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Abstract: The modified coulomb born (MCB) model is applied to study the single ionization of helium
by 2 MeV/amu C®" ion. The fully differential cross sections are presented for a variety of momentum

transfers and ejected-electron energies in the scattering plane. The MCB results are compared with the
experimental data and other theoretical predictions. We find that the MCB results are similar to the
3CW (three-body coulomb wave) results and they are superior to the 3DW-EIS (three-body distorted
wave-eikonal initial state) results. It turns out that the treatment of the passive electron is very important

for the results and distorting effects are not obvious.
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1 Introduction

The problem of atoms by charged particle impact
has been of interest for several decades. But even
single ionization processes are not completely under-
stood. From one viewpoint, the most challenging type
of cross section is the fully differential cross sections
(FDCS) in which the momentum and angular loca-
tion of all three final-state particles are determined,
because it is very difficult to measure the scattered pro-
jectile momentum directly. Combining high-resolution
COLTRIMS (cold-target recoil-ion momentum spec-
troscopy), the first measurements of the FDCS were
reported by Schulz et al.[l], for single ionization of
helium by 100 MeV/amu C°T ion.

ing plane for small momentum transfers, the shape

In the scatter-

of the experimental data is in good agreement with
theory, as would be expected for a high-energy col-
lision. However, some significant discrepancies are
found for large momentum transfer. Furthermore, the
experimental data out of the scattering plane exhib-
ited structure that was not well reproduced by the-

ory. For 2 MeV/amu C°®", theory exhibited differ-
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ences comparing with experimental data even in the
scattering plane. Fischer et al 12 reported absolute ex-
perimental measurements for 2 MeV /amu C%* single
ionization of helium in the scattering plane for vari-
ous momentum transfers and ejected-electron energies.
Although spectacular progress in the theoretical de-
scription, So far all the published theoretical investi-
gations, including First Born approximation (FBA),
continuum distorted wave-eikonal initialstate (CDW-
EIS), three-body distorted wave-eikonal initial state
(3DW—EIS)[3], Coupled-pseudo state (CP)[4]7 three-
body coulomb wave(3CW) B have some discrepancies
between experiment and theory. For larger ejected-
electron energies the shape of the experimental data
was in poor agreement with theory and for smaller g
all theories fail to give the correct magnitude of the
experiment around the ejected electron angle 6. =0°.
In our previous work, the 3CW model has been
applied to the FDCS for 2 MeV /amu C%* single ioniza-
tion of helium. However compared with previous work,
the modified coulomb born (MCB) model, which has
been previously laid out in detail in Ref. [6], will be
employed to explore distorting effects in the FDCS. In
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this model, the incident plane wave is distorted by the
asymptotic forms of Coulomb wave function describing
the projectile-target ion and projectile-electron inter-
action approximately in the initial state. The final
state is approximated as a product of the He™ ground-
state wave function for the passive electron and the
three-Coulomb wave. More specifically, the present
MCB model establishes a proper connection between
the entrance channel Coulomb asymptotic state and
the pertinent perturbation potential which causes the
transition in the “prior” form of the T-matrix (details
are contained in the next section). The purpose of this
paper is to see if the discrepancy between experiment
and theory is the result of the different treatments
of the passive electron and distorting effects. Atomic
units are used throughout the paper unless otherwise
stated.

2 Theoretical model

Let us consider the following reaction produced by
the impact of a bare ion of nuclear charge Zp on a He
atom of nuclear charge Zrp

Zp+(Zr,2¢7) > Zp+ (21,67 ) e, (1)

where one of the electrons is ionized and the other one
remains bound to the target nucleus. The orthogonal
Jacobi coordinate system {x2, X1, r}is chosen for the
four particles in this work that is include the projec-
tile mass (Mp) , the target core mass (Mr), and m the
corresponding electron mass (which is equal to unity).
Here, x2 is the position of the second electron rela-
tive to the target nucleus, X represents the relative
position of the first electron relative to the center of
mass of the nucleus-second electron subsystem, and r
is the relative position of the projectile to the atomic
center of mass. When the target nucleus is considered
as infinitively massive compared to the electrons, the
Jacobi coordinates X and r are approximately equal
to 1 and R. Here s; = x; — R with i =1, 2 are the
electron-projectile relative positions and x12 = x1 —x2
is the interelectronic position vector. The total Hamil-
tonian for this system can be written as

H:Hi—i-‘/i:Hf—i-Vf. (2)

Where H; ¢ represent the Hamiltonian in the entrance
and exit channels, respectively, and V; ; are the corre-
sponding perturbation potentials, respectively. In the
initial channel, one may write

12 109 1 _o Zv Zr 1
H,=——V Vi Vi, — ' , (3
2u 20 T 20 T oy mo | xae 3)
VA Z ZpZ
Vi=_2P 2P APAT (4)

S1 S92 R

In the exit channel, H; and Vy can be written as

]. 2 ]. 2 ]. 2 ZT
Hy=—— - - - 5
I~ "o Vi Ve — gy Ve = )
Zp Zp ZT 1 ZPZT
Vim o - — — —  —— . 6
f S1 S92 T1 + T12 + R (6)

The quantity b= (M1 +1)/(Mr+2) ~ 1 is the reduced
mass of each electron relative to the atomic core. The
reduced mass between the projectile and the target
core is

= MP(MT+2) - Mp M~
Mp+Mr+2 ~ Mp+Mt *

The prior form of the exact transition T-matrix in the
distorted wave formalism is given by

Tr =(U7 |V IXT) = (5 [Vilxi) — (U5 [Vid|x;)
=T, +T,, - (7)
‘/i/:‘/i_‘/id ) (8)

Viqa ought to be connected with Xj, but otherwise is
temporarily considered as being an arbitrary distort-
ing potential operator, and T ,; and T, stem from the
perturbation potential V; and the distorting potential
Va4 respectively. 1/1]7 is the exact final-state four-body
wavefunction. The initial distorted wave Xj, is defined
by

(Hi+Via—E)xi{ =0 9)

Here, F is the total energy of the whole system. Much
better approximations can be made for X;“, such as
eikonal-initial-state approximation (EIS) introduced
by Belki¢!®.
proper asymptotic behavior in the asymptotic scat-

He showed that in order to preserve a

tering region, the asymptotic forms of Coulomb wave
must be used

Xi = ¢iexp|[—iag In(vs;4v-s1)+HapyIn(vR—v-R)] (10)

where ag = Zp /v, ag = ZpZt /v, and Zh = Zp — 1.
The initial wave vector labeled by k; is defined via
k; = pv, where v is the velocity of the incident projec-
tile with respect to the target. This state thus includes
the projectile-target ion and projectile-electron inter-
action approximately in the initial channel.

The Schrédinger equation defining in the entrance
channel is given by (H; — E)¢; =0 . The unperturbed
state ¢; reads as

¢i = (2m) "3 % exp(ik; - T) (1, T2) . (11)

Further, ¢(x1, x2) is the initial wave function of the he-
lium target introduced by (H;—¢)¢(z1, x2) =0, where
€ is the corresponding binding energy of the helium
obeying law E=e+k; /2y . For the initial state of He,
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we have chosen the analytical fit to the Hartree-Fock
wave function given by Byron and Joachain!”!

¢(z1, z2) =U(21)U(22) , (12)

where U(z) = (4m)71/%(2.60505e 1417 4 2.08144 x
e~261%) " With the help of Egs. (2) and (8), we can
rewrite Eq. (9) in the equivalent form

(H-E)xi)=ViIx{) . (13)

Inserting Egs. (8), (9) and (10) into Eq. (13) and resort-
ing to the usual mass limit x> 1, one readily identifies
the additional distorting potential V;4 as

_ apy  agv g2y 1

Via= - - —
’ R 5 sy vs;+v-s;

tao L Ve, (Ing)-[vs; +s1v]  (14)

S1 vs;twv-s;

so that the prior form of the distorted wave T-matrix
(7) can be expressed as the nine-dimensional overlap
integral between lI/f_ and V/ Xj_ in the configuration
space of variables {R, z1, x2}.

The wavefunction !I/f_ should be an exact solution
of the four body problem in the final channel, so we are
constrained to find an appropriate approximation for
¥, . Let Heore = —1/(2b)V2, — Z1 /x5 be Hamiltonian
of He' in the final channel and ¢(z2) an eigenfunc-
tion of Heore, i.6. Heore@¢(x2) = €f(x2). Then an
approximate Hamiltonian for the system in the final
channel can be written as
HzHcoreJr(—iV%—%bvil —%Jr—z‘)j%zp —f—f) :

(15)
with the asymptotic charge Z, = 1. For the eigenfunc-
tion of H we assume the form

Uy (z1, @2, R) = ¢ (72)¥s3.(21, R) , (16)

where ¥, is the solution of the three-body Schrodinger
equation

(_L 2 12 Zeo ZOOZP_E>X
2u B op T gy R s1

Vse(®1, R) = EV3.(21, R) (17)

with the energy E = p?/(2b) +k:]2c/(2,u). An approxi-

mate expression for the wave function reads!®™?

Uy (@1, R) ~(2m) 3 ®r BP0 (apr Ky, R)x
Xe(aTey p, :El)X(Oépe, K, 51) . (18)

The projectile’s final momentum is k¢ and the ejected-
electron’s momentum is given by p. The momentum

K of the ejected-electron with respect to the projec-
tile is defined in (18) as K =p—bks/u. x¢ and x. are
distorted wave for the scattered projectile and ejected
electron respectively. x(ape, K, s1) is the Coulomb in-
teraction which is often referred to as post-collision in-
teraction (PCI). The Coulomb distorted factor is given
by

x(a,k,r) =e ™D (1 —ia)1 Fi i, 1, —i(kr + k7))
(19)
The symbols I' and 1Fi represent the gamma func-
tion and the confluent hypergeometric function, respec-
tively. The Sommerfeld parameters have the form

YA Z Lo
aPTZM]Sif, O‘Pe:_?Pv O‘Te:_T . (20)

The wave function W5, represents interactions between
twobody subsystems since the distortion effects of each
twobody Coulomb potential have been treated exactly.
An uncertain point of this model represents the use
of the asymptotic charge Zooc = 1. It is showed that
the wave function (18) is asymptotically correct in all
asymptotic domains of coordinate space, as detailed
in Refs. [10-12]. This means that the above wave
function is the leading term of the exact scattering
wave function if any two particles are far apart. This
completes the derivation necessary for the formula-
tion of the present model called hereafter the MCB
approximation[6]. Of course it represents a four-body
model.

Due to the steady increase in computational
power, it is possible now to treat all the interactions be-
tween particles pairs in a single collision process on an
equal footing. In this model, the interaction between
the projectile and the residual-target-ion (PI interac-
tion) is taken into account by a Coulomb wavefunction
for the final state and an eikonal phase for the initial
one.

The FDCS for the process (1) may be written as

d3c

k
— = N.(2m)*? Lrs? 21
d.deQedEe ( TC) wp ’ | f7,| ( )

Where Ne is the number of electrons in the atomic shell
and FE. is the ejected electron’s energy. The solid an-
gles df2, and df2. represent the direction of scattering
of the projectile and the ejected electron, respectively.

3 Results and discussion

In order to check the accuracy of the MCB model,
we have computed the FDCS for C% impact ioniza-
tion of helium at incident energy of 2 MeV /amu in the
coplanar geometry, which corresponds to the measure-
ments of Fischer et all?l. Our results are compared
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with the absolute experimentm and 3DW-EIS theoret-
ical data of Foster et all®!. and 3CW theoretical data
of Lixia et al.’!

From the Figs. 1~3 with the ejected electrons be-
ing emitted into the scattering plane with energies of
1eV (Fig. 1), 4 eV (Fig. 2), or 10 eV (Fig. 3) and mo-
mentum transfers of 0.45, 0.65, 1.0, and 1.5 a.u.. We
find that in the case of all momentum transfers, the
MCB results are in good agreement with experimental
data in the shape and magnitude in the recoil region.
The 3DW-EIS results are found to give smaller results
of the recoil peak in all the case studied and are infe-
rior to the MCB results. The 3DW-EIS results show
some superiority over the MCB results in the binary
peak position at small momentum transfer. The mag-
nitudes of binary peak of the MCB results in the case
of EFe =1.0 eV and Fe =4.0 €V are in better agreement
with the absolute experiment measurements than the
3DW-EIS results. In the case of the ejected electron
energy are 10.0 eV, the MCB results overestimate the
binary peak of the experiment. The results are sur-
prisingly larger than the measured data by a factor
of about 1.5, except for small momentum transfer 0.45
a.u., whereas 3DW-EIS results are in better agreement
with experiment than the MCB results, especially for
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Fig. 1 FDCS in the scattering plane for 2 MeV /amu
C®* single ionization of helium. the ejected
electron energy is 1.0 eV and the momentum
transfers are (a) 0.45, (b) 0.65, (c¢) 1.0, and
(d) 1.5 a.u., respectively. The angle 6. is the
emission angle of the electron. The solid circles
represent the experiment measurement¥. The
MCB (solid), 3DW-EIS®! (dot) 3CW!® (dash),
results are also shown.
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Fig. 2 Same as Fig. 1 except that the ejected electron
energy is 4.0 eV.
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Fig. 3 Same as Fig. 1 except that the ejected electron
energy is 10.0 eV.

the momentum transfer of 1.5 a.u..

Both the 3DW-EIS method and the MCB method
contain the distorting effects, but they are different
in the way they deal with the passive electron. In
the MCB method the standard approximation used for
the single ionization of helium target is to model the
four body problem, while in the 3DW-EIS method the
model is an effective three body problem. In detail, for
the initial state of He, the MCB calculation has cho-
sen the analytical fit to the hertree-Fock wave function
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like ¢(z1,22) =U(x1)U(x2), whereas the 3DW-EIS cal-
culation chosen wave function like ¢(z1,22) = U(z1)
which the role of the passive electron is to partially
screen the nucleus of the ion. In the present calcula-
tions the perturbation contains all the interaction be-
tween the projectile and target atom (i.e. the sum
of the projectile -target nucleus, projectile -ejected
electron and projectile-passive electron interactions).
However, the 3DW-EIS model does not consider the
projectile-passive electron interaction. The last differ-
ence is that the present model treats the final state as
a four-body model which contains the wave function
for the passive electron and the three-coulomb wave,
whereas the 3DW-EIS model uses a three-body final-
state wave function much like that in Eq. (18). This
demonstrates that the role of the passive electron is im-
portant in the recoil peak and may be overestimated
in our calculation in the binary peak.

In order to explore the influence of distorting ef-
fects, we compare the MCB model and the 3CW model.
We also find out contributions of the distorting poten-
tial and the perturbation potential in the MCB model.
The important distinction between the MCB model
and the 3CW model is that the previous 3CW model
calculates only first term of Eq. (7), whereas we count
both terms. The other disparity is that the initial wave
function in the MCB calculation is a distorted wave,
but in the 3CW calculation the initial wave function
is much like Eq. (11).

From Fig. 4 we notice that the MCB results for
the FDCS are only marginally different from that of

12
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Fig. 4 FCDS in the scattering plane for 2 MeV/amu
C%* single ionization of helium. the ejected
electron energy is 1.0 eV and the momentum
transfer is 0.45 a.u. The angle 6. is the emission
angle of the electron. The solid circles represent
the experiment measurement. The MCB (solid),
3CW (dash), T.; multiplied by 20 (dash dot),
T,. (dot) results are also shown.

the 3CW results. Thus the distorting effects have not
eliminated or decreased the difference between the ex-
periment and the theory. T, shows the main features
of the experimental data. Comparing (only the ini-
tial wave function is distorted wave) with the 3SCW re-
sults, the magnitude of T ; is smaller than that of the
3CW results. When the distorting potential is switched
on, the interference effect of the perturbation poten-
tial and the distorting potential makes the magnitudes
larger than the peak due to the perturbation poten-
tial. But the distorting potential effect is very small,
comparing with the perturbation potential effect. It
demonstrates that the distorted wave in initial state
wave makes the magnitude of FDCS small and the dis-
torting potential makes FDCS large.

All theories fail to give the correct magnitudes
of the experiment around the ejected electron angle
0 = 0° especially for smaller q. Based on the results
of Wang[l?’], this difference may be explained that the
C®* beam is incoherent or partial coherence. They
pointed out that the projectile coherence can also sig-
nificantly affect FDCS for atomic targets. In our calcu-
lation, the projectile is treated as completely coherent.
It is currently not clear whether the projectile beam
is completely coherent in the experiment. The projec-
tile beam is only coherent if the transverse coherence
length is larger than the separation in the impact pa-
rameter. We can see a correlation between the scat-
tering angle and the impact parameter, namely, the
larger the scattering angle, the smaller the impact pa-
rameter. Generally, a relatively large scattering angle
corresponds to large g. It is evident that the impact
parameter becomes smaller as g increases. So we find
that as g increases, both calculations get better agree-
ment with the experimental data.

4 Conclusions

We have carried out the MCB calculation of FDCS
for single ionization of helium by 2 MeV /amu C®* im-
pact. Comparing the 3CW theory with the MCB the-
ory, the distorting effects are not obvious and do not
improve the agreement between the present results and
the experiment. The other primary objective of the
present paper was to determine the role of the pas-
sive electron in the collision process. The important
outcome of this work lies in the fact that the FDCS
result are extremely sensitive to how this interaction
is treated and that the passive electron seems to play
an important role, especially in recoil peak. We find
that there is a qualitative agreement between our cal-
culations and the measurements. However, the agree-
ment between experiment and theory is still not as
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good as expected. The projectile beam is not com- B, 2004, 37: 1565.
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the FDCS level. A more definitive interpretation of
projectile-residual-target-ion interaction needs to be
further studied.
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