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Electron capture by fully stripped high-Z projectiles from the hydrogen atom
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A single-channel distorted-wave approximation is used to calculate the one-electron capture cross section
into an arbitrary state (nlm) of Ti, V +, and Fe + from the ground state of a hydrogen atom. Since the

interaction between the heavy projectile and the target electron is stronger, we represent the initial-channel

wave function by a continuum distorted wave while the wave function in the final channel is taken to be a

traveling atomic orbital. The nth partial cross sections are found to be in qualitative agreement with previous
calculations for some other systems. It is found that at high energies the value n „,where the nth partial cross
section is maximum, is larger by a few steps than obtained from the n „=Z ' model. However, for a fixed

projectile n „moves towards the smaller values as the energy increases. The l dependence of the cross
sections are also studied at different energies at the corresponding n „.We have further studied the mth partial

cross sections at various energies and at the corresponding n „for several l values. It is found that the

contributions from higher m values are decreasing rapidly for m) 5.

PACS number(s): 34.70.+e, 03.65.Nk, 32.80.Cy

I. INTRODUCTION

Ideally, fusion plasma should contain only hydrogen at-
oms and electrons. However, owing to the nonideal confine-
ment of the high-temperature gas, energetic particles traverse
the magnetic barriers and hit the walls of the limitors. As a
result, wall particles are liberated which contaminate the
plasma with impurity ions [1]. Inside the plasma charge-
exchange reactions between these ions and neutral hydrogen
atoms takes place, leading to enormous radiation losses [2,3].
Since it is not possible to avoid impurities altogether, much
attention is given to finding methods to reduce the impurity
concentration. A knowledge of various charge-exchange
cross sections is needed to achieve this impurity control [4].

In the present investigation we therefore pick up some
fully stripped impurity ions, e.g. , Ti +, V +, and Fe
and calculate the electron-capture cross sections by these
ions from atomic hydrogen. As the projectile nuclear charge
Zp increases, the number of significant capture channels in-
creases, and a quantum calculation for these processes be-
comes increasingly difficult. In the high-energy area, due to
the large electron-momentum transfer effect these calcula-
tions become even more difficult. Ryufuku and Watanabe
[5—7] used uniterized distorted-wave approximation
(UDWA) and presented results for Si' +

up to 500 keV/amu
and for Ca +

up to 10 keV/amu. They also reported results
for a few more projectiles of lower nuclear charges. For
Si' + they carried out calculations only up to n „=12,and
accounted for the contributions corresponding to n „~12
channels by extrapolation. For Ca + they reported cross sec-
tions only up to n = 11 and E)10 keV/amu. The results of
Ryufuku and Watanabe [7] tend to overestimate above 100
keV/amu, as the authors themselves pointed out. Within the

framework of eikonal approximation, Eichler [8) presented
an analytic method for calculating nlm-n'l'm' charge-
transfer cross sections. But for high-Z projectiles (Z= 20 and
25) they obtained the cross sections by using a simple scal-
ing law developing earlier by Chan and Eichler [9,10].Janev,
Belkic, and Bransden [11]made a systematic investigation of
the electron capture by projectiles of charges Z=5 —74 from
atomic hydrogen. They used a semiclassical multichannel
Landau-Zener theory and presented total as well as partial
cross sections (with respect to n and l) up to 80 keV/amu.
However, this method is restricted for the transition to a
product state with n)Z, although contributions to the total
cross sections from such a product state would be small.
Recently Toshima [12] reported capture cross sections by
several fully stripped projectiles (ZP=2 —8) for low and in-
termediate energies. A few more calculations [13—15] are
reported for similar collisional systems, mostly for the low-
energy region; for the high-energy region the calculations are
restricted to lower projectile charges.

In what follows, we shall study the following charge
transfer processes:

A P +H(ls)~Ai P ' (nlm)+H+,

where A P+ represents fully stripped high Zp projectiles
such as Ti, V, and Fe +. Atomic units are used
throughout the calculations.

II. THEORY

Under the usual continuum-distorted-wave (CDW) pre-
scription of Crothers and Dunseath [16] the initial and final
channel wave functions are given by

~y,
+

) = P;(rr) exp(iE; Rr)N(v„) t F, (iv; I;i U r„+it/. r„),

I&' ')=@I( p)exp( +f
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FIG. 1. nth partial cross sections (cm2) as a function of n for
electron capture by Ti + from the ground state of a hydrogen atom
at several energies. A, 400 keV/amu; B, 500 keV/amu; C, 600
keV/amu; and D, 700 keV/amu.

where P; and Pf are the bound states in the initial and final
channels, respectively, and

v, =Z; iv, N( v;) = exp(-,' m. v;) I ( I —i v;).

For the present one-electron transfer processes we ignore
the nuclear-nuclear interaction VPT. The stronger of the re-
maining two interactions V„, i.e., the interaction between the
bare projectile and the target electron, is taken through the
Green s function G„and the wave function is obtained using
the weaker interaction VT between the target nucleus and the
bound electron as the perturbative term. Then the first term
of the distorted wave series is given by

Tow-(&f lvTI~; )

FIG. 3. Same as Fig. 1 for Fe + projectiles.

In CDW calculations, distortions in both channels are ac-
counted for. But for high velocities and for very asymmetric
collisions (Zp~)Zr in our case), a one-channel distorted-
wave approximation is expected to provide a reasonable de-
scription of the collision mechanism. We take the final state
as a traveling atomic orbital following

TDW (+f1vrlx;'

where

f) Pf(rp)exp(iKf Rp),

and the initial state wave function ly; ) is given in Eq. (2).
A similar one-channel distorted-wave approximation, but

for the reverse system (Zr&)Zp), known as target continuum
distorted wave (TCDW) approximation was developed ear-
lier by Crothers and Dunseath [16] and generalized by Deb
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FIG. 2. Same as Fig. 1 for V + projectiles.

FIG. 4. lth partial cross sections (cm ) as a function of l for
Ti + projectiles at several energies. A, 500 keV/amu; B, 600 keV/
amu; and C, 700 keV/amu.
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The total cross section is then given by

f
o.=

2 (E//E;) ~TD!w)~ dA. (Sb)

~ 10

U)

The integral I is evaluated to

(6)

N

C)

—20
10

-21
10

—A: E = 500 k eV/amu, n =13
—B:E = 600 k eV/amu, n =12
—C:E= 700k eV/amu, n =11

Following Deb [17] the integral I can be evaluated as

n —1-1 [(k+ 1)/2]

I=4mi'A(n, l, )1/) g B(n, l, k, ) I) g C(k, l, r') J2,

(7)

where

FIG. 5. Same as Fig. 4 for V + projectiles.

& Q1 Yl* (Q 1))1. p( vP, t) dt
J2 —(2 rn)

~r &+

[17].This approximation was then found to be suitable in
several successive applications [16,18,19].

Transforming the coordinates RP, RT to rP, rT, we then
obtain

TDw N(vP) drT41 (rT)e ~T(rT)

(n —l —1)!
A(n, l, k/) = (2)t/)

1
3 (2)1.f)',

( 1 )k+21+ 1[(n+ i) 1 ]2

(n —l —1 —k)!(2l+ 1+k)!k! '

Xf=ZP/n,

=N(vp)II, (5a) ( —1)" 2 +'+' " (k+1)!(k+i+1—r')!

where

Q=k; —k&+ —,'u,Q=k; —k — u, -1

f 2 Q, = —Q+ut, N=k+1 —2r', M=k+i+2 —r',

+i P'pUi k, =PU;,

Ef= pTUf, Itf= pUf,
X=Xf—iUt, (sb)

P PM (MTP1+)/M, ~T= MP(MT+ 1 )/M,

P =MPMT/(MP+ MT), M =MT+ MP+ 1.

and I is a closed contour encircling the points 0 and 1 once
counterclockwise coming from the integral representation of
the, F1 function appearing in Eq. (5).

TABLE I. Ith partial cross sections (cm ) for Ti at 500 keV/amu (n,„=13)and at 700 keV/atnu

(n „=10) for three t values making major contributions. a [—b] stands for a X 10 b.

Case

E=500 keV/amu

n=13
1.82[—19] 8.18[—20] 6.18[—20] 2.67[—20] 8.59[—21] 2.12[—21]
2.47[—19] 1.56[—19] 9.86[—201 4.56[—20] 1.52[—20] 3.40[—21]
1.90[—19] 1.42[—19] 8.82[—20] 4.28[—20] 1.56[—20] 4.56[—21]

E=700 keV/amu
n=10

5.12[—20] 1.84[—20] 8.53[—21] 2.77[—21] 3.69[—22] 7.25[—23]
6.95[—20] 3.72[—20] 1.65[—20] 5.45[—21] 1.29[—21] 2.57[—22]
4 75[ 20] 3 13[ 20] 1 55[ 20] 6.19[ 21] 1.91[ 21] 5 54[—22]
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Case

E=500 keV/amu

n=13

TABLE II. Same as Table I for V + projectiles.

I 0

8 21.63[—19] 6.16[—19] 1.07[—19] 5.21[—20] 1.80[—20] 4.09[—21]
9 2.40[—19] 1.78[—19] 1.13[—19] 5.60[—20] 2.09[—20] 6.08[—21]
10 1.22[—19] 9.98[—20] 6.47[—20] 3.30[—20] 1.39[—20] 4.96[—21]

F=700 keV/amu

n=10
6.36[—20]
6.29[—20]
3.40[—20]

3.10[—20] 1.46[—20] 5.01[—21] 1.33[—21] 2.83[—22]
3.96[—20] 1.99[—20] 7.75[—21] 2.16[—21] 7.05[—22]
2.50[—20] 1.36[—20] 6.04[—21] 2.27[—21] 8.26[—22]

Using the addition theorem [20,21] of regular solid har-

monics, Deb [17j expanded Q', Y, (Q i) in terms of
Y&m(k;) and Y& (kf). This expansion will work for the s-s
transition and/or for light particle scattering. But for a heavy
particle collision where large momentum transfer is in-

volved, expansion of Q', Y, (Qi) in terms of Y& (k;) and

l
l'

Qi Y/ (Qi) Nl'!"r (9a)

where

Y& (Kf) will lead to serious numerical trouble. We therefore
write

Nl/l//=
47r(2l+ 1)(l+m)! (i —m)!

(2l '+ 1)(2l"+ 1)(l'+ m ')!(1' —m ')!(1"+m")!(i"—m")!

1/2

&&( —1)' v' Y, i(v)Q' Y, i(Q), l"=l—l', m"=m —m'.

Once again we closely follow the method of Deb [17] to obtain

n —1-1
I (k+ 1)/2] l N

ivp i~+hI=4mi'A(n, l, l f) g B(n, l, k, kf) g C(k, l, r') g N, i g E{h,kf, u), ,
G™{1H/G)'—

k=o «'=0 l'=0 h=o

(9b)

X 2F, (1+l'+ h —M; 1 —i vp; 1 '+ h+ 1;H/G),
(10a)

where ¹!kf "(—iv)"
h!(N- h)! ='f+ Q'

H=2ik fu+2 Qv.

(10b)

due to the presence of large factorials such as (n+ i+ 1). We
overcome this problem by calculating

ln(n+l+1)! =in(n+l+1)+in(n+ I)+ +lnl.

For the present case 1+I'+h~M, and hence the Gauss
hypergeometric function in Eq. (10), will be a terminating
series.

III. NUMERICAL TECHNIQUES AND RESULTS

As the projectile charge increases, the number of signifi-
cant captured channels also increases. This makes a quantum
calculation more and more difficult. As an example, for
Fe + projectiles the contribution to the total cross section
become significant even at n =25. For such a large n value,
calculation of the functions like A(n, l, kf), B(n, l, k, )if), and
C(k, l, r') in Eq. (8b) poses a serious numerical difficulty

This way, terms of the order of e will come down to N only.
The equal order terms of the numerator and denominator of
the above functions will cancel, and the result will come
down to a small number. Values of the functions
A(n. , l, kf), B(n, l, k, kf), and C(k, l, r') are then recovered
accurately by taking the exponential of that small number.

As the relative velocity goes up, special care should be
taken to calculate the v -dependent terms like G™,
(1 —H/G)' "p, u', Q' . . . , and their products. Suffi-
cient analytic simplifications are needed before feeding into
a computer for an accurate calculation of the cross sections,
especially for the high velocities and large n values of the
captured channels.
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TABLE III. Same as Table I for Fe projectiles.

Case
m 0

E=500 keV/amu
n= 13

8

9
10

1.56[—19] 7.19[—20] 6.28[—20] 3.67[—20] 1.55[—20] 3.51[—21]
2.30[—19] 1.56[—19] 1.10[—19] 6.09[—20] 2.44[—20] 7.2g[ —21]
1.99[—19] 1.57[—19] 1.07[—19] 5.84[—20] 2.51[—20] 8.51[—21]

E=700 keV/amu
n= 10

6.67[—20] 3.70[—20] 2.07[—20] 8.95[—21] 2.74[—21] 6.54[—22]
6.3"/[—20] 4.43[—20] 2.51[—20] 1.14[—20] 3.85[—21] 1.19[—21]
3.41[—20] 2.68[—20] 1.61[—20] 7.74[—21] 3.23[—21] l. I g[—21]

To check our computer code we first run the code for
Si' + projectiles and compare our results with those of
Ryufuku and Watanabe [5]. Our results are 5% above 100
keV/amu, but the general behavior of the nth partial cross
sections is the same. For example, at 500 keV/amu we ob-
serve that n „=12,which is in accordance with the findings
of Ryufuku and Watanabe [5]. We then run our code for
Ti +, V +, and Fe +, and present the nth partial cross
sections (summed over all l and m values) as a function n at
several energies in Figs. 1, 2, and 3, respectively. These fig-
ures show that n „moves toward lower values as the energy
goes up. For Ti + projectiles n~,„moves down from 15 to
10 as the energy increases from 400 to 700 keV/amu; for
V + projectiles these values move down from 16 to 10 as
the energy goes up from 400 to 800 keV/amu; for Fe
projectiles these values move down from 14 to 10 as the

energy increases from 500 to 900 keV/amu. From these three
figures we observe that n, „has an energy dependence, and
that movement of the n value gradually becomes slower
as the energy goes up. This weak energy dependence of the
n „value was also observed by Janev, Belkic, and Bransden
[11].It is interesting to note that for 700-keV/amu Ti22+,

800-keV/amu V, and 900-keV/amu Fe projectiles,
n,„re mi asnthe same (n,„=10).At a fixed energy (keV/
amu) varying the projectile charges from 22 to 26 (Ti22+ to
Fe +), we see that n „tends to increase very slowly. For
example, at 500 keV/amu, n „varies 13—14, whereas at 700
keV/amu it varies from 10 to 12 as the projectile charge
moves from 22 to 26. The model n,„=Z ' [7] agrees with
our findings around 700 keV/amu. Below this energy the
value of n „is higher by a few steps than those obtained
from this model.

We first select the n values for different energies at which
the cross section is at a maximum (n,„), and plot the cross
sections as a function of I corresponding to each of the
n „values in Figs. 4 and 5 corresponding to Ti + and
V + projectiles, respectively. From Fig. 4 we find that the
lth partial cross sections do not exhibit smooth behavior be-
fore reaching a sharp maximum I at 1=8 for 500 keV/
amu, I =7 for 600 keV/amu, and I =6 for 700 keV/amu. The
cross sections fall off rapidly after reaching the maximum. In
Fig. 5 we present the Ith partial cross sections for V + at
500, 600, and 700 keV/amu. Unlike the case of Ti +, here
the 1th partial cross sections do not reach a single maximum
at the first two energies (curves A and B) whereas at 700
keV/amu it does reach a single maximum (curve C). In all
other aspects they are similar to those in Fig. 4.

We then study the m dependence of the cross sections for
all the three projectiles, each at two energies. These values
are tabulated in Tables I, II, and III, respectively. However,
we present values for m =0—5 only, to show the slow varia-
tion of the cross sections as a function of m. After m = 5 the
values fall off rapidly. All these m values correspond to three
different l values corresponding to n=n, „at a particular
energy.

For the total capture cross section we run our code up to
n = 25 (summed over all l and m values) and then make a
sum from n = 1 to 25. These values are presented in Table IV
for all three projectiles Ti +, V +, and Fe +. For Fe
projectiles our total cross section at 500 keV/amu agrees rea-
sonably well with that of Katsonis, Maynard, and Janev [13],
while our value is low by a few percent. We expect that
contributions from states of n ~25 will improve our value by
a few percent. Results for the projectiles Ti + and V + are
totally new, to our knowledge.

TABLE IV. Total capture cross sections (cm2) as a function of energy (keV/amu) by Ti, V23+, and
Fe + projectiles. a [—b] stands for a X 10

E (keV/amu)

400
500
600
700
800
900

T22

1.428[ —16]
4.437[—17]
1 776[ 17]
8.325[ —18]
4.371[—18]
2.465[—18]

@23+

2.027[—16]
5.967[—17]
2.299[—17]
1.046[—17]
5.375[—18]
2.973[—18]

F 26+

5.093[—17]

1.213[—17]

3.890[—18]
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