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ABSTRACT

The resonant transfer excitation (RTE)
followed by x-ray emission (RTEX) process in
ion —atom collisions is investigated. In RTEX,
one of the target electrons is captured into
a resonant state of the projectile which is then
relaxed by radiation. In the Impulse approximation,
this is related to the dielectronic recombination
(DR) in electron-ion collisions. The DR cross

8+ 19+

sections are calculated for P and Fe with

K-shell excitation. The RTEX cross sections for
P 8+ +He, P 8+ + HZ’ Fe 19+ +He, and Fe 19+ + H
collision systems are then obtained by folding
the corresponding DR cross sections over the
momentum distribution of the target gas in the
impulse approximation. It is found that the
RTEX cross section exhibits a single peak for

p 84 and two-peak behaviour for Fe 19+.
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INTRODUCTION

Recently, much theoretical [1-5] and experimrntal [6,7]
works has been done to understand the resonant charge transfer
and excitation, RTE, in ion-atom (I/A) and ion-molecule
collisions. In the RTE process, one of the electrons in the
atomic helium or molecular hydrogen targets is captured by
a fast highly ionized prejectile and, in turn, causes an
excitation to this projectile, Thus, dodbly—excited intermediate
states (d) of the projectile may be formed. However, the
target is left as ionized ion. The RTE may be followed, as

a stabilization of d state, by emissionof x-rays (RTEX).

Schematically, for a target atom or molecule B, FIE

and its subsequent RTEX processes can be described as

AT (1) + B —— O @y b8t RE 1L1)

then

(A(Q"l)*')** (q_1)+)*

(d) —— (A (£)+ h  RTEX (1.2)

In process (1.1), the projectile A (in its intial state i)
with ionization charge (q+) captures an electron from the
target B and torms an intermediate state (d) which is doubly
excited {*¥). Regadless of the presence of the residual ion B+,
the d state of the projectile may be relaxed by emission of
x-rays with energy hys. It has to be noted that RTEX is a
twe-step efficient process only at relacively high proiecctile

encrgy [4].
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Since RTE is a high-energy process, the effect of the
target core on the excited states of the projectile is very
small and can be neglected during the investigation of such
process. However, this effect is important in the nonresonant
transfer excitation (NTE) process which has been studied
elsewhere [4,8] and was found to be of much interest only at
low projectile energy range. When the RTE process takes placc
at high projectile energy, the conditions of the validity of
the impulse approximation (IMA) may be satisfied. In The IMA,
the collision velocity is assumed to be large compared to the
velocity of the target electrons and the distortion of the
projectile resonance state by the target nucleus is small.

In other words, in the projectile rest frame, the target B

is considered as a source of free electrons.

In view of these considerations in the IMA, RTE in
ion-atom collisions is an identical process to resonant
capture (RC) in electron-ion collisions [10]. Consquently,
RTEX (a subsequent of RTE ) is identical to DR (a subsequent
of RC). In electron-ion (e/I) collisions, for RC and DR, we

have

(W) (1) + e, —— (4 N @)y re .3
then

DR gy s @DN ey by DR (1.4)
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where (AQ+) is the target and e denotes the incident continuum
electron. A cumparison between Ehis scheme and the previous

one menifesis that process (1.2) is identical to (1.4). Thus,
the analysis of RTEX has been carried out rather sucessfully

is the IMA by folding the DR cross sections over the target
compton profile [10]. Direct measurements of the DR cross
sections is diffcult because of their small magnitude. All

of the experimental DR cross sections, involving K-shell
excitation were of the RTEX type. These measurements have been
found in a good agreement with the calculated values [1,4,9]
e.g. Li-Like Ca17+; Si11+, g3, Unfortunatly, no experimental
data are available for RTEX of N-like ions up to date. Thus,

it is planned to calculate the RTEX cross section for this
isnzlectronic sequence., All bound-state wavefunctions used

in our calculations of dDR are generated from the Hartree

Fock (SCHF) program, while a distorted wave approximation is
employed to generate the continuum wave functions. The comptom
profile for the momentum distribution of the electrons in He
or H2 targets, which is used here to convert GDR into URTEX
(folding), is taken from Ref. [11]. The Author there obtained

a least square fit for the experimental compton profile, and

ihis fitting coefficients for both He and H2 targets are utilized
tn this work. The theory behined the relationship between

DR and RITX is outlined in sec. 2. The discussion of the
results is presented ir sec., 3. Conclusions are summerized in

sec. 4.
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2. Theory
a) Momenta consideration in RTE

Let the momentum of a certain electron (to be captured)
in the target frame is pi , and that of this electron relative
fo the projectile is Py- Thus, the momentum p of such electron

in the projectile rest frame is given by

where

p, = m (28/M)!/? (2.2)

E, M are the projectile energy and mass respectively, and m
denotes the mass of the electron. The magnitude of p is then

given by

P=p, +P; +20p,0p;, (2.3)

where P, is the component of P parallel to P, in z-direction.

In the IMA,IE?]Z < |p ’|2 and eq. (2.3) becomes
2 2 :
P =p, t27p P, (2.4)

b) Relation between RTEX and DR cross sections

In the IMA, the RTE cross -section (o’RTE) for a particular
resonance (d) state in I/A collisions and the RC cross section
(O'Rc) of formation of this (d) state in e/l collisions are
related by (Brands 1083),

e pe 2 .3

=il @)y ()T 4y (2.5)

RTE
)
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where d3p_ = dp._ dp, dp,, and (GR') is the RC cross section
1 i% iy Tid p
for a free electron of momentum p with respect to the ion.
From (2.4) it is clear that the RC cross section depends only
on the component P, of P; parallel to Py Therefore, equation
(2.5) is reduced to the form
F oo

RTE _ e RC, 2 3
o= L (0, Jwy (p) 17 7y (2.5)
—00

3 RC, . .
where d Py = dpix dp dpiz and (o )p is the RC cross sec-

iy
tion for a free electron of momentum p with respect to the
ion. From (2.4) it is clear that the RC crouss section depends
only on the component Pi, of Pi parallel to Py Therefore,

equation (2.5) is reduced to the form

+w +00
RTE _ RC ne 2
g = I_Oo o (py,) d*’iz;j | v (pi) ' dp, dpiy (2.6)

-0
Thedouble integration term gives the probability of finding
one of the target electrons with a mnrentum component Py,
that is the compton profile Ji (piz). Eqution (2.6) can be

written as

p.,) dp. (2.7)

Ll 1Z

TE |
o -] T (i) oRC ¢

-0

. , RC C e
Nore thar, o neaks only wt specific values of p ot the
captured clectron which is called the rcsonance momentur

This value - ° ~.mnentum is related t~ +he resonance
r

cnooey (O Yoo
) .

i
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_ i/2
P = (Zmer) (2.8)
Now, substituting from eq. (2.2) and eq. (2.8) in eq. (2.4)
we get
2me_ m? (2E/M) = 2m (2E/M)1/2 p;_z (2.9)

1 .

. £ he values of p, ¢ and respectively at
plz, . and p, are t a P, € ] p y
resonance.

Deviding both sides by 2m, and rearranging the terms we obtain

p;, = [ & - m (E/M) ] (u/2E) 2 (2.10)

Since the Compton profile depends on piz it may be

taken out of the integration in (2.7), thus

o= 01 ) f o () apy, (2.11)

At any piz and € , we may differetiate (2.10) in order to obtain

ac = e ap, (2.12)
Thus eq. (2.11) can be written in energy space as
+ oo ,
KL ') /28) /2 j & (e)de  (2.13)
- 00

Since the RC is a resonant process, thus we can restrict the
intergration to an energy binZ& >]J* (resonance width)

azovnd € = Cr as follows
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Cr-+dE/2
2
FTE 56 ) (M/2E)1/“_5 FCe) de (2.14)
€ _A€
r a¢/2
Introduce the energy average RC cross section (drRC ) as
sRC € +4£/2 RC
g - j o (€) dE (2.15)
Ac £ d¢/2
. -
then eq. (2.14) will be
Aoy o) ot ae 7O (g (2.16)

For all i's electrons in the atomic or molecular targets, we
can write

RT

SE _ iyt ? peo J () (2.17)

RC ¥
4 iz

Multipling both sides of eq. (2.17) by & (the fluoresence

yield of the d state) and making usc of the facts that

dRTEX = ngRTE and grDR = dﬁRC, we get the following relation

 between RTEY and DR cross sections,

STEL _yomy Vipe 4R E\J(p'iz) (2.18)

The RTEX cross section is maximum at the projetile energy Emax

whenever DR cross section is maximum at the resonance energy
¢ .. such that
IS

E =& M/m (2.19)
max T
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This is because the compton profile is maximum at Py, = 0,

which requires the vanishing of the square bracket in eq. (2.10).

In the present work, the DR cross sections are calculated
in the isolated resonance approximation using the following
adopted form,

--DR -23
o = 2.68x10 ", Va. u(d)/(e:c.[_\eic) (2.20)

where ec is the continuum electron energy. A€ is the energy
bin, o (d) is the fluorescence yield of the d state. The
radiationless capture probability Va for the process (1.3)

to take place is calculated by

Vo= (g,/28)) A, (2.21)

where g4 and g, are the statistical weights of the intermediate
state (d) and the initial state (i) respectively. Aa is the
Auger rate of the decay of the state d to the state i.

RESULTS AND DISCUSSIONS
The DR cross sections for P8+ and Fe19+ are calculated
in the isolated resonance approximation using eq. (2.20).
The RTEX cross sections for these two ions are obtained by
folding the DR cross sections over the Compton profile of
H, and He targest using eq. (2.18). All the resonance states

“

of the form 132522p5, 152522p4n{with £ =10,1,2,3 and 1525221333;32

are included in the DR and RTEX calculations. However, the
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cascade pro.-orces reduces the DR cross section for the later
ttete hyoe faccer o0 b, The 2R cross seotion for Lhis sitate
b It ~
=2 z 9 .

1 +e which represent unly 2% of rhe state

ol 3 . 19+ . .
'52872p7 alene in Fe case. Thus the contributions of all
. 2, 2 £ o
states of che form 15257 2p nd n'¢" to the total RTEY cross
g2ction are presumably about 1%, Such trivial contributions

are neglected in the present work.

The RTEX cross sections versus the projectile energies

for p8+ + H, and P54 He systems are presented in figures
1 and 2 respectively, In these two figures for PST, the RTEX
cross section is represented as a single peak. However, the
8+
P

compared with that for P8+ + H2 (fig. 1), reflecting the

resonance peak for for + He is broadened (fig. 2) as
broader momentum distribution (Compton profile) of the He
atom. In other words, the effect of the target momentum
distribution is evident in the more pronounced resonance peak
for the H2 case, reflecting the narrower Compton profile of
molecular H, with respect to the broader He momentum ' :
distribution.

Specifically, for P8+ + H2 (Fig. 1) we have qﬁgEX =
0.208 x 10721 cm2 at projectile energy Emax = 108 MeV while

for pB* + He (Fig 2) we have q§§EX:= 0.159 x 1074 cm2 at

E = 107 MeV, The maximum cross section GRTEXiS lower for
max max

He rhan in H, case because the Compton profile for Lo is
Fa
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broader than that for H, target,

2

Figures 3 and 4 pregent the RTLEI ~ross sed:0n. S0

104 - 194
Fe + H2 and Fe

4+ He systems respectively. The RTEL cross:
section in both figures exhibit a two-peak behaviour instead

0of one. In figure 3 (H2 target), the two peaks lie atﬂprojecLile
energies 516 MeV and 610 Mev and their values are oiZiX

-2 X TEX I
(peak T) = 0.38 x 1072! cn® and oizi‘ (peak IT) = 0.27 x 10

sz' In figure 4 (He taerget) the two peaks locate at 519
MeV and 604 MeV with values ohor” = 0.28 x 107°% ca” for
peak I and 0.23 x 1072 cm for.peak 11. The first peak in
both cases comes from the intermediate state 152522p5 and
the second peazk comes from states 132522p4n3 withn >3
including the high Rydberg states (HRS). It has to be noted
that the extrapelation to the HRS contributions are carried
out at n > 7 in the present work.

Since figures 3 and 4 assume the same projectile (Fe19+),
it is expected that the ratios of peaks I and II for He and
H2 targets must be close. Our calculations show that the
ratio (peak I/peak II) equal 1.4 for H2

He target. This slight difference may be attributed to the

target and 1.2 for
broadening effect of the Compton profile.

On the other hand, figures 1 and 3 which are drawn for

the same H2 target and different projectiles P8+ and Felg+
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respectively, there is a clear manifistation that the RTEX
cross sections increase with the atomic number of the members

in the Nitrogen isoelectronic sequence.

4, Conclusions:

The RTEX cross sections obtained by collisons of positive
ions with He targets are broader than those with Hz. As the
degree of ionization of the projectile in any isoelectronic
sequence increases the RTEX exhibits a two-peak behaviour and
its cross section increases, The property of two-peak behaviour
has been pronounced with increasing the degree of ionization
in Calcium isonuclear sequence in ref. 1. Thus, it is concluded
that in any isoelectronic (same N) or isonuclear (same Z)
sequence the two-peak trend of RTEX must be related to the

degree icnization of the ionic projectiles.

Acknowledgements

This work have been carried out at the Computer Center,

Ain Shams University, Cairo, Egypt.



Delta J. Sci 16 (1) 1992

0.201 /
| 82
“g 0164
(&)
5 |
9 0121
x
=
A ]
mb 0.08-
0.04 1
O T T T T T T T L T T
30 70 10 150 190
ElMev)

. . . . , 2 S
Figure 1. The RTEX cross sections in cm vs the projectile energy
. 8+ . s .
in MeV for the P + H, collision svystem with k-shell
&

excitation.



o-RTEX (:(10_21 cm?)

56

Delta J. Sci 16 (1) 1992

0.16
4 PB“’ + Hg_

0.12

0.08-

0.04 -
O \

30 70 110 150 180

£ {Mav)

Figure 2. Same as in figure 1 but for He target.
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