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Triple differential cross sections for electron-impact ionization of He"
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Triple differential cross sectiof¥DCS’s) have been calculated for ionization of Héoy electron impact in

the coplanar asymmetric geometry for three different incident energies 250, 500, and 1000 eV, and fixed value
of the ejected energy 5 eV and scattering angles (4° and 10°), and in the coplanar symmetric geometry for
incident energies of 250—2000 eV as well. The final-state wave function used here considers all three two-body
interactions and satisfies the proper asymptotic Coulomb boundary condition. The initial channel wave func-
tion involves a Coulomb wave due to the long-range Coulomb attraction between the incident electron and the
screened ionic nucleus. Parts of the calculated TDCS'’s are compared with the existing theoretical results.
[S1050-294{P7)08802-1

PACS numbe(s): 34.80.Dp

I. INTRODUCTION of the three two-body potentials.
The BBK wave function is asymptotically correct when

Electron-impact ionization of ions has attracted considerll interparticle separations are large, and the results are very
able attention in recent years from both experimental an@00d compared to experimental TDCS's of the hydrogen
theoretical physicists because of the increasing need for su@{omM[5] at energies about ten times threshold or more. It is
data, particularly in the fields of astrophysics, controllegnoted that in the BBK model all three particles in the final

nuclear fusion, short wavelength laser development, anatate are treated on an equal footing, the projectile-ejected-

plasma physics. It is known that triple differential cross Sec_electron correlation is in detail considered and the proper

tions (TDCS'’s) give the most detailed information about the thr?e:[tr)]ody asymtptotlT(bounda;ry c_ondltlfotnh|s Sgt;(sﬂeda 't
kinematics of such ionization processes. Unfortunately, no,, nt e_presetn_ wor t! an ?’? ension o q eTh Tlrjn((:)s’e (;
such experimental data have yet been obtained. The absengg - ron-impact lonization ot lons 1S made. 1he ~>S 0
of any experimental data adds further importance to the thedptmzat'%r.] tfor ny]foﬁe”'c lons are ca!tchulated” in the
retical study of such reaction. To our knowlege, the theoretii-c'Me '? e—f an :g “énergy regimes, (;N' Tma momen-
cal TDCS calculations for an electron-hydrogenic-ion ioniza-UM transier for coplanar asymmetric and coplanar symmet-
tion process were done by Roy, Roy, and[&iland Biswas ric geometry. The incident electron is described by the C_ou—
lomb wave due to the long-range Coulomb attraction

and Sinhd 2. The electron-electron correlation effect in the between the incident electron and the screened ionic nucleus
final channel was not considered in the calculations of Roy, . ' : . '
while the final channel is depicted by the BBK wave func-

Roy, and Sil. Consequently, the final-state wave function in. ; X X .
their approach did not satisfy the proper asymptotic threg'on' The final-state wave function considered here describes

body boundary condition. In Refi2] Biswas and Sinha sug- the large interparticle separations satisfactorily, and for such

gested a theoretical model for the calculation of the TDCS i g situation also fulfills the correct Co_ulomb boundary condi-
ion. Although the present pattern is mainly based on the

which the faster outgoingscatteredlis treated in the frame- BBK model, a further complication arises in the theoretical
work of the eikonal approximation, while for slower electron S 1er comp )
calculation of the ionization of ions because of the long-

(ejected a Coulomb wave is considered. The correlation be_ran e Coulomb interaction in the initial channel. As a test of
tween the two outgoing electrons is taken into account vi 9 '

e fkonal pase fe as wel s rough e Coulod p) 2XETE1. e Faruestoate e sty beveen e
rameter occurring in the Coulomb wave. Therefore, final-; Ref. [2] ydrog

state electronic interactions are presented in this model and, As far as we know. this is the first attempt to calculate the
for the collision geometries considered in this watkgh . S ) P
electron-ion collision cross section by the BBK model. In

and intermediate incident energies with small momentunbec_ Il the formula for the electron-imapct ionization is

transfey, the work of Ref[2] is a justfied approximation. given. After a simple description of numerical procedures, a

In the work of Brauner, Briggs, and Kia], hereafter comparison with existing theoretical results is performed in
referred to as BBK, a symmetric form of wave function was P . g thex . P
ec. IV. In this paper atomic unit@.u) are used unless

used to describe the three-body Coulomb continuum stat herwi fied
resulting from electron-impact ionization of the hydrogen0 erwise specined.

atom. A similar form of the correlated three-body wave func- Il. THEORY
tion was first suggested by Garibotti and Miragli4] for

proton-hydrogen impact, which consisted of a product of two The TDCS is given by

plane waves describing the free internal motion of the three- 3
body system, and was modified by a product of three Cou- d*c

kiky
AN L ; 30.d0.dE. =(2W)4_k~ | Tsil?, (1)
lomb distortion factors describing the separate action of each 1dQ,dE; i
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wherek;, k;, andk, are the momenta of the incident, the _ 92 92
scattered, and the ejected electrons, respectiv@ly.and Ty= lim N NGy NGB I (10
(), are the detective solid angles of the two outgoing elec- 7,8-0" : :

trons with moment&, andk,, respectivelyE, is the energy
of the ejected electron. THE-matrix element is defined as

Ti=(Wr [Vi[¥), @ |=f—f"rldrrze‘;“l‘ikﬂz—’”1‘*”2‘5“12
11212

wherel is given by

where the projectile-target interactidf reads WFy(an 1 (ki —ki-rp)

V:i_i (3) X1F1(|a1,1,|(k1r1+k1r1))

Yoy r
v X Fq(iap;1;i(karo+kaoorp))

where r,=r,—r,, r; andr, are the projectile and the ) )
ejected 1ezlectlronzposlition vezctors, respepctijvely, with respect X1Fy(i a1z 15 (Kool 12t Kiz 1)), (1)
to the target nucleus.

The initial channel wave functio®;” which consists of
the incident electron and the bound electron, will be de- 27%)112
scribed by the product of two wave function, one describing N= ﬁr(l—iai)r(l—ial)l“(l—iaz)l“(l—ialz)
the incident electron and the other describing the bound elec- (2m)
tron. The incident electron will be given by the Coulomb X elm2)(ajtaytaztaiy) (12)
wave F.(k;,r;) due to the long range Coulomb attraction
between the incident particle and the screened target iomdere we have introduced the parametersand 3 for the

with q=Kk;—k; (momentum transfer and

Thus the initial state chosen as convenience of our calculations.
N Nordsieck[6] evaluated the integration of the product of
Wi =Fc(ki,ry) ¢i(ra). (4 two confluent hypergeometric functiofF, by the contour

integration method in terms of the appropriate Gauss hyper-

The Coulomb wave is given by geometric function,F; with a real argument lying between 0

Fo(kiry)=(2m) 3%/ (1—ia)ekim and 1. He evaluated the above integral in Fhe matrix.elements
elki.ra)=(2m) ( o) for the study of bremsstrahlung and pair production. The
XFq1(ia;;Li(kiri—ki-rq)) (5) closed contour integral used by Nordsieck is taken to be
with a;=(z—1)/k;, andz(=2) is the charge of the target . 1 (0+,1+) It
nucleus. The bound-state wave function of the ground state Fillaliz)=o— - P(at)edt (13

of He™ is taken to be
312 where p(a.,t)=t‘1+i“(t—1)““, p(a,t) is single valued
¢i(r2):(_) e Nirz, (6)  and analytic over the contodt enclosing 0 and 1 once an-
™ ticlockwise, and there is a branch cut from 0 and 1. The
N phase convention is as follows: the phase of a complex vari-
where; (=2) is the bound state parameter of the groundypje 7 js to be taken as zero on the positive real axis, from
state of He'. o , which it is counted as positive when anticlockwise and nega-
The final-state wave functio® is the solution of the tjve when clockwise. there being a cut from 0-tee on the

three-body problem which satisfies incoming-wave boundaryeg| axis. Applying this representation we may express Eq.
condition and is considered here as given by the BBK (12) as

1 4
ﬁ) %Fi é[‘l §F2 frdtidtldtzdtp(a{i ,ti)P(al,tl)

Vi =(2m) 3e*nek2 "2Cay kq,r)Clay,Ka,ro)

X C(aip,Ki2,r12), (7
where the Coulomb part of the wave function is defined as X P(a2,t2) P(a12,1)J, (14
C(a,k,r)=eM@™(1+ia);Fi(—ie;1;—i(kr+k-r)) where
8
d ? J= f drydra @ iP1T1giP2 T2~ Mg~ 72l 2™ 712 12 (15)
an F1rari ’
kiz=3(ki—Kp), T1p=r1—r5, with
o _Z o _Z o — L o) m=n—i(tiki+tky),  me=N—itky, 7= B—itky,
1 k]_, 2 k27 12 2k12'

) ] o p1=tiki—g—t1k —tkyy pPr=toky—ky—tkys.
To determine TDCS’s we have to fifid; , which is trans-
formed as After performing the integration] becomes
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J=(47r)2J [AS’+2Bs+C] ds, (16)
0

whereA, B andC are linear functions of, and/ort,, and
have expressions similar to those given in R&f, but the
terms now involve; . Thus we can writeAs’+2Bs+C) as
(0'0+0'1t1+0'2t2+0'12t1t2), Whereo'o, g1, O, or 012 are

functions ofs, t;, andt. Hence Eq.(16) can be recast into

the following form:

J:(4W)2f0 [0'0+0'1t1+(th2+(712t1t2]_lds. (17)

From the two integral representatiofigt) and(17), we have

2
((247:) J dsé dt; jgdtP (a; 1)P(ap, )l (st 1),
(18)
where

L (st t)= 1 \(ﬁ #; dt;dt;P(ay,t1)P(az,ts)
C(S, i )—(2’7T|)2 I‘l I‘20'0+0'1t1+0'2t2+0'12t1t2'
(19

1973
1
U(s)= ﬁQSFiP(ai LDN(s,t)dt (25
:N(S,0)+|S|nl"7(:rai) 1dtiN(s’ti);N(S'0)
1—ti)i“i
X | — (26)
t
CN(s0)+ isinh ma;)
©  @y~iey
xf_mdy“_ey N S’1+ey —N(s,0) |. (27)

Therefore, a three-dimensional integral is reached, and
can be evaluated numerically to calculdie.

Ill. NUMERICAL INTEGRATION

For all the individual parts of integration the Gauss-
Legendre quadrature method is applied. We first perform the
s integration after an inverse transformatidne,. v=1/

| can be integrated by the residue theorem, which has bedid +S)]. The integral(ranging from 0 to 1is evaluated by

discussed in detail in Ref7], and finally we obtain

(st ,1)
1 oo ' g |l o
_0'_0(0'0+0'1 ooto, Filimiiezliz),
(20)
where
7 J192700%12 21

(o9t 01)(ogt07)

Although the form ofl . in Eq. (20) is similar to that given by
Ref.[3] in Eq. (A30), it has involved some different param-
eters. The result which is obtained f(Z|<1 can be ex-
tended for any arbitrary value & by analytic continuation.

According to the analytic works of Mitra and $8], the
contour integrations in; andt occurring in Eq.(18) have

been transformed into the following two-dimensional real

integrals ranging from 0 to 1 ot oo to o, respectively:

N(s,t;)= 35 P(aqo,t)lc(s,t;,t)dt (22
(s.t.0)— smr(i:alz) 1dtlc(s,ti ,t);lc(s,ti,O)
(1—t)i“12
X|— (23
t
i X—iaqX
— 1 (s,t,0)— S'nhgza”)J dxel+e
X[l siti T —Ic(s,ti,O)} (29
and

the Gauss quadrature method with different fixed values of
t (or x) andt; (ory) which are the coordinates of the Gauss-
Legendre quadrature points required for the subsedqui@nmt

X) and thent; (or y) integrations. In these integrations the
singularity at zero point are avoided by the method.

The Gauss hypergeometric functigf, in Eq. (18) con-
tains general complex argument. A technique to calculate the
function over an entire complex plane has been developed by
applying the linear transformations of the functip®] to
ensure the efficiency and accuracy of evaluation.

In addition, the variables ofy and 8 are introduced for
convenience in the present calculations, and attention should
be paid to the derivation ofy and 8. In the derivation of
each variable, a forward-difference formula is utilized to
keep the variable positive when it approaches zero. The cov-
ergence of each integral has been tested properly and the
final results are supposed to be accurate up to data provided
in the figures quoted in Sec. IV.

IV. RESULTS AND DISCUSSIONS

We have computed the TDCS’s for electron impact ion-
ization of He" (1s) for both symmetric and asymmetric ge-
ometries. In Figs. 1-3 we present the TDCS results for some
selected set of dynamic parameters chosen in accordance
with the existing theoretical work of Biswas and Sinl#j,

i.e., at intermediate- and high-incident electron energies
(250, 500, and 1000 eMn coplanar and asymmetric geom-
etry for fixed ejected energy 5 eV and fixed scattering angle
4° together with the corresponding ones of Biswas and Sinha
against the angl@, of the slower electron. For the highly
asymmetric collisions the exchange effect between two con-
tinuum electrons is verified to be too small, so that it can be
neglected safely.

As can be seen from the Figs. 1-3, the present TDCS
results for He™ (shown in full curves are generally a bit
smaller than the previous wofR] (dotted curvef but they
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FIG. 1. The TDCS'q(in a.u) for the ionization of the Hé ion -180 120 60 0 60 120 180
form the ground state by electron impact, for the case when the 62 (deg)
incident energyE; =250 eV, the ejected enerdy,=5 eV, and the ) _
scattering angl@,=4°, as a function of ejected angé. The full FIG. 3. Same as Fig. 1, but witf;=1000 eV.

curve shows the present TDCS results, the dotted curve shows the

corresponding TDCS results of Biswas and Sifigh the broken for which the incident Coulomb wave occuring due to the
curve the corresponding TDCS results for incident plane wWagg fact that the long-range interaction between the projectile
for ai=_0), and the chain curve the corresponding TDCS results forand the ionic target is replaced by a plane walseoken
approximated BBK (=0, «;#0). curves, and the BBK wave function is replaced by an ap-
. o S _ ) proximate BBK modelchain curvesin which the third hy-
exhibit a similar angular distribution. The slight difference pergeometric function in Eq11) is assumed to be equal to 1
and gimilarity hav_e also been gncountered in the TDCS calynd the repulsive fact@ ™2@12'(1+iay,) is kept. We have
culations of atomic hydrogen in Reff10]. Therefore, there  computed these results by individually setting parameters
are some inner connections between the eikonal approxmat@i andt in Egs.(11)—(14) equal to zero in our general com-
process for the scattered electron and the BBK model. ACtUputer program.
ally, the main difference between the two models is in the e position of broken curve®lane-wave TDCS results
final-state wave function. !t can be easjly found fr(_)m thej, Figs. 1-3 is always shifted with respect to the present
models t.hat the wave function used _by Biswas and Sinha capygyits. The binary peaks are shifted toward larger angles,
be considered as an order approximate result of the BBKyhijie the recoil peaks are shifted toward smaller angles.
wave function, in the condition of the_ _asymptotlc region since even at an energy as high as 1000 eV there is consid-
(1,712~ and short wavelength conditidn>>k;). EX-  eraple difference between the present results and the TDCS
cept for insignificant phase factors the BBK wave function egyits for an incident plane wave, it may be inferred that the
reduces to Biswas and Sinha’s. Therefore, in this geometrygng-range Coulomb interaction in the initial channel should
the numerical results of the two models should not be disting,qt pe neglected for ionization of an ionic target.
guishable. _ _ It may also be noted from Figs. 1-3 that TDCS's in the
Figures 1-3 also contain the corresponding TDCS resultgacoil and binary peaks are different between the incident
plane-wave model and the present calculations. This discrep-
0.25 ancy increases for decreasing impact energy. It demonstrates
that the influence of the long-range Coulomb interaction in
N the initial channel is most prominent at lower incident ener-
02 I gies. However, for the incident energies below 250 eV the
7\ BBK wave function describing the final state and the Cou-
lomb wave used for the initial state should be modified by
introducing the effective Sommerfeld parametétd,12.
This work will be continued further.
An intense recoil peak is noted in the present TDCS
curves for the H& ion as was found in the literatufg]. At
a lower incident energy of 250 eV, the recoil peak is found to
be even larger than the binary ofgee Fig. 1 Since the

0.15

TDCS (a.u.)

0.1

005 |

recoil peak is mainly governed by the electron-nucleus inter-
action, the large recoil peak at the low energy of 250 eV may
0 : - A be qualitatively explained by strong elastic scattering from
-180 -120 60 O 60 120 180 the nucleus(Avaldi, Camillon, and Stefani 199[13]). For
8 (deg) higher incident energies of 500 and 1000 @¢e Figs. 2 and

3) the binary peak becomes stronger than the recoil peak.
FIG. 2. Same as Fig. 1, but with, =500 eV. In the approximate BBK results, the recoil and binary
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peaks are always lower than the present results, however, a

more or less similar angular distribution exists. The reason

for this similarity is that in the approximate BBK model, we 001 |

have kept the repulsive factef™? 12 (1+ia4,) which is

sufficient to explain the strong angular correlation in the final

state[14], although we have lost a part of information about

the amplitude of the TDCS. Therefore, this approximate

BBK model cannot only supply correct information about

angular distributions, it also simplifies the compute pocedure

for the study of electron-impact ionization of ions. In fact,

Hda, Dal Cappello, and Langloj44] made a similar exten-

sion to the case ofg(36) on atomic systems of Kr, Kr",

and Ar, which gives a good prediction for experiments.
While the TDCS for symmetric geometry cannot be N R

yielded by the theoretical model of Biswas and Sifbgawe 250 750 1250 1750

algo computed the TD_CS for coplfinar symmetric geometry incident Energy (eV)

with ,=60,=45° at incident energies from 250 to 2000 eV

(shown in the full curve of Fig. ¥ Up to now, the only FIG. 4. The TDCS'gin a.u) for the ionization of the H& ion

results for He" at incident energies of 200—2000 eV have by electron impact for coplanar symmetric geometf, € E,,

been reported by Roy, Roy, and Sifoken curvg[1]. Inthe  01=0,=45°) plotted against incident energy.

present work we have repeated their results Fig. 4)

through switching off the correlated part of the three-bodymetric and symmetric geometry. This work opens the way to

Coulomb wave function. a determination of the TDCS for electron-impact ionization
In conclusion, we have performed a first Born calculationof positive ions, in which there is a great experimental inter-

using correlated double-continuum wave functions forest.

electron-impact ionization of positive ions. The results ob-

.ta_ir.]ed show that the long-range Coulomb inte.ract.ion in the ACKNOWLEDGMENTS

initial channel should not be neglected for ionization of an
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