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Effect of the center-of-mass approximation on the scaling of electron-capture
fully differential cross sections

A. L. Harris"" and D. H. Madison?
lPhysics Department, Illinois State University, Normal, Illinois 61790, USA
2Department of Physics, Missouri University of Science and Technology, Rolla, Missouri 65409, USA
(Received 5 June 2014; published 4 August 2014)

We present results for p+He single electron capture and transfer with target excitation using the first Born
approximation. The effect of approximating the center of mass of the helium atom and outgoing hydrogen atom
at the respective nuclei is explored. Semianalytical results are compared for the calculations with and without
the approximation, and it is shown that one must properly account for the center of mass of the atoms. It is
also shown that this approximation is the result of the apparent v* scaling that was previously observed with the

four-body transfer with target excitation model.

DOI: 10.1103/PhysRevA.90.022701

I. INTRODUCTION

In recent years, an increasing amount of attention has
been paid to charge transfer processes [1-7]. This is due
in part to more detailed and accurate experimental data,
which have prompted the development of new theoretical
models aimed at better understanding the dynamics of charge
transfer collisions. Two of these charge transfer processes are
single electron capture (SC) and charge transfer with target
excitation (TTE). For the case of proton-helium collisions,
TTE corresponds to a proton colliding with a helium atom,
capturing one of the target helium electrons, and leaving the
collision as a neutral hydrogen atom in the ground state. The
remaining electron in the He™ ion is left in an excited state nl.
The SC process is nearly identical to the TTE process, except
that the residual He™ ion is left in the ground state.

Within the literature, there has been an ongoing discus-
sion over some observed differences between the four-body
transfer with target excitation (4BTTE) model [8-10] and
the plane-wave Born approximation (PWBA) model [2,11].
Results for these two models show discrepancies beyond what
would be expected for calculations that are so similar. In
particular, Chowdhury et al. [12] showed that the 4BTTE
calculations were in worse agreement with experiment as
the incident projectile energy increased. They found that the
disagreement with experiment scaled as v*, where v is the
incident projectile velocity. When the 4BTTE model was
divided by v*, agreement with experiment was quite good.
Houamer and Popov [11] suggested that this discrepancy was
caused by a lack of numerical convergence in the 4BTTE
calculation. However, this was shown not to be the case [12],
despite the fact that Houamer and Popov continue to claim
this [13]. As coauthors and developers of the 4BTTE model,
it is obviously in our interest to resolve these discrepancies
and to do this we have undertaken further investigation of our
models.

In particular, we focus on the reference frame and co-
ordinate system used in the 4BTTE model SC and TTE
calculations, and the approximation that was made for this
coordinate system. We show here that within the PWBA
model, the fully differential cross sections (FDCSs) are highly
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sensitive to the coordinate system used, and that this is the
cause of the v* scaling, not numerical errors as Houamer and
Popov suggest. Atomic units (a.u.) are used throughout unless
otherwise stated.

II. THEORY

From a theoretical and computational viewpoint, the SC and
TTE processes are quite similar. In what follows, we choose
to use p+He TTE as our example. When calculating a FDCS,
it is important to specify the frame of reference for which the
FDCS is being calculated. For example, one could choose to
work within the lab frame, in which the initial target helium
nucleus is at rest. This is the frame commonly used in the
analysis of experiments. Alternatively, one could choose to
work in the center-of-mass frame, where the center of mass of
the entire system is at rest. The center-of-mass frame is more
commonly used in theoretical calculations. The cross section
for the 4BTTE model in the center-of-mass frame is

o€ kS
Z—Q = @) wpattni ¢ | TRI (1)
l
where p,, is the reduced mass of the projectile and target
atom, pp; is the reduced mass of the hydrogen atom and
residual He™ ion, kic is the magnitude of the incident projectile
momentum in the center-of-mass frame, k? is the magnitude
of the scattered projectile momentum in the center-of-mass
frame, and TfC,. is the transition matrix in the center-of-mass
frame. The center-of-mass FDCS can be converted into the lab
frame FDCS by

do  [(1+2ycostc + y*»)**] do ©
e 11 + ycosOc| e’

where O is the scattering angle of the projectile in the center-
of-mass frame. The quantity y is given by the ratio of the
magnitude of the velocity of the center of mass of the entire
collision system in the lab frame V and the magnitude of the

scattered projectile velocity in the center-of-mass frame vj?,

2

such that y = vlf The lab frame and center-of-mass frame
f
scattering angles are related by

tanf, = ————. 3)
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FIG. 1. Lab frame coordinates for a collision between a projectile
and helium atom.

In order to perform a mostly analytical calculation in which
numerical convergence is not a question, we will consider only
the plane-wave Born approximation (PWBA) in which the
projectile wave functions are all plane waves. The PWBA T
matrix, in any reference frame, is given by

Tfi = <\I"f|Vi|‘Iji)’ “4)

where W f is the final-state wave function, W, is the initial-state
wave function, and V; is the perturbation potential given by
the initial-state Coulomb interaction between the projectile
and target helium atom,

Vi= s ———. 5)

The distance from the projectile to the target nucleus is ry,
the distance from the projectile to one of the atomic electrons
is 712, and the distance from the projectile to the other atomic
electron is rj3 (see Fig. 1). It is important to point out that
when a particular reference frame (such as the lab frame or
the center-of-mass frame) is chosen for the calculation of the
T matrix, the initial- and final-state wave functions will vary
based on the reference frame.

Once a reference frame is chosen, one also has a choice of
coordinate system to use in the calculation of the 7 matrix.
In the lab frame, in which the target nucleus is at rest,
the coordinates shown in Fig. 1 are a convenient choice of
coordinates.

In the center-of-mass frame, in which the center of mass
of the entire collision system is at rest, the Jacobi coordinates
shown in Figs. 2 and 3 are a convenient choice of coordinates.

In the initial-state Jacobi coordinates, the vector 7 points
from the target helium nucleus to the uncaptured electron, §
points from the center of mass of the alpha-uncaptured electron
system to the captured electron, and R; points from the center
of mass of the entire helium atom to the projectile. For the
final-state Jacobi coordinates, 7 is unchanged, y points from
the projectile to the captured electron, and R ¢ points from the
center of mass of the He™ ion to the center of mass of the
outgoing hydrogen atom.

projectile

FIG. 2. Initial-state Jacobi coordinates.
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FIG. 3. Final-state Jacobi coordinates.

Then, the 7" matrix of Eq. (4) can be written as
TS = / dR;d7d5VS (R.,7 5)Vi(R; F.5WE (R;.F.5).

(6)

We note that the initial-state wave function is a simple
expression in terms of R;,7,5,

WE = e (RNPS (73). (7)

where ®¢ (F,5) is the helium atom wave function, and
Xic (I%,-) is the incident projectile wave function. However, \IJJ?
and V; are not simple expressions using these coordinates.
Fortunately, one can easily write I_éi,F ,5 in terms of 7y,72,73
so that V; can be expressed as in Eq. (5). Also, 13,-,7,5 can be
written in terms of R 7,7,y so that \I/J? can be written as

where ¢{(¥) is the captured electron wave function, ¢ . (F) is
the He* ion wave function, and X;;g(R r) is the scattered pro-
jectile wave function. The initial and final projectile momenta

in the center-of-mass frame are I_éZC and EC, respectively. Then,
Eq. (6) becomes

15 = [ ARAFGSOS Ry F VGV RRS) ©)
where 77,73 and I_éf,?j are written in terms of ﬁi,?,f.

Now, for the purposes of the analytical calculation, we
perform a change of variables to 71,7,,73 using

= - me - -
Ri=ri—————(r2+nr3),
Mpye + 2m,
=", (10)
- - me >
S=r——————T3,
Mpye + M,
and
ﬁf _ Myl + mer; B m, ?3
mp +m, Mnye + M,
I (1n
y=r—r,

where m, is the mass of the electron, m,,. is the mass of the
helium nucleus, and m , is the mass of the proton.

The Jacobian determinant for the coordinate transformation
is unity, and the center-of-mass 7" matrix becomes

TS = / A7, d7sdsE (R 7. 5V 7P WE (R, 7.5).

12)
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In our previous work [8—10], we chose to work in the center-
of-mass frame with the Jacobi coordinates. However, we made
the approximation that the center of mass of the helium atom
and He™ ion are both located at the target nucleus, and the
center of mass of the hydrogen atom is located at the proton.
Then the Jacobi coordinates become

(13)
and

I_éf AT 1s (14)
An alternative way of stating this approximation is that m, <
mp and m, << Myyc.

To explore the validity of this approximation without
introducing the issue of numerical convergence, we need
to compare analytical calculations for SC and TTE using

J

1), = [ dhidadig, Ryl (oo GV FaFayrae (R)OC G5,
, |

Plugging in V;, Eq. (15) can be written as a sum of three terms,

J J 7 J
T =T + T, + T,

where

Ty = / dF1dF2dFs e (R o Py (7) (7) Xic(R)®{ (7,5),
f 1 !

T = / dF\dFad7s X3 (R p)efe (F)eg () (—) X (R)DE (F.5),
! 2 !

Y = / dF1dF2dFs e (R ) (P (y)( )x;c(R,-)CD,-C (7.9).
f !

In the plane-wave Born approximation, the wave functions
for the incident and scattered projectile are given by plane
waves,

R oikE-R;

XEf(Ri) = W’ (20)
. ei/’é?ﬁf

X;g(Rf) = Gy (21)

To allow for a mostly analytical solution, we use a
variational product wave function for the helium ground state,
which is given by

OE(F,5) ~ @,(F2.73),
Ol3

= —e
T

—a(r2+r3)

(22)
where o = 1.6875. This approximation is reasonable since

by definition |F| = |r3|. Also, the approximation of |s| & |75

can be seen from |5| & +/s% +2—"<—5 . ¥, where we have

My +me
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>

both the Jacobi coordinates R s, 7,y and R;,7,5 and the
approximation of the Jacobi coordinates as 71,7»,73. In the
remainder of this paper, when the 7|,7,,73 vectors are used to
approximate R,7,y and R;,7,s, we will refer to this as the
“lab approximation” because r1,7»,73 are the coordinates that
one would use if calculating the 7 matrix in the lab frame.
When the R s, r,yand R;,7,5 vectors are used, we will call this
the “Jacobi calculation.”

A. Jacobi calculation

We begin with the Jacobi calculation, where the FDCS is
calculated in the center of mass frame using Jacobi coordinates.
We point out that the final-state outgoing hydrogen momentum
is slightly different for SC than for TTE due to the slightly
larger projectile energy loss that is required to excite the He™
ion. While this difference is generally negligible, we do include
itin our calculations. The Jacobi calculation T matrix is written
as

(15)
(16)
(17)
(18)

r

— (19)

ri3

(

neglected the second-order term. Because the ground-state he-
lium atom wave function is highly localized, the radial distance
of both electrons is similar in magnitude, making the second
term in the square root negligible compared to the first term.
In this paper, we will examine both SC and TTE with the
helium ion left in the 2s state. The 2s state was chosen because
the magnitude of the FDCS drops off quickly with increasing
n, and s states are the dominant contribution to the TTE FDCS.
We point out that by using a product helium ground-state wave
function, the cross section for TTE to any of the 2p states is
zero due to orthogonality between the initial and final bound
helium and He* wave functions. The final-state bound wave
functions are all hydrogenic wave functions given by

23/2672r
Qi (F) = SV (23)
% (1 —=r)e™”
() 7 24)
on(G) = eﬁ (25)
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Plugging in the individual wave function expressions for SC yields

ssc 128v2a*Q2 +a) - 1 26)
LT a0 24 272 1+ 22Gh — D2[a2 & (7 — B)212°
T2+ a)* +n?] (1 +12)*(so — 1)*[e® + (1 — p)°]
—64a*(2 2 1
T = “ ;-Ot)\/— 2 2122 + (5 — Y212 (52 ’ 27)
m [2 + a)? 4+ n?Pla? + (5o — PP (s? + 1)
—64+/2a4(2 - 1
rjse - V221 / di e ., (28)
T (I + 1222 + @) + (11 — 5o + 1)*]*(S0 — 1)*[e? + (p — 1)*]?
where the Fourier transform of the 1s hydrogen wave function has been used,
on() = — f die” o (@) (29)
" @)} .
with
- = 8/
F _ = it-r = _
eu ) = fdrlze Poy(riz) = RENS (30)
Also,
So=kf — — 2k 31)
U
> me P me -
= ¢ kS, 32
P e +2me  my +m, ! 52)
- me 7 me 7
i— e - . (33)
Myue + 2m, Myye + M,

The TIJ -SC integral can be further reduced to a one-dimensional integral by following the procedure outlined in [14], and the
three-dimensional Tlé'sc integral is performed numerically using Gauss-Legendre quadrature.
For TTE to the 2s state, the corresponding expressions for the 7 matrix in the Jacobi calculation are

T TTE _ [(1+a)*(a —2)+n*Q2 + )2+ a)* +n*]?
b 221+ a) + n2PQ2 + a)

prrme _ [+ @@ =2) +n’Q + ol + o)’ +nF
S BRI+ a)? +n2PQ2 +a)

e _ —320 f e [(@=20+a+Qt+a)G—F—i]
N mt (14 2P[(1+ @) + Gy — 7 — pPPGo — 12[e? + (5 — D1

TIJ_SC , (34)

T 5¢, (33)

(36)

Again, the three-dimensional 7,5 "™ integral is performed numerically using Gauss-Legendre quadrature.

B. Lab approximation

Following a similar procedure to the Jacobi calculation, the lab approximation 7" matrix is written as a sum of three terms:

TJ%iA =T+ 15+ T, (37
where
s sk o CF o CF o 2 - .
TMA = / dF\dFydFs i (F) g (Fa)ef (Fia) (7) Xic F) @S (F2.73), (38)
i 1 i
- > - % = * o * oy —1 = - -
TH = /drldrzdr3x,;c(r1)¢§e+(r3)qo§ (r12) (r_) X;;_c(rl)q),-c(rz,r,%), (39)
7 12 i
o o N P -1 - N
T = fdrldrzdrax,f‘c(rl)¢§e+(r3)¢§ (r12) (-) X;;c(rl)q’ic(rz,rs). (40)
7 13 i
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The incident and scattered projectile wave functions are
given by plane waves,

PHYSICAL REVIEW A 90, 022701 (2014)

Using the approximation that m, < mp,. and m, < m,,
Egs. (31)—~(33) become

llchl - = - -
= so ki — ki =q, (44)
Xk’.c (rl) - (27_[)3/2 ’ (41) f
) 7, p~0, 45)
Xic (r) = W, (42)
. . . n~0 (46)
and the variational product helium ground-state wave function
is again
3
CIJiC (F,13) = a—e""("ﬁ”). (43) Then, the 7" matrix terms of Egs. (26)—(28) become
T
J
tasc  128a*V2 [ L 1
T " 3 b v 2y2° (47
T2+ «) (a® +t2)(g — t)*(1 + %)
—640*/2
TS = «'V2 , (48)
72 + g2 +a)(g> + 1)
—640*V2(2 - 1
rigsc - SHLBOL [ _ s 9)
7 @+ 722G — D20+ PPIC+af + G — D2
and Egs. (34)-(36) become
Latte _ (@ —2)2+ @) iasc
T S (50)
e~ =) , (51)
i (@? 4+ q?) (1 + a)*(g* + 1)
Larme _ —32a - [+ )G — 1)+ (1 + )’ (o — 2)]
TATTE _ : ) oS (52)
ot ] U@ G D+ PP 0P + G - PP

The TI%A'TTE integral can again be reduced to a one-
dimensional integral through contour integration, and the one-
dimensional integrals that remain are calculated numerically
using Gauss-Legendre quadrature.

We would like to note that Houamer and Popov [2,12,15]
make a similar approximation to the lab approximation
described here. Specifically, they use m, < my,., which is the
same approximation we use to get from Eq. (10) to Eq. (13),
and yields an initial-state projectile wave function of

Xie (Ri) ~ e (). (53)

This the same as our lab approximation of Eq. (41).
However, m, < my,. does not by itself lead from our
Eq. (11) to Eq. (14). Instead, using it leads to Eq. (11)
becoming

> >
R Mmpry + mer
PO Sl

9

my + m,
F =", (54)
y =7y —T1,

(

and the final-state projectile plane wave of

(Ry) ~ My gc = . Me  7c -
ka(Rf) exp |:l P k' r1] exp |:z —mp ey k' rz] .
(55)

This is different than our lab approximation of Eq. (42),
and it is at this point that Houamer and Popov use m, < m,,
to get

Xie(Ry) 2 exp[ik§ - FiJexp[ik§ - Fa/m,]. (56)

Clearly, it is this second term in the above equation that is

crucially missing in our lab approximation.

III. RESULTS

A. Single electron capture

Figure 4 shows FDCS results comparing the lab approx-
imation to the Jacobi calculation for p+He SC at incident
proton energies between 25 and 500 keV. Because the previous
work by Chowdhury et al. [10] found that the 4BTTE model
overestimated experiment by approximately a factor of v*,
where v is the incident proton velocity, we also show results of

022701-5
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Single Electron Capture
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FIG. 4. (Color online) Results for p+He single capture for the
Jacobi calculation (solid line), the lab approximation (dotted line),
and the lab approximation divided by the incident proton velocity to
the fourth power (dash-dotted line). Absolute experiment is from [1]
(25-75 keV) and [16] (100 and 300 keV).

the lab approximation divided by v*. The PWBA theoretical
results are compared to the absolute experiment of Hasan [1]
and Schoffler [16].

It can be seen from Fig. 4 that at the lowest energy,
the lab approximation and Jacobi calculations are generally
similar in magnitude and shape. There is a slight shift in
the location of the deep minimum in the lab approximation
compared to the Jacobi calculation, with the lab approximation
predicting the minimum at a smaller scattering angle than the
Jacobi calculation. As the incident proton energy increases,
the two calculations remain similar in shape, but diverge in
magnitude. We note that the PWBA becomes a more valid
approximation as the incident energy increases. For an incident
proton energy of 25 keV, the perturbation f—: = 1 where Z,, is

the projectile charge and v, is the projectile velocity. Typically,

one considers the PWBA valid when f—’ < 1, which indicates

that 25 keV is on the low end of validitpy for the PWBA.

The results of the lab approximation divided by v* indicate
that the cause of the previously observed scaling factor is
clearly the result of approximating the Jacobi coordinates as
the lab coordinates. Thus, it is clear that one must be extremely
careful in the approximations that are made, and that the lab
approximation we used is not a valid approximation for SC.

B. Transfer with target excitation

In Fig. 5 we compare the lab approximation and Jacobi
calculation for TTE to the 2s state. Again it can be seen

PHYSICAL REVIEW A 90, 022701 (2014)

Transfer with Target Excitation
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FIG. 5. (Color online) Results for p+He transfer with target
excitation for the Jacobi calculation (solid line), the lab approximation
(dotted line), and the lab approximation divided by the incident proton
velocity to the fourth power (dash-dotted line).

that for low energies, the lab approximation calculations are
similar in magnitude to the Jacobi calculations. However, the
lab approximation calculation exhibits a peak structure that is
not seen in the Jacobi calculation. At large scattering angles,
the difference in magnitude scales approximately as v*, just as
in the SC case. This once again indicates that approximating
the Jacobi coordinates as the lab coordinates is not a valid
approximation, and is the cause of the apparent v* scaling
that was previously observed. We note that experiment is not
included in Fig. 5 because the analytical results in this paper
are only for TTE to the 2s state, while experiment includes
contributions from all excited states.

While it is clear that the lab approximation leads to the
apparent v* scaling for both SC and TTE, we have not been
able to find an intuitive physical explanation for this particular
scaling. As far as we can tell, it is simply an artifact of an
invalid approximation.

Upon completion of the PWBA analytical calculations
for SC and TTE, we returned to our 4BTTE calculation
and code to perform calculations that did not approximate
the Jacobi coordinates as the lab coordinates. However,
we were unable to achieve numerical convergence for the
full numerical nine-dimensional integral when the Jacobi
coordinates were used, but it was possible to obtain con-
vergence when the Jacobi coordinates were approximated
as the lab coordinates, as shown in [10]. It was this
difficulty with convergence that prompted us to make the
approximation of the Jacobi coordinates in the first place.
However, the large discrepancies in magnitude did not appear
until we turned our attention to higher projectile energies

022701-6
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[8-10]. We also performed a few calculations using our4BTTE
nine-dimensional code with the lab coordinates, the simple
variational helium ground-state wave function of Eq. (22),
and plane waves for the incident and scattered projectile. The
results of the 4BTTE numerical calculations agreed with the
semianalytical lab approximation calculations presented here,
as they should.

IV. CONCLUSION

In conclusion, we have conducted a thorough investigation
into the plane-wave Born approximation for single electron
capture and transfer with target excitation in the center-of-mass
frame using both Jacobi coordinates and an approximation of
the Jacobi coordinates as the lab coordinates. It was found that
for single electron capture and transfer with target excitation at
low incident projectile energies, the Jacobi calculation and the
lab approximation calculation were similar. However, for large

PHYSICAL REVIEW A 90, 022701 (2014)

incident projectile energies, the calculations diverge from each
other. Some structural differences were also observed in the
lab approximation compared to the Jacobi calculation.

We have also shown that the use of the lab approxima-
tion by Chowdhury et al. [10] is the cause of the four-
body transfer with target excitation model overestimating
experiment by a factor of v*, not numerical error. These
results all indicate that when calculating single capture
and transfer with target excitation fully differential cross
sections in the center-of-mass frame, it is imperative to not
approximate the Jacobi coordinates as the lab coordinates in
spite of the fact that this might seem like a very reasonable
approximation.
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