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Alignment of the projectile 2p3,, state created by nonradiative electron capture
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Anisotropic distributions of the Lyman-«; transition of the down-charged Xe

3++ jons are observed in fast

Xe3*+ with Kr and Xe collisions, in which the electron is transferred by the nonradiative electron capture
mechanism. At the energy of 95 MeV /u, the alignment parameter of the projectile 2ps, state, A, is determined
to be —0.35 £ 0.02 for both targets. While the projectile energy is 146 MeV /u, the parameter for the Kr and Xe
target is —0.28 £ 0.02 and —0.29 =+ 0.04, respectively. The present results demonstrate that the electron capture
to the m; = £1/2 magnetic substates is about two times more probable than to the m; = 33/2 ones.
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I. INTRODUCTION

Electron capture is a basic process in ion-atom colli-
sions, and plays a significant role in many branches of
physics, such as plasma and astrophysics [1-3]. There are
two competing mechanisms of the single-electron capture in
fast ion-atom collisions, i.e., the radiative electron capture
(REC) and the nonradiative electron capture (NRC) [4,5].
In the REC mechanism, a target electron transfers into a
bound state of the ion, while the conservations of energy
and momentum are achieved by emitting a photon. In the
NRC case, the relative motion between the two nuclei is
modified by exchange of the transferred electron, and hence
energy and momentum are conserved. Essentially, compe-
tition between REC and NRC depends on the comparison
between the electron—free-electromagnetic-field interaction
and the electron-nuclei interaction. In high-energy collisions,
the cross sections of REC and NRC roughly follow the scaling
laws [4,5] of oREC o Z3Z1 /Ep and o™RC o« Z3Z3 /Ep, respec-
tively. Here Ep is the projectile energy, and Zp and Zy are
the atomic numbers of the projectile ion and the target atom,
respectively. Usually, the REC channel dominates for loosely
bounded outer-shell target electrons in the relativistic energy
regime. In contrast, transfer of tightly bounded inner-shell
electrons at nonrelativistic energies is mostly due to the NRC
mechanism.

In the projectile frame, the target electrons on average have
a certain momentum which is antiparallel to the ion-beam
direction, as well as an orbital angular momentum which is
perpendicular to this momentum. Thus, the initial orbital an-
gular momentum of the target electrons is nearly in the plane
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which is perpendicular to the ion-beam direction, rather than
isotropic in all directions. Therefore, when a target electron is
captured into an excited state with total angular momentum
J > % (e.g., the 2p3; state), population of magnetic substates
tends to deviate from the statistical distribution (i.e., to be
aligned or polarized). Subsequently, this will result in both
polarization [5,6] and anisotropic distribution [5,7] of the
emitted photons when this excited state decays.

A few experiments have been devoted to the alignment
effect in NRC processes concerning energetic highly charged
ions. Pedersen et al. [8] studied the collisions of 1.74-MeV /u
Ft jons with Ar atoms, Ellsworth er al. [9] studied bare
ions with 6 < Zp < 9 incident on helium around MeV /u ener-
gies, and later Wohrer et al. [10] investigated Kr3** colliding
with Ne, Ar, and Kr atoms at 33 MeV/u. In these works,
anisotropic angular distribution of the projectile Lyman x
rays was observed and attributed to the alignment of the ex-
cited down-charged ions. However, the alignment parameter
of the 2p3,, state has not been obtained since the Lyman-
aj (2p3j2 — 1syp) transition was blurred by the Lyman-o,
(2p1j2 — lsyy2) line. Church et al. [11] and Pélinkds et al.
[12,13] employed 2-3-MeV /u Mg and S ions to pass through
carbon foils, and observed anisotropic distributions of the pro-
jectile K x rays. The anisotropy was attributed to the alignment
of the K-shell vacancy states, which were created by projectile
excitation, as well as the striping and capture processes, dur-
ing the penetration. Theoretically, the first-order continuum
distorted wave approximation provided a good agreement
with the experiment [14—16] in high-energy collisions.

Recently, heavy-ion storage rings have offered us bare
heavy-ion beams, and then enabled us to investigate their
collisions with atoms experimentally at projectile energies
around a few hundred MeV /u. In these collisions, the align-
ment effect has been investigated, both experimentally and

©2020 American Physical Society
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FIG. 1. X-ray spectrum obtained from the HPGe detector at an observation angle of 120° relative to the ion-beam direction in collisions of

95-MeV /u Xe’** ions with Kr atoms.

theoretically, in channels of REC [5-7,17-23], resonant
transfer excitation [24-26], projectile excitation [27,28], and
simultaneous projectile excitation and ionization [29,30].

In this paper, we report anisotropic distributions of the
Lyman-o; transition of the down-charged Xe>*** ions in 95-
and 146-MeV /u Xe>** with Kr and Xe collisions. The align-
ment parameter Ay of the projectile 2p3,, state produced by
the NRC mechanism is determined. The experiment and the
data analysis are described in the next section. The physical
results and discussion are presented in Sec. III, and finally a
summary is given in Sec. V.

II. EXPERIMENT AND DATA ANALYSIS

The experiment was carried out at the experimental ring
(CSRe) of the Heavy Ion Research Facility at Lanzhou—
Cooling Storage Ring [31,32]. The experimental setup and
procedures have been described elsewhere [33]. Briefly,
Xe>** ions of 95 and 146 MeV /u, stored and electron cooled
in CSRe, were employed to collide with atomic beams [34,35]
of Kr and Xe, respectively. The ion-beam intensity was about
100-600 pA, and the relative momentum spread was kept
around 2-5 x 107>, The target thickness is estimated to be
10'>13 atoms/cm?, and therefore the single-collision condi-
tion is well satisfied according to the total single-capture
cross section of around 1072 cm? in the present experiment
[36-38]. X rays emitted from the interaction region were
detected by four high-purity germanium (HPGe) detectors and
two lithium-drifted silicon detectors, which were placed at
35°, 60°, 90°, 120°, and 145° observation angles to the ion-
beam direction, respectively. Typical energy resolution (i.e.,
the full width at half maximum) of these detectors is about
300 eV in the interested region. The signals from the detec-
tors were processed by standard Nuclear Instrument Module
electronics and recorded by a commercial multiparameter
multichannel analyzer (FAST model MPA-3). The detection
system was calibrated by using SFe, 133Ba, 192Ey, and ' Am
radioactive sources before and after the experiment [33].

Figure 1 shows an example x-ray spectrum registered at
a beam energy of 95 MeV /u by an HPGe detector placed at

an observation angle of 120° for Xe>** with Kr collisions.
The x-ray spectra corresponding to the target Ko and Kf
lines, as well as the Doppler-shifted projectile Lyman and
Balmer lines, dominate the spectrum. Figure 2 shows typical
projectile x-ray spectra obtained in the collisions between
95-MeV /u Xe>** and Kr, at observation angles of 35°, 60°,
90°, 120°, and 145°. The photon energy has been calibrated
to the projectile frame, according to the Doppler effect. The
energy range has been zoomed in to the projectile Lyman-«
region. Besides the singly down-charged ions Xe>***, the dou-
bly down-charged ions Xe>>** contribute to the spectra also.
At each observation angle, the intensity ratios between the
Lyman-o; transition 2p3;, — 1s1,2 and the Lyman-o, tran-
sition 2py/» — lsi;, (mixed with the M1 transition 25y, —
Ls1/2) of the Xe>*™ ions are obtained by a multipeak (with
linear background) fitting procedure, and also are shown in

Fig. 2.
In the collisions between both unpolarized partners, the
states with the total angular momentum of J = % (e.g., the

2p1,2 and the 25y, states) cannot be aligned [5,7]. Therefore,
the Lyman-c, transition 2p;,, — 1s;,2 and the M1 transition
2512 — lsip of the Xe33** jons are isotropic in the projectile
frame. According to the Lorentz transformation, the angular
distribution of these transitions in the laboratory frame [39]

satisfies

total
doLy-a,(+M1) “L3-32(+M1) 1-p?
————(Owp) = 75
(1 — B cosBlap)

a2 47
where 0y, is the angle between the directions of the projectile
and the emitted photon in the laboratory frame [5,40], 8 is
the reduced projectile velocity in the unit of light speed, and
(9%, +an denotes the total cross section of the Lyman-a; and
M1 transitions.

In contrast, the 2p3/, state of the down-charged Xe
ions can be aligned in the present collisions. Therefore, the
angular distribution of the Lyman-«; transition in the projec-
tile frame is anisotropic. It can be described as [5,7,39]
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FIG. 2. X-ray spectra of the K-shell radiation from Xe**** and
Xe*** produced in collisions of 95-MeV/u Xe3** with Kr at ob-
servation angles of (a) 35°, (b) 60°, (c) 90°, (d) 120°, and (e)
145°. The peaks marked as I and II correspond to the transitions of
Lyman-o; (2p3;» — 1512) and Lyman-a; (2py/, — 152, which is
mixed with 25, — Lsj)») of the down-charged Xe>*"™ ions, respec-
tively. The peaks III and IV are the radiations of (1s22p3/2)1 — 152
[mixed with (]S1/22p3/2)2 — lSz] and (151/22[)1/2)1 — 1.5'2 [mixed
with (1s1/22s1,2)1 — 1s?] from the doubly down-charged Xe>*™*
ions, respectively. The energies of these transitions are illustrated
by dashed vertical lines. Areas of these peaks are determined by
a multipeak (with linear background) fitting procedure. The fitting
residuals are also shown.

where 0, is the angle between the directions of the emitted

photon and the target atom in the projectile frame, and oﬁ‘;ﬂl

is the total cross section of the Lyman-¢; transition. Here,
7(3.8) — o3,
o(3£3) +0(3. £3)
is the anisotropy parameter of the Lyman-« transition, and
Ao is the alignment parameter of the 2p3/, state. The sym-
bol o (j, m;) denotes the population of the magnetic substate
of angular momentum j and its projection on the projectile
direction, m;. It should be noted that the population o (j, m;)
always equals to o (j, —m;) when both collisional partners are
unpolarized [5]. If only the leading E'1 transition is consid-
ered, the coefficient @ equals 1/2 for the Lyman-o; decay
[5,7]. When the M?2 transition is taken into account, the in-
terference effect modifies the coefficient and results in oo =
0.545 for the case of hydrogenlike Xe ions [20,41]. In the
laboratory frame, this front-back symmetric distribution [e.g.,
Eq. (2)] is distorted by the Lorentz transformation [7,39]:

dory.q ool 1—p2
L () = T —
ds 4 (1 — B cosbap)
3 (1 — B2)sin’Oyy
S TP PR AL @)
2 (1 — Bcosbiap)

The intensity ratio between the Lyman-«; and Lyman-o;,
(+M1) transitions, as a function of the observation angle 6},,

total
ILy—Cl] (‘glab ) ULy—uq

3)

P =aAAy=«a

X {1+,320[1—

ILy—a2(+M1)(91ab) Uﬁ‘;ﬁ‘ngMl)

3 (1 — B?)sin®6
X{1+ﬁ20[1———( ) kﬂ;i”,
2 (1 — B cosbhap)
®)
is employed to deduce the total cross-section ratio

a9 [o1% 1a) and the anisotropy parameter S by fitting
experimental data [7]. Here, the transitions 2pi, — Lsi/
and 2s1, — ls;, serve as the standard of isotropic
distribution. By this means, a possible systematic uncertainty
originated from the solid angles of detectors is canceled out.
Furthermore, because the transition energies of the Lyman-¢;,
Lyman-a,, and M1 are close to each other, the uncertainty
resulting from the difference of the detection efficiencies is

also suppressed.

III. RESULTS AND DISCUSSION

The intensity ratios between the Lyman-¢; and the Lyman-
o, together with the M1 transitions at 35°, 60°, 90°, 120°,
and 145°, measured in the collisions of Xe**T with Kr and
Xe at 95 and 146 MeV/u, and fitted by curves according
to Eq. (5), are shown in Fig. 3. Significant anisotropic dis-
tributions of the Lyman-¢; transition are observed for both
targets at each collision energy. As listed in Table I, the pop-
ulation ratio between the m; = £1/2 magnetic substates and
the m; = +3/2 substates is as high as around 2.1 for both
targets at 95 MeV /u, and around 1.8 for both targets at 146
MeV /u. These values considerably deviate from the statistical
(equal) population and lead to emission of strongly polarized
Lyman-«; photons. It also implies that the emission of Lyman-
o photons occurs preferentially perpendicular to the beam
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FIG. 3. Angular distributions of the Lyman-o; (2p3;» — 1s1,2)
transition of the Xe**** ions produced in collisions of Xe>** with Kr
(red open squares) and Xe (blue open circles). The projectile energy
is (a) 95 MeV/u and (b) 146 MeV /u. The intensity of Lyman-«; is
normalized by the Lyman-a, (2pi/» — 1s1,,) and the M1 (251, —
1sy,,) transitions, which are isotropic in the projectile frame. The
solid lines are fittings of the experimental data according to Eq. (5).
The fitting parameters, as well some deduced results, are collected
in Table I. The large error bars of the Xe target are originated from
overlap between the projectile Lyman-« lines and the target K X rays.

direction. Moreover, we note a rather weak target species,
but remarkable projectile energy dependency of the alignment
effect, which increases with decreasing collision energy. The
cross-section ratio oﬁ‘;ﬁﬁl / aﬁ‘;‘_ﬂz( +u1) Tepresents the population
ratio between the 2p3,, and the 2p;,, (together with 2s;,,)
states. The results presented in Table I indicate that the elec-
trons are captured to the 2p;/, or 2sy, states rather than the
2p3,, state when the projectile energy increases. Moreover,
the heavier target Xe shows a stronger energy dependence for

this total cross-section ratio.

total

Stohlker et al. [7] reported a similar phenomenon in
U2t - N,/CHy collisions with much higher energies of
220-358 MeV /u. The parameter ¢ of the Lyman-¢; tran-
sition ranges from —0.18 to —0.27. The capture mechanism
is attributed to REC. Soon, the alignment mechanism was
investigated in detail, e.g., taking into account the contribution
of the multipole M2 transition, by Surzhykov et al. [41]. In
addition, Eichler eral. [23] calculated the alignment parameter
Bao of the Lyman-o transition following REC into the 2p3/,
state of Xe>** ions, without taking into account the cascade
feeding contribution and the E1-M2 interference term. At the
projectile energies of 95 and 146 MeV /u, the parameter S;o,
which is independent of the target species in the REC process,
was predicted to be —0.20 and —0.18, respectively. Although
the alignment parameters in the present paper fall in the same
region as in the previous work [7], and are very close to
the theoretical results of Eichler et al., the dominant capture
mechanism is not REC, but NRC. This can be realized from
Fig. 4, where the shell-selected NRC and REC cross sections
are presented. In this figure, the NRC mechanism is evaluated
according to the relativistic eikonal approximation [36-38],
while the REC channel is calculated by the Stobbe formula,
which is based on the nonrelativistic dipole approximation
[4,5,42]. Additionally, the K- and L-REC lines are absent in
x-ray spectra, as indicated in Fig. 1. This also implies that the
REC process is negligible in the present paper. Therefore, the
alignment effect studied in the present paper is based on an es-
sentially different capture mechanism to the previous work [7]
and demands a detailed alternative theoretical investigation in
order to be understood.

It should be noted that electron capture to the higher excit-
ing states (e.g., the 3s and 3d states) and the following cascade
processes contribute to the measured alignment parameters.
However, based on the NRC values presented in Fig. 4, the
cross sections of electron capture to the M- and N-shells are
much smaller than that to the L-shell. Indeed, full range x-ray
spectra (e.g., Fig. 1) show that the intensity ratio between the
3p — 1s and the 2p — 1s transitions is around 1/5. Further-
more, more than 85% of the 3p state of Xe>*** ions decays
directly into the ground state according to calculations of the
GRASP program [43,44], which does not affect the present
data analysis. However, the 3s, 3d, and higher states may
involve cascade feeding of the L-subshell levels, which cannot
be strictly evaluated. Meanwhile, this correction can be evalu-
ated quantitatively as soon as theoretical state-selective NRC
cross sections are available, since the deexcitation branching
ratios are accessible (e.g., by the GRASP program [43,44]).
Similar calculations had been done in the previous work [7]

TABLE 1. The total cross-section ratios o;°%! /aLy,az( M) and the alignment parameters A,y of the 2p;/, state for the down-charged

Ly-a;

projectile ions Xe¥*+*

in Xe>** with Kr and Xe collisions. The population ratios of the magnetic substates m; = £1/2 and +3/2, which

are deduced from the fitting parameter S, according to Eq. (3) with the coefficient [20,41] ater = 0.545, are also listed.

Projectile energy (MeV /u) Target ol ol B2 Ao o3, £)/0(3, £3)
95 Kr 0.92 +0.01 —0.19 + 0.01 —0.354+0.02 2.08 +0.07

Xe 1.01 £ 0.01 —0.19 £ 0.01 —0.35+0.02 2.08 +0.07
146 Kr 0.76 £ 0.01 —0.154+0.01 —0.28 +0.02 1.78 £ 0.06

Xe 0.73 £0.01 —0.16 + 0.02 —0.29 + 0.04 1.82+0.12
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FIG. 4. The K-, L-, M-, and N-shell NRC and REC cross sections
to the projectile Xe>** ions from (a) Kr and (b) Xe atoms, for the en-
ergy range of 80-160 MeV /u. The solid lines represent the results of
the relativistic eikonal approximation for the NRC process [36-38]
on the Kr or Xe target. The dashed lines indicate the prediction
obtained from the Stobbe formula for the REC process [4,5,42] on
the same targets. The projectile energies 95 and 146 MeV /u studied
in the present paper are illustrated by dashed vertical lines.

for the REC case. At any rate, the cascade feeding of the
2p3;2 level leads to isotropic x-ray emission, and decreases
the alignment created by direct capture processes. We also
note that the double-electron capture probabilities are rather

small for the systems under consideration. This can be seen
from the x-ray spectra in Fig. 2.

IV. SUMMARY AND OUTLOOK

In summary, we completed the experimental study of the
magnetic-state population in heavy ion-atom collisions be-
tween bare xenon ions and neutral krypton or xenon atoms.
The measured angular distribution of the Lyman-«; radia-
tion following NRC into the 2p;,, state of high-Z projectile
ions at a middle-energy range (95 and 146 MeV/u) yields
a significant negative value of the alignment parameter. It
shows that NRC into the 2p3,, state populates mostly the
mj; = £1/2 magnetic substates and the Lyman-o; radiation
is strongly linearly polarized. The alignment increases with
decreasing projectile energy, but is almost independent of the
target atoms.

Collisions between fast heavy ions and atoms are very at-
tractive for studying the role of relativistic effects, because of
both the high projectile velocity and the strong Coulomb field
that the active electrons feel. Moreover, the sensitivity to such
effects can be enhanced by measurement of relative angular
distributions between the Lyman-«; and the Lyman-«, tran-
sitions, as previous works have demonstrated [7,41]. Hence,
stringent tests of our comprehension for electronic dynamics
in nonperturbative, relativistic, atomic collisions can be ex-
pected in future alignment studies of the excited projectile
states via measuring angular distribution of the decay photons.
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