsewhere [17].
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The capture probability for a given scattering angle 0
and energy E is defined by

p(E, O) = n (E,O)
(2)

scatt

where n (E, O) is the number of neutral particles and
N„,«(E, O) the total number of particles scattered into a
given solid angle around the laboratory angle 0 at the
beam energy E.

Even at the relatively strong beam intensities up to 5
pA used in the present experiment, the counting rates
were low, and thus the solid angles covered by the detec-
tors had to be as large as possible. Therefore the beam
paths from the target cell to the detectors were quite
open. As a consequence, the beams on the PSSB detector
were broad, and a strong magnetic field was required to
separate them. The detector was placed such as to ac-
commodate all neutral particles, but this had the disad-
vantage that some of the protons were deAected off the
detector. It was therefore not possible to simultaneously
measure n (E,O) and N„,«(E, O). However, an indepen-
dent measurement without the. magnet gave the ratio be-
tween the counting rates of the two detectors; at 0& =60'
and 02=52. 5 it reads
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and then the capture probability given by Eq. (2) can be
written as

n (E,O, )

R (E,8„82)N„„t(E,O~)
(4)

where n (E,8, =60 ) and N„,«(E, 82=52. 5') are mea-
sured simultaneously in a run with the permanent magnet
in place.

Figures 2(a) and 2(b) show the 1859.7-keV
Ar(p, p) Ar elastic resonance as seen by the detectors

at 52. 5' and 60', respectively, and without magnetic
defiection. Using a least-squares fitting routine and Pois-
son statistics, the resonance shapes in Figs. 2(a) and 2(b)
were fitted by the appropriate expression [19]for a single,
narrow resonance,

do
dA

—,'AI + ,'BI (E E)——
+C.

(Eo E) + —,'I— (5)

The angular-dependent parameters 3 and 8 give the
shape and size of the resonance, and C is a constant back-
ground from Coulomb scattering.

The energy-dependent ratio R [Eq. (3)] was then ob-
tained from the fitted curves and is plotted in Fig. 3. The
observed increase and decrease of the ratio R are due to
the difference in shape of the resonance observed in the
directions 52. 5' and 60'.

To measure the capture probability near the resonance,
we have proceeded as follows. First, the resonance was
found by counting scattered particles without magnetic
deAection while scanning the target acceleration voltage
( V„ in Fig. 1) over a range of 4 kV (see Fig. 2) for
different fixed accelerator voltages near the expected

value of the known resonance energy. Then the per-
manent magnet was mounted, and for a selected accelera-
tor voltage, the scanning voltage V„was used to repeat-
edly cycle through five different beam energies separated
by 1 keV. At each energy, scattered particles were
detected by the PSSB at 60' and the SB at 52. 5 and accu-
mulated for a period of 1 min and then added to a posi-
tion spectrum and a sealer, respectively, belonging to that
energy. At the end of each cycle of five energies, a con-
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FIG. 3. The ratio R(E,60, 52. 5 ) defined by Eq. (3) plotted
as a function of the proton-impact energy. The value of R was
derived from the fits to the resonances, as shown in Fig. 2.

FIG. 2. The elastic nuclear resonance Ar(p, p) Ar at 1859.7
keV as seen at both laboratory observation angles: (a) 52. 5', (b)
60'. The solid curves represent least-squares fits to the data of
Eq. (5) with the fitting parameters A, B, C, Eo, and I .
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mulated without the permanent magnet. In this way, as
seen in Fig. 4, the neutrals lying under the tail of the pro-
tons are taken into account. The data of Fig. 4 are the
result of 12 h of measurement and correspond to a proton
energy of 1859.55 keV.
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FIG. 4. Position spectrum for particles scattered at 60'. Pro-
tons to the left and neutral H to the right are readily dis-
tinguished. The curve is a least-squares fit to the right part of
the spectrum (see text for more details).

tinuous scan over the entire 4-kV range allowed monitor-
ing of the position of the resonance. Due to remaining
small variations in quadrupoles, steerers, and
accelerator-voltage settings, the position of the resonance
moves slightly over a period of several hours. Therefore
the data were taken in a number of runs of around 2-h
duration each. Individual runs, for which the position of
the resonance has shifted less than 100 eV, were added to
obtain better statistics. In this way, the uncertainties
produced by the long-term drifts were kept at a
minimum.

In Fig. 4 an example is shown of one of the position
spectra. The large enhancement on the left-hand side is
due to protons intercepted by the detector in spite of the
defiection by the permanent magnet. The Aat, low part
on the right-hand side is produced by neutral H . The
number of neutral particles n (E,O) required in Eq. (4)
was obtained by fitting the Hat part by an analytical func-
tion, giving the shape of the position spectrum for the
neutrals. This function was obtained from spectra accu-

Figure 5 shows the measured electron-capture proba-
bility as a function of the proton-impact energy for the
reaction Ar(p, p) Ar. Each group of five points with
identical signature represents a set of data obtained as de-
scribed in the preceding section. The vertical error bars
account for statistical errors due to counting statistics
alone, and the horizontal ones are the standard deviation
of the position of the resonance obtained from the least-
squares fits of Eq. (5) for the continuous energy scans of
the resonance done periodically during the measure-
ments. The partial overlap of protons and H leads to an
estimated systematic error of 20% or less. The probabili-
ties at the extreme right and left ends of Fig. 5 give off-
resonance atomic-electron-capture probabilities. When
this value is compared to the interpolated value of the
dip, an excursion of around 27% is obtained.

For a better understanding of the capture process it-
self, it is important to know the off-resonance electron-
capture probability for a range of scattering angles and
energies. Figure 6 shows such probabilities for 1.0-, 1.5-,
and 2.0-MeV proton-impact energy and angles ranging
from 6 to 60. The data were taken earlier with different
experimental arrangements but have not been published
before. The open circle at (60', 1.85 MeV) is the off-
resonance value obtained in the present experiment (Fig.
5). The most remarkable trend seen in these experimen-
tal data is the strong decrease of the capture probability
as the defection angle increases. This trend is seen also in
the IA model [24]. A similar effect was noticed earlier
for other targets [20]. The absolute values of the data in
Figs. 5 and 6 do not seem to match smoothly. The ap-
parent discrepancy of 10—20% is most likely due to the
different systematic errors of the techniques used.
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FIG. 5. Atomic-electron-capture probability as a function of the proton-impact energy near an elastic nuclear-scattering reso-
nance, Ar(p, p ) Ar. The different signatures identify seven different groups of five points, each obtained in seven different runs.
Each run took up to 24 h of beam time, and the runs were taken over a period of several months.
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The inhuence of the nuclear resonance on the atomic
process depends on the resonance strength, and this in
turn depends on the nature of the resonance and on the
deflection angle, e.g. , for the same reaction, measure-
ments at forward directions give weaker resonances than
at backward scattering angles. Therefore, to compare the
present results with previous ones for different reactions
and different scattering angles, it is necessary in some
way to normalize the excursion of the atomic-electron-
capture probability at the resonance energy to the excur-

FIG. 6. Off-resonance atomic-electron-capture probability
for 1.0-, 1.5-, and 2.0-MeV impact energies as a function of the
scattering angle in p+Ar collisions. Off-resonance values from
Fig. 5: o. The other data were taken previously, using different
experimental techniques, as discussed in Ref. [20]: X, and Refs.
[15] and [16]: ~. The dot-dashed curve is the result of the IA
theoretical approach [7,24].

sion of the proton-scattering cross section from the Ruth-
erford cross section at the same energy. Table I shows a
summary of previous data and a comparison with the
present results. The excursions of the proton-scattering
cross section and the capture probability are expressed as
(y,„—y;„)/yos, where y,„and y;„are the maximum
and minimum values of the probabilities/scattering cross
sections in the energy region of the resonance and y,~ is
the off-resonance value.

Table I shows that for the reactions studied so far, an
excursion of the capture probability across an elastic res-
onance is seen only in those cases for which AE and I are
comparable. In addition, the normalized excursion clear-
ly tends to increase as AE/I increases. A comparison
between the Ne and Ne resonances seems to present
an exception. However, it should be noted that in these
cases, both the E and l. shell contributes to the capture
process [20—22] but not in equal proportion due to the
different proton energies. Therefore a detailed compar-
ison is difficult to make. The question cannot be settled
by the theoretical results either, because the two available
theories give different results, and, in addition, both
disagree with the data [23] for the resonance on Ne.

Careful inspection of Fig. 5 reveals systematic
differences of the order of 10% between individual runs.
These differences were eliminated by fitting of Eq. (5) to
the five points of each of the five runs covering the reso-
nance at 1859.7 keV. Only parameters A, B, and C were
varied, while E and I were fixed at 1859.7 keV and 1288
eV, respectively. The probabilities measured in each run
were then multiplied by the ratio C,z/C, where C,z is
the off-resonance probability found in the two off-
resonance runs below and above the resonance. The re-
sult is shown in Fig. 7 and compared with a theoretical
prediction based on the IA approximation [7,24]. The
theoretical curve includes incoherent contributions from
1s as well as from 2s and 2pp ] electrons. The 2s and 2p&
electrons contribute about equally to the total probability
(2X 38% ), the is electrons are of secondary importance
(-20%), and the contribution from the 2po electrons is

TABLE I. Parameters for nuclear reactions studied in conjunction with charge transfer in atomic collisions. The parameters 0],b,

Eo„and I are the observation angle, the resonance energy, and the width of the resonance, respectively. The quantity hE is the ener-

gy transfer associated with the charge transfer, and the parameter AE/r measures this quantity relative to the width of the reso-
nance for electrons transferred from the K or L shell of the respective atoms. The excursions of the elastic-scattering cross sections
(1) and the charge-transfer probabilities (2) are measured relative to the off-resonance values, as described in the text. The ratio
(2)/(1) is a measure of the in6uence of the nuclear resonance on the charge transfer.

Reaction

12C(p p)12C
14N(p p )14N

N (pp) N
22Ne(p p)22Ne

Ar(p, p) Ar

Reference

[12,13]
[12,13]

[15]
[13,14]

(deg)

150
150
30

150
60

Eo

(keV)

462
1058
1955
1510
1860

(keV)

35
6
4
2.45
1.288

aE/r

0.015
0.16
0.5
0.7

0.25
0.35
1

Scatt.
res.

1.7
1.2
0.46
2.1

0.37

Excursion

Capt.
prob.

(2)

0.05
0.4
0.3
0.7
0.27

Ratio

(2)/(1)

0.03
0.33
0.65
0.34
0.74
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electron (t = t ') as well as the time of the nuclear scatter-
ing (t =0) is important, leading to three capture se-
quences (enc, nec, and ecn ), as discussed in the Introduc-
tion, instead of the two for inner-shell ionization. Fur-
thermore, the partial capture amplitudes depend
differently on the deAection angle. The nature of the in-
terplay between the nuclear scattering and the charge
transfer is therefore sensitive to the scattering angle, thus
it is desirable that future experiments be done over a
range of deflection angles and not only at angles giving
the largest resonance effect.

0.5
1854 1858 1862 1866 IV. CONCLUSIONS
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FIG. 7. Same data as in Fig. 5 corrected as described in the
text. The solid curve is the result of the IA theoretical ap-
proach [7,24].

almost negligible (-4%%uo). The difFerent electronic shells
show different resonance shapes and strengths. The
shape of the curve shown in Fig. 7 is close to the shape of
the 2p& contribution alone. The magnitude of the reso-
nance agrees reasonably well with the data, but there
seems to be some discrepancy between the shapes, and
the theory overestimates the data by about a factor of 2.
It is therefore not clear how significant the agreement in
the magnitude of the resonance is. Also the transverse-
peaking approximation has been introduced in evaluating
the IA theory. The effect on the results of this extra ap-
proximation is not known very well at present.

Table I shows that the scattering into backward angles
gives rise to much more intense resonances than scatter-
ing in the forward direction. Therefore, from this point
of view, scattering at backward angles seems favorable
for the study of the interplay between atomic and nuclear
processes. This is most likely true in the case of atomic
inner-shell ionization where the reaction amplitude may
be decomposed into an incoming (t (0) and an outgoing
(t )0) amplitude which are related simply by a,„,=a;*„
[&5], but for electron capture, such a simple relation does
not exist. On the contrary, the time of excitation of the

A comparison between all the experimental data avail-
able to date on charge transfer across nuclear resonances
supports the theoretical conclusion that the condition
stated in Eq. (1) for a strong interplay between charge
transfer and nuclear resonance is a necessary condition,
and the condition also seems to be sufficient. However, a
detailed understanding requires more experimental data
of a systematic nature and with improved accuracy and
resolution. The data should preferably address the angu-
lar dependence of the interplay, about which very little is
known at present, and, if possible, separate the in-
coherent contributions from the various atomic shells.
Based on the limited number of comparisons between
theory and experiment [8], the generalization of the two-
amplitude Blair-Anholt theory for pure ionization across
a nuclear resonance to the case of charge transfer seems
at present to be at least as successful as the more sophisti-
cated SPB or IA approaches. Whether this could be due
to the extra peaking approximations made in evaluating
the SPB theory is not known at present.
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