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Propensity rule for the magnetic substate distribution in electron capture at high impact energies
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We prove the validity of a propensity rule for populating magnetic substates by electron capture processes
in the intermediate and high-energy range by using the eikonal impulse approximation. This rule says that if
the quantization axis is chosen to be perpendicular to the scattering plankl=thel final substates are
predominantly populated. A scaling rule in terms of the projectile charge is used to display results of the
eikonal impulse and the continuum distorted-wave meth@is050-294{@7)05510-9

PACS numbegs): 34.50.Fa

Lundsgaard and Lifl] studied the magnetic-substate dis- the projectile lies on thery’ side. Thez’ quantization axis
tributions of excited states populated by electron capture pras perpendicular to the collision plane, forming a right-
cesses in collisions between multiply charged ions and athanded Cartesian systenx’(y’,z’). In the natural system
oms. They observed that if the quantization axis is chosen tthe transition amplituded,;(p), with M being the final
be perpendicular to the scattering plane, Me=—1I final  magnetic quantum number with respect to thexis, can be
substates are predominantly populated, wHeeexd M are  obtained froma,,;,(p) by using the following unitary trans-
the orbital and magnetic quantum numbers of the final stateformation[4]:
respectively. In later workg?] it was shown that the depen-
dence of electron capture probabilities with the orientation of
the initial state follows a similar rule. The tendency to popu- Anim(p) =2 Dinw(®)anim(p)- (2
late theM = —1 final magnetic substate was envisaged by m
Lin and collaborator§l,2] from a classical viewpoint. When
the quantization axis is chosen to be perpendicular to thé) Ed. (2) Dyy(w) is the Wigner coefficient5] and
scattering planésee Fig. 1an electron witivi= —| follows ~ @=—90° indicates the rotation of the axis into thez one
the rotation of the internuclear axis staying mostly in thearound they axis. Note that thél quantum numbers do not
collision plane. Therefore, electron capture is more likely tochange under the rotation of the coordinate system.

a final state in which the sense of the electron rotation is In the usual coordinate system the cylindrical symmetry
identical to that of the internuclear axis. This propensity rulewith respect to the beam axis allows one to obtain the cap-
proved to be valid for transitions at large impact parameteréure cross sectioor,,, as follows:

and for projectile velocities near the orbital velocity of the

target electron. At lower impact velocities the electron has )

enough time to oscillate between the two collision centers, ‘Tnlm:277f p dplanm(p)]*. ©)

and then the propensity rule works less satisfactory.

The purpose of this contribution is to examine the validity
of the propensity rule in the intermediate- and high-energ
range. We study the population of the final magnetic su
states of bare multicharged ions colliding with Fj1

Although this symmetry is lost in the rotated frame, we can
yst|II define the quantityp,,y as

Saim =2 dp|A 2, 4
PZe* 4 H(1s)— PZe~D* (nlm) + H* . (1) niM Wfp plAw(p) @

Results are displayed employing a scaling rule that let us
gather the data corresponding to different projectile charges
within a universal ban@i3]. Atomic units are used.

We work in the nonrelativistic time-independent quantum
formalism, and calculate the transition matrix elem&pt, = = = & @ —s--mofrmmmmmmmmmmemeeo.
for the reaction(1l) by using theusual coordinate system
(x,y,2), with thez quantization axis along the incident beam
direction. FromT,,,, we obtained the associated transition
amplitudea,;,(p) (p being the impact paramejethrough
the well-known Fourier transform. The propensity rule re-
quires the rotation of theisual coordinate systemx(y,z) T x
into the natural coordinate systemx(,y’,z’) shown in Fig.

1[1,2]. In this system the'’ axis is in the direction of the FIG. 1. Natural frame of reference for atomic collisions. The
incident beam and thg’ axis is in the collision plane, so that +2z’ axis is pointing out the plane.

1050-2947/97/56)/43143)/$10.00 56 4314 © 1997 The American Physical Society



56 BRIEF REPORTS 4315

which is not related to any experimental cross section bul 100 . . 100
measures the total probability of populating thle substate 92 L %o e om0 o] :z [t oo o o]
over the whole range gf in the scattering plane. Both mag- :o B 2p-1 ] o ”';p"_’}
nitudes are connected by the closure relation sof ] ol
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where o, is the capture cross section to thé subshell. ob L . , o= . : p
Notice that if 5,y corresponding to a particular value f
is the only dominant term in Eq5), this term gives a good 100 — - - 100
estimate ofo,,;, which is a quantity liable to be experimen- 0 e vemo o b ean
tally measured. And this is the usefulness of the propensity 8o | ¢ 3d4-2 ] ol ';p; " ]
rule. For example, to obtain,, whenl is very large, instead E ol ] so| .
of calculating the contribution of thel2 1 magnetic sub- = | 1 iz ! ]
states we can estimate its value by only calculaidqg . < y ol 4p1 ]
The percentage of contribution from eadyy to oy is ! 240 20f , 0?0 et o]
given by the so-called fractional distribution or ;ﬁgggg; .o 38‘,28_ 10|
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We calculate the fractional distributions for reactici) so | ¢ Ad—2 i 8o |
by using the eikonal impulséEl) [6] and the continuum- 7L 1 sl ]
distorted-wavegCDW) [7—-9] approximations. Both methods o L 1 el
have already proved to be successful to deal with a wide sod N,
variety of atomic collision systemq3,10,11 in the 4do
. . . . . 10 F o *%e o0 o . 4 10 } 4f—1
intermediate- and high-energy regions. To displayy we Dewe e LB ou D T
use as variable the scaled transfer momeritgn defined as %o 1 2 3 %o 1 2 3
—~ w__ (a.u.)
- Wp 724721 Pz
WPZ_ ’ZP h 0 ! @) FIG. 2. Fractional distributiond ,;,, of the magnetic substates

in the EI approximation, for reactio(t), as functions of a scaled
whereWp_is the component of the usual transfer momentumriransfer momenturip . Note thatM is defined with respect to a

of the projectile parallel to the impact velocity. The other guantization axis perpendicular to the scattering plane, as it is ex-
scaled parameters are plained in the text. Symbols: filled circles, results corresponding to

projectile chargeZp,=5, 6, and 8; hollow circlesZp= 3.

Z :é ~_ v Z :ﬁ ) ing shows a good performance allowing us to display the
Py v ’ZP’ T 'ZP’ calculations for different projectile charges together. Results

for Zp=3 are distinguished from the rest to make clear that
with Z (Zp) being the targetprojectile Coulomb chargey they lightly escape from the universal band in the intermedi-
the velocity of the incident ion, and in our cage=1. This  ate velocities region. And it is so because #s=3 and
scaling rule was derived from the distorted-wave thg@ly =~ N=3 the conditionZy<Zp/n is not verified. o
and allows us to plot together results corresponding to dif- 1he El and CDW results strongly verify the qualitative
ferent projectile charges. The scaling is valid in the hight€ndency given by propensity rule. However, by comparing
velocity region ¢>Zp>Z+), and in the intermediate region "'9S- 2 and 3 both theories show differences in the absolute
(Zp=v>Z;) with the conditionZ<Zp/n. values of theM distributions ad increases. For=1 the El
In Figs. 2 and 3 we plot the fractional distributions calcu—and CDW fractional distributions tend to the same high-

: L : energy limit, though they present different structures at in-
lated using th_e El and CDW appr'o?qmatlons, rPTSDEC“V.ely“[ermediate energies. Fbe2 both approximations give val-
Impact velocities larger than the initial electronic velocity

. ' o ues of A, that disagree each other less than 20% for
are considered, i.ev,>Zt. Projectile charges range from 3 Wo >1. The worst case corresponds lte3: while the
to 6 forn=2 and 3, and from 5 to 8 fan=4. As the initial P, P ’

1s state is symmetric with respect to the scattering planeCPW approximation predicts tha,;; decreases with in-
only the amplitudes having even values lof M survive  creasing energie®r equivalently with increasiniVp ), the
[1,2]. It implies that for eacim| subshell, the magnetic quan- El one gives nearly a constant. Here the largest velocities
tum numbeM associated with the natural coordinate systemconsidered approach to the limit where the Thomas mecha-

changes in steps of 2. nism (v~ ! dependendestarts dominating12]. Since the
From Figs. 2 and 3, it can be observed that in all the case€DW theory gives the correah distribution for the Thomas
consideredA ,;» with M=—1 is largely dominant, as it is cross section one may expect it to be correct in the high-

predicted by the propensity rule. Further, the proposed scaknergy limit[13].
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FIG. 3. Similar to Fig. 2 for the CDW approximation.

The CDW and El results o, decrease ad! goes

from —I to I, in agreement with the findings of Lin and
collaborators[1,2]. However, forl=2 the CDW results
verify that A,g»>A,q0, Showing a change of order in the
distributions of less contribution to,,. On the other side,

the El and CDW approximations give similar valuesogf
for WPz>0
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FIG. 4. Electron capture probabilitiés(p)|? as a function
of the impact parametep for collisions of C®% on H(1s) at
v=6.36. Calculations are made in the El and CDW approxima-
tions. Notation: solid linesM = —3; long dashed lined\l=—1;
short dashed linedy=1; and dotted linesv = 3.

of C5* on H(1s) at v=6.36. This is the same collision
system studied by Lundsgaard and Lin at smaller velocities
(v=0.2-0.8). Again we display results in both the El and
CDW approximations. Three regions can be recognized. As
p—0 the probabilities of the differen¥l substates are al-
most equal. At intermediate impact parametegs-(),
which is the region of interest, probabilities ft=—1 are
dominant. Whem— oo, where the contribution to-,; is neg-
ligible, both theories largely disagree. In this region the El
approximation strongly verifies the propensity rule, while the
CDW probabilities corresponding to differeM substates
get mixed up. This different behavior is an interesting point
to study.

In conclusion, the propensity rule for populating the
M = —1 final substates was expected to be valid in the region
where the projectile velocity is near the orbital velocity of

For low velocities the propensity rule applies specially atthe target electron. However, the present work proves the
large impact parameted,2]. To study this tendency we validity of the propensity rule in the intermediate and high

show in Fig. 4 capture probabilitiéd,y(p)|? for collisions

velocities range.
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