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Triple-differential cross sections for inner-shell electron-impact ionization of carbon
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Triple-differential cross section@DCS) have been calculated for thieshell ionization of carbon atom by
fast electron impact for highly asymmetric kinematics. In the present calculation the three Coulomb two-body
interaction, the dynamic screening modification of these interactions and the correlation in the final channel,
the screening effect of the multielectron target, and the distortion of Coulomb force in the initial channel have
been taken into account. Results are compared with the relative measurement performed,ét3 thel€cule
as target. The present TDCS is found to be in better accord with experiment.
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I. INTRODUCTION ing. However, it does not account for coupling between each
) ) ) ) . of the two-body subsystems to the third particles; i.e., within
~ The interaction of the fast moving charged particles withyhe 3¢ model the charged particles move due to their mutual
inner-shell glectron plays an important role in collision SPeCwo-body potential, which is quite different from the total
troscopy. It is therefore of great interest to study the Characpotential[lO].
teristics of deep inelastic atomic collisions which result in" |, he present paper, the TDCS have been calculated for
the production of inner-shell vacancies. Particularly thee jnner-shell ionization from theskhell of carbon by con-
K-shell ionization cross section of atoms finds important aPsidering this screening effect of the multielectron target. The
plication in Auger-electron spectroscopy, electron energyglectron exchange effect between the scattered and the
loss spectroscopy, etc. By virtue of the electron-electron CogjectedK-shell electron has been taken into account. The
incidence experiments, it has now become feasible to studyifrerence between a plane wave and a Coulomb wave in the
the collision dynamics with detailed information by measur-ipjtia| channel is also investigated. Results are compared
ing the triple-differential cross sectioiDCS) of an ioniza- ity the relative measurement performed on théliCmol-
tion process. A number of TDCS measurements have be€y e as targel] and the theoretical 3C, dynamic screening
performed for inner-shell ionizations of different neutral at- 3¢ (DS30), and Coulomb-Born approximatiofCBA) re-
oms[1-3]. o , _ sults. The qualitative agreement of the present results with
On the theoretical side most of the calculations on innerype experiment by Avaldi, Camilloni, and Stefani is better
shell ionization refer to plane-wave Born approximationinan that of other theoretical results, particularly in respect to

which however fails to describe the characteristic features the recoil peak position. Atomic uni@.u) are used unless
the experiment. Thus, first Born approximation is not ad-gtherwise specified.

equate for such process and as such a higher-order calcula-

tion or a distorted-wave theory is needgd]. Botero and

Macek [7] have performed a Coulomb-Born calculation of Il. THEORETICAL MODEL

the TDCS for inner-shell of electron-impact ionization of ) o . o

carbon following the experiment to Avaldi, Camilloni, and ~ We consider the following inner-shell single ionization

Stefani [1] who measured the inner-shell ionization cross(€, 2€) process:

section of Cols orbital in the molecule gH, for asymmet-

ric geometry. However, the authofg] in their theoretical e + C(1s%25°2p?) — 2e” + C*(1s25°2p?). (1

work neglected the final-state correlation between the scat-

tered electron and the electron ejected from khshell of

carbon atom. Nath, Biswas, and Sinf& have considered

this continuum-continuum correlation effect by choosing th

final state as the three-Coulomb-wave functi@®C) of

Brauner, Briggs, and Klaj9] while the incident electron is

assumed to be deflected by the atomic field of the atom an

hence a Coulomb wave is considered for it, the latter beiNgqar the collision process. As a consequence of this simpli-

also considered by Botero and MacgK but in a slightly  eation “an explicit introduction of the dynamics bf pas-

different way. The 3C approach is a nonperturbationak e electrons into the transition amplitudes for the process,

method, which treats all two-body interactions on equal foot-Eq_ (1), is avoided and the many-electron problem is reduced
to a three-body onEll]. Therefore, we approximate the total
Hamiltonian of the system by an electron in an effective

*Email address: jiaxf@dns.sxtu.edu.cn Coulomb field,

To describe the multielectron target containiNg- 1 elec-
trons, a simplified model has been adopted where the set of
N electrons that are not ionized is considered to be “passive”
such that their interactions with the active electron do not
contribute to the ionization process. It is also assumed that
ese passive electrons occupy the same orbital before and
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Z: being the screened charge of target, chosen such that
gives the experimental binding energyg [1], i.e., Z7
=(—2¢)Y2 r, andr, are the position vectors of the incoming
electron 1 and the bound electron 2, respectively, with re
spect to the target nucleus,,=r,-r,. Hy in EqQ. (2) is the
full kinetic-energy operator given by

1
Ho:__v

1
2 i—évé.

)

The initial channel wave functio®; satisfies the equation

{HO—Z—T——ZT_l]\Pr:EO\Pr, 4
2 1
where
+ 1 i .
v = mGX[{%)F(l —ia)
Xexpliki - rq1)1F; (ia;; 1i(kiry — ki -ry) i(ry),
(5

where o;=(Zy-1)/k; and E0=ki2/2+ei, k; being the initial
momentum of the incident electron, aggl is the initial hy-
drogenlike bound-state wave function of carbon atom,

3
T

ko

12

¢i(r2):< ) exp(=Zgry). (6)
The perturbatiorV, in the initial channel which is the part of
the total interaction nondiagonalized in the initial state is

given by

1 1
Vi - - .
fo r1

)

It is evident from Eq.(7) that the perturbatiofV; vanishes
asymptotically(for r;— o0 andr, is finite).
The final-state wave functiol¥; is chosen as

Wi(ry,ry) = (2m) 3expliky -1y +iky - ry)
XTI NuFaGiag; 15-ikr +kj -1y, (8)
i
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aq = _ZT/kl’ ap = — ZT/kz, a1p= 1/2(12. (10)

The 3C wave functionV; in Eq. (8) satisfies the asymptotic
tnree—body boundary condition for an ionization process.

Although this approximation has been very successful in
describing angular distributions of ionized electrons, for both
electron impact and photoionizatid®,12], it suffers from
several deficiencies. The most serious of these concerns the
absolute value of cross sections obtained for low total energy
of the continuum electron. In this case it appears that the
absolute values are much too low. The physical origin of this
behavior is that the two-body electron-electron wave func-
tion takes no account of the screening of the electron-
electron interaction by the nucleus, even when the two elec-
trons move slowly on opposite sides of the nucleus, such as
near threshold. Berakdar and Brigd9)] proposed a strategy
to correct this problem, involving the introduction of effec-
tive charges in the 3C wave function. The modified Sommer-
feld parameters are given 1j§3]

y1=2Zi/ky, Y12= Z122K12, (11)

where the functions occurring in E¢L1) are defined as

Zyy(kq, ko) =[1 - (fg)ZaPr]ab2,

Yo = Zolks,

1+a

Zi(Ky ko) == Zr+ (1 - Zyp)——i—— |
v G+ K3) k. — kg

1+a

Zo(ky,Ky) = —Zr+ (1 -2Zy)———2—
a(k1.k2) T+ ( 12)(ki‘+kg)\kl—k2|

f=[3+cod(4a)]/4, tana=k./k,,
g=lky —kol/(ky +ky),

by = 21k, €O 015/2)/(KE +K3),

( /1oozT—9_1)
4Z,-1 ’

_ Ei.+E,

==

1
S+-

b,=¢g?| -0
29{ 2

HereE is measured in atomic units. The interelectronic rela-
tive angle #;,=cos'k,-k,. This modification of the 3C

wherej € {1,2,13, k; andk, are the momenta of the scat- Wave function has removed its major deficiertopmely, the

tered and the ejected electron, respectively,lapds defined
askq,=(k;—k,)/2, whereas its conjugate coordinate is given
by rip=ri-r,. Nj, je{1,2,12 are normalization constants
which can be given by

NJ = exﬁ_ Q;j 7T/2)r(l - |CYJ) . (9)

inability to predict absolute cross sections near threshold
and significantly improved the agreement with the detailed
shape of angular distributions.

However, for the present case of high incident energy and
inner-shell ionization of the multielectron target, it is sug-
gested to completely subsum the interaction of the electron

with other particles into effective screened nucleus. We refer

Also, aj,j €{1,2,12 are Sommerfeld parameters. The as-

to it as S3C method.

sumption that the three-body system consists of three spa- To this end we employ the same ideas as in Réf3,14.
tially independent two-body systems leads to the representdhe new Sommerfeld parametess are introduced simply

tion of the Sommerfeld parameters in the 3C md@&las

by a linear transformation from the original set i.e.,
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3 The TDCS(including exchangefor the simultaneous de-
Bi= > Ajjaj, (12 tection of two continuum electrons escaping with momenta
=1 k, and k, and emerging into directions defined by solid

. . . _ angles(); and (), is given by
where the nine coefficient%;; e R andi=1, 2, or 12 desig-

nate the two-body interaction of the two electrons with the Ao : JKiko | 3 2
residual ion and the electron-electron interaction, respec- dQldQZdEZ_Z(ZW) Tk Z|f(k1’k2)_g(kl’k2)|
tively. And the condition ) '
= 2
Bt Bot Br=artaytap (13 ¥ 4|f(kl’k2) +okuky)] } ' (19)
should be satisfied. On the other hand, for the inner-shelvhereE; being the energy of the ejected electrdtk,,k,)
ionization of a multielectron targeicarbon, the effective andg(ky,k») are the direct and exchange amplitudes, respec-
charge of the ion seen by one electron reduces as the mévely, with g(ky, k) =f(k3,kq). The direct amplitude is
mentum of this one increases due to the screening of the R +
other electrons. Then the effective charge of ion seen by the f(ky, ko) = (W Vi[W)). (20
two outgoing electrons should be in the rang€ Ze(r<Zr,  In order to account for the presence of twoelectrons in the
and Zq— Zy askj—= (i#];i,j=1,2). based on this con- K shell of the target atom, we have multiplied the triple-
sideration, it is readily established that these conditions argifferential cross section by a factor of 2.
satisfied by The calculation has been done in the coplanar geometry,
, i.e., all the momentum vectofs, k;, andk, lie in the same
ki | 1 ~ A |k — kol plane. The calculation off(k,,k,) andg(k,,k,) in Eq. (19)
~Zpt | S arccogks k) | | 1= finally amounts to evaluating a three-dimensional integral
12 12 . . . .
which has been carried out numerically following the
Ky method described in our earlier wofk5].
(14)

Br=

IIl. RESULTS AND DISCUSSIONS

k, [ 1 7P 1K, — ko We have computed the scattering amplitude, Ef),
-Zr+ ol 2 arccosgky - ko) (1 - T) with ¥ approximated by S3C, DS3C, and 3C wave function
12 12 for inner-shell ionization of carbon atom by fast electron
ka impact in coplanar and asymmetric geometry. The dynamical
(15) parameters are chosen in accordance with the relative mea-
surementg1] performed on the Grls orbital of the GH,
molecule. We adopt the convention that the angle of obser-
|ky = k2|) vation for the scattered electron is measured counterclock-

Bo=

wise from the forward beam direction, while that for the
(16) ejected electron is measured clockwise.
The results are displayed in Figs. 1 and 2 where the
?esent TDCS results have been plotted against the a@hagle

2
1 LA
1- 4{5 arccosk - kz)} (1 -

2Kq5

Bro=

Here new Sommerfeld parameters are function of all thre f ejection of the slower electron. These figures also exhibit

relative momenta. This corresponds to the modification of corresponding experimental data together with the theo-
the effective screened nucleus, this degree of modification

being dependent upon the momenta of the two particles Thr%etical results due to Botero and Macgl. The data shown
effective charges of the 'Cls) core seen by the scattered M Fig. 1(a) correspond to an incident energy=1801.2 eV,

. . . an energy of the ejected electr&=9.6 eV, and scattering
electron and ejected electron are given, respectively, by angle 6,=-4° with a momentum transfefq| =|k,—K,|
1= — 1IN 1

2 k| =1.255 a.u. The data shown in Fig(bl correspond tdg;
_ ki| 1 - 17K =1832.4 eV,E,=41 eV, 6,=-5°, and|q|=1.457 a.u. Solid
Zefn =27 k_lii arccogk; - kZ)} (1 kg > lines correspond to the S3C results, the dash line to the 3C
(17) case, and the dash-dot line to the DS3C results. Figuas 2
and 2b) also display the corresponding TDCS results for
some variants of the present model. The solid and dashed
k1 TP Iky = kol lines in both the figures correspond to the results computed
Zotin=Z7 - —2{— arcco$k; - kz)} (1 —#) from our general program by setting the parameterO in
Kiol 2 4kiz Eq. (5), respectively. Keeping the interaction, K@), intact
(18)  so that the perturbatiory; vanishes asymptotically. This
amounts to replacing the initial channel Coulomb wave in
In this work, we will apply the present S3C method to theEq. (5) by a plane wave.
calculation of TDCS forK-shell electron-impact ionization It should be noted that in all the kinematics presented here
of carbon. the energy of the scattered particle, is kept fixed at
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FIG. 2. The same kinematical condition as in Fig. 1, but the
ionization of carbon. Kinematical conditiong) incident energy solid line, the dashed line, and_ th_e dash-dotted_ Iine. represent the
E,=1801.2 eV, ejected enerd5,=9.6 eV, and scattering angly ~ S3C; 3C, and DS3C results for incident plane wgve, in Eq.(5)
=-4°; (b) E,=1832.4 eV,E,=41 eV, ,=-5°, as a function of,. «;=0], respectively. The circles are the experimental results from
The solid line represents the S3C results, the dash-dotted line coRef- [1]-

responds to the DS3C results, whereas the 3C calculations yield t
dashed line, the dotted line is the results of Botero and M&¢gk
and the circles are the experimental results from REf.

FIG. 1. Angular distribution of the TDCS for electron-impact

r}(f}om these figures that the S3C results are in better agree-
ment with the experiment than those of the DS3C, 3C, and
Botero and Macek’s CBAY], particularly in the S3C angular
1500 eV in Figs. 1 and 2. Since the measurenj&hifs not  distribution for incident plane-wavé-ig. 2). We may easily
absolute, we normalize the experimental data to the presediduce that the S3C model shows a large improvement over
calculations and consequently the comparison of the theorethe DS3C, 3C, and CBA model in obtaining better magni-
ical results with the experiment should be mainly qualitative.tudes and shapes of the cross sections compared with the
Notice that the main feature of the TDCS is pointed out inmeasurements.
Ref.[1], e.g., the presence of an intense recoil peak, which at However as far as the magnitude is concerned, the theo-
E,=9.6 eV is even larger than the binary one, is clearly resetical results are more or less within the experiment error
produced in the theories. Since the recoil peak is mainhbars from Fig. 1. The S3C results are found to be lower than
governed by the electron-nucleus interaction, the large recothe results of the DS3C, 3C, and CBRigs. 1 and 2 except
peak [Fig. 1(a)] may be qualitatively explained by strong in the backward direction, before the occurrence of binary
elastic scattering from the nucle(i$]. This is an unusual peak. It is seen that, from Fig. 1, there are some difference
feature for the outer-shell ionization of neutral atom at inter-among the results of the three theoretical modeés, 3C,
mediate and high incident energies. DS3C, and CBA, in the present highly asymmetric kinemat-
Although the qualitative feature of the experimentalics. Near the recoil peak, the results of 3C are bigger than
TDCS data is quite well described by the theories, the posithose of DS3C and the results of CBA are between those of
tions of the peaks is not well reproduced in the models. INDS3C and 3C. With increasing incident energy, the differ-
fact the theoretical peak position is shifted towards largeence between the results of DS3C and CBA is diminishing.
ejection angles in both the cas@sg. 1). As it may be seen Near the binary peak, the results of DS3C are bigger than
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those of 3C and the results of CBA are smaller than those odire overestimated but the recoil peaks are within the experi-
3C. We remark that the DS3C results confirm the analysisnent error bars. The difference in magnitude between the
made in Refs[10,13,16,17 in that many-body coupling pri- results is minimum at the recoil peaks while the maximum
marily affects the magnitude of the TDCS rather than itsoccurs in the backward directidine., in the binary region
shape. In general, we note a satisfactory, although not pefFhis discrepancy increases with the decrease of impact en-
fect, agreement of the S3C results with experimental findingergy. It demonstrates that the influence of the long-range
This is readily concluded that, by comparing the DS3C, 3CCoulomb interaction in the initial channel is most prominent
and S3C results, the merit of the S3C is the inclusion of thet lower incident energyl15], especially in the binary peak.
screening of the multielectron target which is neglected in
the DS3C and 3C models.

Regarding the TDCS with the initial channel Coulomb
wave replaced by a plane wave, it may be noted from Fig. 2 This work was supported by the Natural Science Founda-
that the exact position of the peaks is very well reproduced ition of Shanxi Provinc€Grant No. 20001008and the Sci-
better accord with experiment than that predicted by DS3Cence Foundation for Returnees of Shanxi ProvifiGeant
3C, and CBA. From Fig. 2 it can be seen the binary peak¥Nos. (9913 and(02)16] of China.
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