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Photon spectrum associated with radiative electron-capture processes
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Three-body calculations of photon spectra associated with radiative electron capture are carried
out by using the first-order Born approximation. Shell-to-shell results are presented. The theory is

compared with experimental results measured at 90' to the incident beam. Structures occurring in

the experiments are explained in terms of transitions to higher shells of the projectile coming from
K or higher shells of the target.

I. INTRODUCTION

Radiative electron capture (REC) by fast ions was first
identified by Schnopper et al. ' One year later, Kienle
et al. (hereinafter referred to as I) measured x-ray cross
sections, at 90' to the incident beam, when high-energy
Ar' + and Ne' + ions passed through He and Ne neutral
targets. Later on, some other REC experiments were re-
ported by using solid ' and gas targets.

As a first theoretical approach, the REC can be con-
sidered as a binary electron-projectile (e-P) radiative
recombination process, which is fully independent of the
target nucleus ( T). In the simplest version the electron is
considered "at rest" in the target. The process is seen,
from the projectile frame, as a radiative transition from
the continuUm state, with relative velocity U, to a bound
state with energy e~. Then, it follows that the photon
spectrum profile is a 5 Dirac function placed at U /2 —e~,
which can be integrated to obtain the total cross section
(atomic units are used, unless otherwise stated).

The e-P binary model can be substantially improved if
the active electron is described by a wave packet given by
the momentum distribution of the initial electronic
state. In this case the photon spectrum is no longer
the 5 Dirac function but the so-called Compton profile.
Calculations have been carried out in I using this descrip-
tion and neglecting the P-e continuum interaction. In this
model, Kienle et al. found that contributions from pro-
jectile electronic states, other than the ground state, were
very small (in contrast, as we shall see, to the conclusion
of the present work). The theoretical model used in I
proved to be, in general, reliable. However, when com-
pared with the experiments, two disagreements were
found, viz, the following:

(a) The high-energy x-ray tail was much higher than the
theoretical results provided by such an improved binary
model.

(b) Other enhancements or structures in the photon
spectrum could not be explained.

target in the Coulomb field of the projectile. The photon
yield in this new mechanism —which could be called radi-
ative ionization —was evaluated and multiplied by a factor
depending on the system. When the photon spectrum as-
sociated with this new process is added to the REC one,
then good agreement with the experiments is found for
the high-energy x-ray tail (see dashed line in Fig. 2).
However, the second disagreement was not explained.
The aim of the present work is to prove that such struc-
tures occurring in the experimental photon spectrum can
be attributed to transitions to higher shells of the projec-
tile.

So far, we have summarized the main records of the
binary model. This approach has achieved a moderate de-
gree of agreement with the experiments at high projectile
energies. In the present work we have carried out three-
particle calculations, which let the nuclei be active parti-
cles during the collision. This approach is certainly more
appropriate, particularly in the intermediate region of the
incident projectile energy. Since the exact three-particle
wave function is unknown, the results will depend on the
approximation used.

The first three-particle formulation of the REC was
worked out by Briggs and Dettmann ' in the impact-
parameter method. After several peaking approximations,

. they have shown that the high-energy limit of the REC
total cross section, calculated with the first-order Born ap-
proximation, coincides with the binary model. The
strong-potential Born approximation, which is a three-
particle theory, has been examined by Gorriz et al. '

They have found that off-shell states, included in this ap-
proximation, can lead to significant contribution to the
differential and total REC cross sections, even at high
projectile velocities. More recently, we have calculated to-
tal and differential REC cross sections" by using the con-
tinuum distorted-wave theoretical method. ' It was veri-
fied that the radiative —and not the mechanical —is the
dominant electron-capture mechanism at very high, but
not relativistic, projectile energies.

II. THEORY

To explain the first disagreement, Kienle et al. proposed
a new process of photon emission which was ascribed to
the bremsstrahlung from initially bound electrons of the

In the present work we have followed the theoretical
treatment outlined by Briggs and Dettmann. ' The
theory can be summarized as follows. The total Hamil-
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tonian is H =H +H„, where H is the three-particle
mechanical Hamiltonian and H„ is the radiation-matter

. interaction given by
' 1/2

(1)
N

where XJ is the polarization vector, co is the photon ener-

gy, and rz is the P eco-ordinate. In first perturbative or-
der the matrix element of H„ is

(H„)f,=(ef- IH„
I

e+), (2)

where qlf and 4,+ are the exact solutions of H~. Using
first-order-Born wave functions for the three-particle sys-
tem ( P, T, and e), it reads

1/2

A,J f Je f Pf(rz))Born

X V,,e ' 'P;(rT)

1/2

p;(Wr)pf(Wp)AJWI, , (3)

where I Rz, rT I and I Rp, rpI represent the usual reactive
coordinate systems (see, for example, Ref. 10), and P; and

Pf are the initial and final quantum states of the electron.
The tildes stand for the Fourier transforms, K; is the ini-
tial momentum of the projectile, and Kf is the final
momentum of the rearranged atom. Also in Eq. (3)

r

WT ——Kf —pTK(, Wp =v —Wp =Kq ppKf, (4)—
where pT and pI are the T-e and I'-e reduced masses.

The fivefold differential cross section reads' '"
(5) REC

0'(WT)4'f(WP) I' 2 I
~ W~ I'

the projection of WT on the beam direction, that is,

U ~+&s —&f
v WT ————

2 U

Setting this to zero, the position of the peak is then es-
timated to be at coo ——U /2+@; —ef. The width of the
peak can be found to be of the order of U Q I

E;
I
.

It is interesting to point out that the present theory also
predicts another peak shaped by the Fourier transform of
the final electronic state P~(Wp). It occurs now when
Wp is minimum, that is, at co ~

=ef —E—v ' l2. As the
projectile velocity increases this peak escapes to the nega-
tive range of the photon energy, and so it cannot be seen
in the emission range.

III. RESULTS

We compare the theoretical results with the experimen-
tal cross sections of photon emission measured at 90 to
the incident beam. Three systems have been considered,
and the calculations are shown in Figs. 1—3. In Figs.
1(a)—3(a), we show shell-to-shell theoretical results, and in
Figs. 1(b)—(3(b) these values were shifted and normalized
to the experiments.

In Fig. 1 the results for the system

,ONe' ++2He(ls )—+~ONe +(nflfmf )+2He+( Is)

10

10
1

p10

where d Q and d 0' are the differential solid angle of the
photon and projectile, respectively, vT and vz are the I'-
( T+e) and T-(P+e) reduced masses, and c is the light
velocity. To obtain the triple differential cross section on
the photon energy space, an integration on the final-atom
angular distribution is needed, i.e.,

d (3) REC d (5) REC
~Born p ~Born

d~ dQ " de dQ dQ'

10
O

v) 20V)
C)

10

lO+
Ne o

(b)

which was numerically carried out. Clementi-Roetti wave
functions were used to describe the electronic initial
state, ' and the result was multiplied by 2 to take into ac-
count the pasive electron. The Fourier transforms re-
quired in Eq. (5) were performed with the closed forms of
Flannery. '

The x-ray spectrum associated with the REC for the
i ~f transition is found to be an enhancement with a
shape determined by the momentum distribution of the
initial state P;(WT). The position of the peak occurs
when 8'T is minimum. Since the projectile is mainly
scattered in the forward direction, "we only need to know

X RAY ENERGY ( keV )

FIG. 1. Differential cross sections for x rays at 90 to the in-
cident beam associated with the radiative electron capture pro-
cess &oNe' ++2He~&ONe ++2He+ at 7-MeV/amu incident en-

ergy. , present theoretical results; ———,previous
theoretical results from Kienle et al. (Ref. 2); , experimental
results from Kienle et al. (Ref. 2) In (a) shell-to-shell theoreti-
cal results are displayed, in (b) they were summed and normal-
ized to the experiments.
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FIG. 2. Similar to Fig. 1 for the process
]ONe' +1ONe~~oNe ++30Ne+ at 7-MeV/amu incident ener-
gy.

FIG. 3. Similar to Fig. 1 for the process
l8Ar' ++2He~~8At' ++2He+ at 7.2-MeV/amu incident ener-
gy. Note: the empty circles represent the experiments multi-
plied by 0.05.

11/44 minicomputer. The theory gives a good account of
the experiments near the maximum which comes from the
L~K transition. This shows the relevance of including
transitions from high shells of the target. The L~K
transition is the dominant one because the L-shell elec-
trons of the target are less bound than the E-shell ones.
We have to recall that here —unlike on the mechanical
electron capture —all the electron on the target, no matter
the shell, give the same contribution to the total cross sec-
tion at very high ion velocity. Another point of interest is
that the present theory can explain the "shoulder" that
occurs at 3.2 keV, which can be ascribed to L~L and
L —+M transitions. Here the I.~M contribution is small
but not negligible. The REC theory cannot account for
the high-energy tail, since this has to be explained in
terms of bremsstrahlung of strongly bound electrons, as
described in I.

In Fig. 3 we display results for the processwhere a =Z/v. For the Ne He case we have
a = 10/16.7=0.6 and f(0.6)=0.45, which is very near to
the 0.5 used here. Good agreement with the experiments
is obtained for the %~K peak. The lower energy peak is
now undoubtedly identified as capture to higher shells of
the projectile.

In Fig. 2, we show the results for

18Ar' ++@He( ls ) +&8Ar' +(nflfmf —)+2He+(ls)

at 288 MeV. The argon ion was considered as a punctual
particle with charge 17. As shown in the Fig. K~L,M
transitions present an enhancement separated from the
E~K one, with a similar yield. Unfortunately, for this
particular system, the lower-energy peak cannot be identi-
fied from the experiments, since it is covered by radiative
decay in the Ar ion [lines Ka and KP (Ref. 2)]. The nor-
malization factor, in that case, is 0.24. Resorting to Eq.
(9), we have a =1 and f (1)=0.53, which is larger than

&pNe' + + &pNe(n;l;m; )~,pNe +(nf lf mf ) + ~pNe+

(10)

at 140 Mev. Besides the E~K,L,M transitions,
L~K,L,M ones also had to be calculated. The calcula-
tion for this system took around ten hours on our PDP

are displayed at 140-Mev incident energy. K~K
(is~is), K~L (ls —+2s, ls —+2pp +~), and
K~M (ls~3s, ls~3pp+&, ls~3dp+& +z) transitions
were considered. The normalization factor was 0.5. This
value seems to fit with the following explanation: as
known, the first-order Born approximation —used in this
work —is valid at very high projectile energies. In the
present case the ion velocity is 16.7, so it cannot be con-
sidered as very large if it is compared with the electron
average velocity on the Ne K shell. In order to estimate,
very roughly, the failure of the first order we resort to the
e-P binary recombination model. In this process the ratio
between the exact calculation (where the e Pcontinuum-
states is assumed) and the first-order Born approximation,
for capturing to the ground state, is given by

f(a)= 2ma(1+a )
exp[ —4a tan '(1/a)], (9)

1 —exp( 2vra)—
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the factor used. We can give an explanation to this
disagreement as follows: as pointed out in I, the charge
17 was an average state, and it means that lower charges
could occur in the beam. The projectiles with charges
lower or equal to 16 have their K shell saturated, and then
only K~I,M transitions can take place. This experi-
mental situation could reduce the height of the K—+K
peak, and it also gives more relative importance to the
lower energy peak. To proceed further, we would need to
know the detailed state of charge of the incident beam. A

final point to note is that here the ion velocity is equal to
the average electron velocity on the argon K shell, and
therefore the validity of a first-order calculation is doubt-
ful.

In conclusion, we have shown that other enhancements
can occur in the photon spectrum associated with REC
processes. These new enhancements —not explained
before —are due to the radiative electron capture into ex-
cited states of the projectile or capture of electrons com-
ing from higher shells of the tangent.
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