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The triple-differential cross sections for the ionization of Kpjdand Xe(5) by a fast electron where the
exiting electrons have energies of 20 eV and 1 keV have been measured and compared with distorted-wave
Born calculations. Difficulties were encountered when trying to place the relative data on an absolute scale by
extrapolation to the optical limit: an extensive study of this normalization process is presented and it is argued
that it is not applicable to the heavier atoms considered here, but can be used effectively for helium targets.
[S1050-294@7)00112-1

PACS numbe(s): 34.80.Dp

I. INTRODUCTION AND EXPERIMENTAL METHOD mental and theoretical information available in these highly
asymmetric cases for hydrogen and helig®e[5,1]). In this

Electron-electron  coincidence experiments, usuallypaper we present a theoretical and experimental study of the
known as €,2e) experiments, are the most powerful tool to TDCS for the heavier noble gases and we will show that the
study the process of electron-impact ionizatia?]. Despite ~ Methods used for hydrogen and helium cannot be used to
the extended activity in the field in the last years, the underPlace these cross sections on an absolute scale. N
standing of the process for targets heavier than H and He still There have been several proposed ways of normalizing
presents many serious challenges for both theoreticians aie relative TDCS(for a review seq6]). A direct way to
experimentalists alike. As far as the experiments are cordetermine the absolute scale would be to use the relationship
cerned, the challenge consists(@ providing a large body (6]
of experimental data to explore the various zones of the Be- 3
the surfacd 3], and(b) determining the absolute scale of the d°o _ '_c 1 1)
triple-differential cross sectioffDCS). dQ.dQ,dE 19 nl(e;AQ)(e,AQ,)AE, "’

In this work we report a set of TDCS for the ionization of
krypton (4p) and xenon (p) orbitals where the incident wherel. is the coincidence count ratk, the incident elec-
electron had energies of 1034.5 and 1032.8 eV and in bottion rate,l the effective overlap length of the gas and elec-
cases one of the exiting electrons had an energy of 20 eMron beam,n the target densityA{}; and AQ), the accep-
We consider a number of scattering angles for the fast eledance solid angles of the analyzerAE. the effective
tron. The smaller this angle is the closer one comes to varsoincidence energy resolution, aed and e, the overall de-
ishing momentum transfer; in the limit of zero-momentumtection efficiencies of the analyzers. Unfortunately, most of
transfer the electron-impact ionization should go over to théhese quantities are rather difficult to determifes]. Other
photoionization cross sectidd]. There is extensive experi- techniques have been considered. Among the other proce-
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dures[6] we will consider the normalization procedure that TABLE I. Shown are the direction and magnitude of the mo-
was first used by Junet al.[9] to put their helium data taken mentum transferK: = ko— ky, derived from the quoted experimen-
at an impact energy of 600 eV onto an absolute scale. [l energy and angular acceptances.
exploits the optical properties of the target and its cross sec=
tions, for inelastic electron scattering, and is one of the most Kr (4p)  Kr (4p)  Xe (5p)  Xe (5p)
Wldelylused metgoﬁs. In SeF. Il we will dzscrlbe (tjhe e|>_<per|r;1<}l [°] 20 8.0 25 8.0
rlation between the TOCS and fs optcal it Section Il - (2 03301 122:01  0.40:0.  120:01
. . S Uk [de 63.2£8 77.1+0.7 68553 79.4:0.7
will be devoted to the theoretical method, while in Sec. IV «[ded
experimental and theoretical results are compared.

The normalization procedure leads to cross-section Val“eéollecting the scattered electrons at a fixed angje while

that are larger than the predicted theoretical results. A defhe ejected electron angie, was varied from 35° to 150°
tailed study of the possible source of this discrepancy is pre- The collection efficiency of the ejected-electron analyzer

sented, possible numerical faults in the calculation are oz < peen calibrated on He by measuring the double-

5|dereq, bUt ehmmated,_ and it is shown that_ thedifferential cross sectiofDDCS) d?a/dQ,dE, for energies
normalization procedure fails due to the very strong dlstort-f f the ejected electrons equal to the ones actually collected

ing effects of the heavy nuclei. The same analysis is applie the (e,2¢) experiments. The shapes of the measured

to the earlier helium data and it is shown that the extrapolagy~qs are in good agreement with the ones “recom-
e sy o e 7 e by Kimi 13 at 20-eV sieced electon eneray. The
9 y Zero of the scattered angle scale was set by determining the

extrapolation technique does not offer a viable method forsymmetry of the scattered electron DDCS. The full set of

placing experimental data for the heavier atoms onto an atk’inema‘tics investigated in the present paper is reported in

solute scale. Table I.
The typical coincidence rate was a few per second on the
Il. EXPERIMENT AND LIMITING PROCEDURE maximum of the TDCS where the true-to-random coinci-

dence ratio was roughly equal to one. In the worst case, i.e.,
in Kr at 9,=8°, 9,~300° the coincidence count rate was

The apparatus used for the present measurements is @M per second and the true-to-random coincidence ratio 0.1.
electron-impact spectrometer specially designed for the elec-

tron coincidence experiments. It consists of a vacuum cham-
ber that contains an electron-beam source, two electrostatic )
hemispherical analyzers, and an effusive gaseous beam. A The method of Jungt al. [9] is based on work by Las-
complete description of the apparatus is reported elsewheggttreet al. and Inokuti[3,14] who found that in the limit of
[10,11). Here only the details relevant to the present meazero-r_nomentum transfer hlgher-order effects tend to zero at
surements are repeated. The present measurements were [ty given energy so that a first Born treatment of the scat-
formed at an incident energ§, of about 1000 eV with an tering problem becomes justified. In this case it is then pos-
incident-beam current around @A&. The electrons that are Sible to show that the triple differential generalized oscillator
either inelastically scattered or ejected by the target into &trength (GOS is proportional to the optical oscillator
cone around the directiod with respect to the incident Strength(OOS

A. Experimental setup

B. The limiting procedure

beam are analyzed in energy by passing through one of the e —
two electron spectrometers, independently movable in the lim df (K) _ d f opt )
scattering plane from-15° to 150° with a precision of 0.1°. k_0dQdQdE K™ dQ,dE’

The angular acceptances of the analyzers in the present mea-

surements were set t00.5° and£4° for the scatteredla- o6 the double-differential GOS and the OOS are defined
beled 1 in the following and ejected(labeled 2 electron as

analyzers, respectively. —

The full width half maximum(FWHM) energy resolu- d>f __,.,EZ_EbE U ()6 K 2y (r)dr
tions of the analyzers, operated at a constant pass energy dQ,dQdE~ ~ k2 & Xb (12 Pm,(12)dr2
(Ep=100 eV), where AE;=AE,=1.1 eV resulting in an ©)
overall energy resolution o&1.6 eV when measuring the
energy separation spe(étra ?nd%D.B eV when measuring e o2
the angular distributionf7,12]. The uncertainty in the mag- oL _Z(E,— U
nitude and direction of the momentum transfef; = ko dQ,dE 3(F2 Eb);b X2(12)T2fmy(F2)dr2
— k4, derived from the quoted experimental energy and an- 4
gular acceptancesssuming the two contributions are uncor-
related are strongly dependent on the kinematics investi- It should be noted, however, that in the case of hydrogen
gated. In the worst case they can be as latgel a.u. and and helium we are ionizing asstate. This means that we do
+8° (see Table)l The coincidence measurements reportedhot have to deal with degenerate magnetic sublevels. In the
in this paper were collected in the asymmetric regime, i.e.krypton (4p) and xenon (p) experiment the gas target con-
E;>E,. EnergiesE; andE, were kept fixed at 1000 and 20 sisted of unpolarized atoms so that no distinction between
eV, respectively. The measurements have been performed Igljfferent sublevels has been made. We therefore have to av-

2

2




4646 J. RASCHet al. 56

2

erage over the magnetic sublevalg. Barred quantities will — )
always denote such an average. €= J Xp (r2)€' 2, (rp)dr 9
Making use of a first Born treatment the TDCS can be i
related to the GOS equatid8) in the form in more detail to give supplementary limitations to the ex-
. . trapolation. In particular in the optical limit the expansion of
d*o kiko, 1 1 d*f the optical oscillator strength should only contain even pow-

dQ,dQ,dE - Ko P (E;—Ep) dQ,dQydE’ (5) ers ofK. The problems inherent in the extrapolation method
will be discussed in some detail below.
It can furthermore be shown th&tee[15])
I1l. DISTORTED-WAVE BORN APPROXIMATION
d3f_ 1 dO'_ o (DWBA)
[1+BPa(ka-K)]  (6)

lim = —
k—0d{22dQ¢dE  873ak, dE The TDCS for closed shell atoms is of the fofgh15]

so that we get for the limit of the TDCS d3c 4 Kiko
— 40,d0,dE 2™

|' K2 d (o 1 kl 1

im = =

ko GQdQAE - 4730 Ko (B2~ Ep) X 2 [[fmy = Gy 2+ |Gy | 2+ [ g ],

do SN
X JEl1+ B8Pk KL (7) (19
where

In Egs. (6) and (7) do/dE and B are the photoionization
cross section and the asymmetry parameter, respectigly. fmb:f J Xa (K1, T1)xp (K2, 12)
is a Legendre polynomial of the first kind. It should be noted
that the value of3 depends of course on the target subshell. .
For ans state we get the well-known resit=2. In the case Xm)(i (Ko, I1) fmy(r)dradrp,  (11)
of a p state the result is more complicatézke[15]).
From Eq.(7) it follows directly that the TDCS measured
in the directionk,| K and k|| — K multiplied byK? tends to gmb:f f Xa (Ki, T2)xp (K2, 1)
the same value

1
. My mef(ko, r2) ¢m (ry)drydry.  (12)
Olim-= lim sz
K—0 1R Xi (Ko, r1) denotes the distorted wave representing the in-
— coming electron calculated in the triplet local exchange po-
d_0[1+ﬁ] (8) tential of the atom whereag, (k;, r;) and x, (k,, rp) are
dE the distorted waves calculated in the triplet exchange poten-
tial of the atom for the fast electraofabel 1) and ion for the
whenK vanishes. Therefore the value of this limit is known slow outgoing electrorilabel 2.
from the kinematics of experiment and photoionization data. We use a triplet exchange potential of Furness-McCarthy

The limit itself can physically not be reached because otype (see[2,15,19). In the case considered here whéig,
the ionization threshold. To get information on the limit onethe energy of the slow outgoing electron, is comparable to
has to measure the coincidence yield in the directighK  the energy of the target bound state one should expect the
for several values ofy,, i.e., for several values oK. One  exchange to be important in the elastic channels. In fact our
obtains two curves that have to join in the limit so that by calculations showed that the exchange potential is extremely
extrapolating the two curves across the unphysical region wanportant in this casgl5]. It should, however, be noted that
get the cross section for the point of zero-momentum transthe exchange amplitudg that we include in our calculation
fer. In the present work we have measured the relative TDCShould be negligible compared with the direct amplitdde
at severahy;’s between 1° and 8° . The minimum momen- In fact our calculation showed that the exchange amplitude
tum transferK measured was 0.21 and 0.26 a.u. in Kr andcontributed on average not more than about 1-2% to the
Xe, respectively. overall cross section.

In order to extrapolate the experimental data to the optical In order to account for and test the significance of the
limit we have, in all cases, used a standard general linealectron-electron repulsion we multiplied the pure DWBA
least-squares fitting routine, which can be found in, e.g., ircross section equatiofl0) by an M, factor of Ward and
[16]. It has the advantage that one cannot only choose thilacek[19]. These authors suggested this factor to model the
order of the polynomials but also by “freezing” the param- repulsion effects of the two outgoing electrons. It retains the
eters of the fitting polynomial one can choose whether onlynormalization of the DWBA and exhibits the correct Wan-
even or odd or a combination of both should be used. Klanier threshold law in the zero-energy limit in contrast to the
et al.[17] studied the structure of the form factor N factor as used if20] and[21], which does not have

_ 1 k; 1
4m3a Ko (E2—Ep)
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FIG. 1. TDCS of xenon (p) at an impact energy of 1032.8 eV, energy of slow outgoing electron is 20 eV, fast electron fixed at an angle
of 9,=8°. Experimental data scaled to give the best fit to the theory. Shown are Di&id line), DWBA multiplied with theM . factor
(long dashey and first Born calculatiofishort dashed

these properties but is very similar in shape. As expected the A. Shape agreement

M .. factor makes hardly any difference in this geométge The data;=8° on the Bethe ridge in Figs. 1 and 3 are
Figs. 1-4. characterized by a split in the binary lobe with the minimum

in the direction of the momentum transfer. This is typical for
a p-state target. We note that in the case of xenon we have a
IV. COMPARISON OF EXPERIMENT AND THEORY nonvanishing coincidence yield in the backward direction
and for krypton a recoil lobe has been observed but with a
In the Figs. 1-4 we compare theoretical and experimentadbwer intensity than in xenon. No appreciable shift of the
results. Shown are a first Born calculation, the DWBA, andsymmetry of the experimental TDCS from the directiorkof
the DWBA multiplied with theM ., factor (see[19]). has been observed in this kinematics. If we now compare
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FIG. 2. TDCS of xenon (p) at an impact energy of 1032.8 eV, energy of slow outgoing electron is 20 eV, fast electron fixed at an angle
of 9,=2°. Experimental data scaled to give the best fit to the theory. Shown are Diid line), DWBA multiplied with theM . factor
(long dashey and first Born calculatioishort dashed
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FIG. 3. TDCS of krypton (#) at an impact energy of 1034.5 eV, energy of slow outgoing electron is 20 eV, fast electron fixed at an
angle of9;=8°. Experimental data scaled to give the best fit to the theory. Shown are Diatid line), DWBA multiplied with theM ¢,
factor (long dashell and first Born calculatiortshort dashed

experiment and theory we find that the overall shape agredyydrogen and helium and is best explained in terms of post-
ment is good. Especially in the binary region and for largercollisional interaction between the exiting electrofsee
scattering angles of the fast outgoing electrah €£8° for  [2,22,23,24). Here we note, however, that the apparent ro-
krypton and xenonwe get very good shape agreement withtation of the binary peak away from the scattered electron
experiment. This is also the region where the first Born doebeam is not given theoretically even when we include final
rather poorly. We note that for both krypton and xenon atchannel postcollisional interaction®Cl) through theM,
smaller scattering angles there is an indication of a slightshiftactor. The effect is very small and the overall shape agree-
of the binary maximum away from the direction of momen- ment between theory and experiment is excellent; only in the
tum transfer. A similar shift has been observed in the case afecoil direction do we get some deviation.

12 T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
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angle ¥, [deg]

FIG. 4. TDCS of krypton (#) at an impact energy of 1034.5 eV, energy of slow outgoing electron is 20 eV, fast electron fixed at an
angle of 9, =2°. Experimental data scaled to give the best fit to the theory. Shown are DiatBid line), DWBA multiplied with theM ¢,
factor (long dashey] and first Born calculatiofishort dashed
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TABLE Il. Comparison of the values fg8 determined experi- A. Convergence of the DWBA calculation
mentally and from the DWBA calculation using different forms of
the local exchange potential for the slow outgoing electren.
=E,—E, denotes the energy difference.

While the very asymmetric geometry of the scattering
event makes it possible to normalize the cross section it im-
poses a severe problem on the theory. In this geometry it is

clear that the contribution from higher-order effects such as
Kr (4p) Xe (5p) o . ) . N
postcollisional interactionsefe repulsion and polarization
o (eV) 345 32.8 will contribute very little. However, even neglecting these
B exp. 1.85-0.1[28] 1.73+0.07[27] effects, we have to face a convergence problem introduced
B DWBA 1.85 1.72 by the slowly vanishing overlap integrals. These overlap in-

tegrals between the fast incoming and fast outgoing electron
tend to go to zero very slowly for high values. This can
B. Absolute scale very easily be seen as follows. The radial Born integrals we

) have to solve are of the form
We have attempted to apply the same technique as Jung

et al.[9] to place the data on an absolute scale. To this end (7 a b
the TDCS's in theK and — K directions have been mea- 'Bom(l1:12..10.1p):= o Jo u|1(k1r1)u,2(k2r2)
sured fromd,;=1° to 8°. The details of the fitting procedure

will be dealt with in Sec. VI. The experimental values ®f rk

- ; X——u (Kor )W, (ro)r2r2dr,dr
and B shown in Tables Il and Il at the required energy loss 1 iUl Wi T2) P PRl A2
were derived from the partial photoionization cross sections -
[25,26 and the photoionization angular measurements of (13

[27,28. The overall uncertainty on the absolute scale is

about 28%, due to the uncertainty in theof 17% and 9%  For highl states the fast incoming and outgoing electrons no

and in theB of 5% and 4% for Kr (4) and Xe (%), longer penetrate the atom and a Bethe approximation to the

respectively. As we shall see below the application of thigradial matrix element becomes justified. In this case the in-

method produces a large discrepancy between our DWBA€egral(13) reduces to

calculations and the normalized experimental data for xenon

and krypton, but agreement in absolute size with the helium [y, 00,0,00,01p)=1Tor(l1,12,N,10,1p)

data of Junget al. [9] is very good. In the case of krypton

(4p) and xenon5p), however, we had to rescale the experi- +Bow(12,M,1p)Jox(l1,N,10),  (14)

mental data to get the best fit to the theory. In particular in ]

Figs. 1 and 2 the experimental data are downscaled by ¥here we have defined

factor of 3.5 while for Kr in Figs. 3 and 4 it is downscaled by

a factor of 6.6 and 4.3, respectively. Thus the question arises:;

what is going wrong? In th% follow)i/ng we will glucidate this 1or(l1:l2.MTo,lp)= fo rfuf‘l(klrl)uf’o(korl)drl

guestion by first concentrating on theoretical problems. We

will then show that the normalization works very well for { 1 frl o
I

up (Kaf 2)wy, (12)dr

helium and then describe the problems that arise for Kr and

A+1
Xe. The details of the fitting procedure will be dealt with in ra 70
Sec. VI. "
+r)1\f drzrz_)‘+1u|b2(k2r2)w|b(r2) ,
V. WHAT CAN GO WRONG THEORETICALLY? "
On the theoretical side there are two main problems that (15
can arise. In very asymmetric geometry getting the TDCS to
converge is a highly nontrivial problem. The mathematical _ 2 i1 a 0
problems encountered in the calculation and how they have Jox(Ki:11.Ko.lo,M):= | 12 7ur (Karg)uj (kora)dry,
been tackled is explained in great detail i5]. In Sec. V A (16)

we will merely summarize the results.

TABLE lll. Comparison of the values for determined experi- Boo (2, 1p):= f rﬁ*zuf’z(kzrz)wm(rz)drz. a7
mentally and from the DWBA calculation using different forms of 0
the local exchange potential for the slow outgoing electren.

=E,—E, denotes the energy difference. The parameteR is the outer limit to which the solution of
the differential equation will be integrated. The papag]
Kr (4p) Xe (5p) deals extensively with the evaluation of these integrals so
that we merely summarize the results here. Both electrons
 (eV) 345 32.8 . : .
o Expt. 11.62.0[26] 4.40+0.4[25] only see an atom potential anc_i are asymptotically essentially
~ DWBA 4.26 3.06 free. This means that the distorted Wavleq%l(klrl) and

uloo(kor 1) can be approximated by Bessel functions resem-
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FIG. 5. TDCS of xenon (p) at an impact energy of 1032.8 eV, energy of slow outgoing electron is 20 eV, fast electron fixed at an angle
of 9=2.5°. Comparison of the different stages of the convergence is made. Shown is DWBA using the triplet exchange potential for the slow
outgoing electron and usinig=400 | states for fast incoming and outgoing electi@olid curve, usingl =200 (long dashey using|
=80 (short dashed and using only =40 (dotted. Number ofl states for the slow outgoing electron is 15.

bling this free behavior for high values. The integral over case even the quadrupole term gave a significant contribution
these two Bessel functions can now be solved analyticallyo the cross sectiof29]. At aboutl =200 for the fast incom-
[30]. The analytic solution is a finite sum over associatedng and outgoing electron the cross section is almost indis-
Legendre functions of the second kind with the argumentinguishable from a calculation using-4001 states.

X:z(k§+ kf)/(Zkokl). Becausek, andk,; are nearly equal

in this geometryy goes to 1 and we are approaching the pole

of the Legendre function. This means that more and rhore B. Photoionization cross sections

states are contributing to the scattering e@nthe unphysi- By relating the TDCS to photoionization cross sections
cal limit y would be equal to 1 and an infinite number of we have to make sure that theoretical photoionization cross
thesel states would contribuje sections using Hartree-Fock—based wave functions repro-

The worst case for evaluating these integrals would be itluce experimental measurements. This not only checks the
we replaced all distorted waves by plane waves. Getting therogram but also tests the quality of the wave function used.
TDCS to converge for this situation not only tests the accuWe remark that they were generated using a variational prin-
racy of the integration routine but also the overall accuracyciple in order to minimize the energy of the atomic system
of the angular momentum algebra and the differential equagsee[31)); it is therefore not obvious how these wave func-
tion solver. The numerical methods used here were testeions can reproduce other properties of the system. This is
extensively by Rasch and Wheld9], who were able to especially important in our case where the energy of the slow
reproduce the analytic result available for hydrogen for theelectron is close to the ionization threshold and significant
case ofEq=1000 eV,E;=985.4 eV,E,=1 eV to better deviations from the photoionization cross sections can be
than 1%. Note that these energies are even more extrengxpected. However, since the Hartree-Fock wave functions
than the ones we have to consider here. Ug=dl000 | are convoluted with the distorted wave of the slow outgoing
states were needed for the convergence. In the case consilectron we can only indirectly test the bound-state wave
ered here we achieved convergence for little more tharfunctions. We therefore test the quality of the distorted
[=400. In Fig. 5 we give a comparison for different con- waves at the same time. The derivation of the photoioniza-

verged results for xenon (. Although merelyl=10 | tion cross sections for our Hartree-Fock wave functions can
states were needed for the slow outgoing electie used be found elsewhergl5].
=15 to be safewe do not get a converged result for We remark at this point that for xenon the use of Hartree-

=80 for the fast incoming and outgoing electron both calcu-Fock rather than Dirac-Fock wave functions may lead to
lated in the triplet potential of the ion. At abolit=80 the  some errorsee[32]). However, we do not envisage that the
numerically calculated phase shifts are zero within the nuuse of Hartree-Fock wave functions will give rise to a sig-
merical accuracy so that the Bethe approximation becomesificant error in the absolute size of the triple-differential
fully justified. Within the Bethe approximation we have re- cross section.

tained the monopole, dipole, and quadrupole partial wave In Tables Il and Ill we compare the experimentally found
integral. Higher-order integrals can be neglected. Howevernalues for 8 and the photoionization cross section
we were surprised to see that especially for the hydrogen: = do/dE with the theoretical ones. We find very good
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TABLE IV. Comparison of the values for the limit determined between the photoionization cross sections is a mere 11%
experimentally and from the DWBA calculation using different and not a factor 3—4. In the following sections we will first
forms of the local exchange potential for the slow outgoing elec-discuss the normalization of helium before we discuss it for

tron. krypton and xenon.
Kr (4p) Xe (5p) VI. THE NORMALIZATION OF HELIUM, KRYPTON,
Tiim €XP. 1.01 0.387 AND XENON
o im DWBA 0.371 0.348 As we noted earlier agreement between the absolute size

of the experimental data on He [&] and our DWBA calcu-
lations is very good. However, we are finding large discrep-
agreement with the experimentgl values for krypton and ancies when we apply the same method of normalization for
xenon. However, there is a very significant difference for thekrypton and xenon. In this section we will analyze in depth
o values in the case of krypton. Whilst the theoretical valuewhere this discrepancy arises and we will show that while
of ¢ for the calculation for xenon is to within 11% of the the extrapolation technique is valid for helium it fails for the
experiment we get more than a factor of 2 for krypton. heavier elements.

In Table IV we compare the value of the limit given by
Eq. (8) for experimental and theoretical data. We find again A. Helium
that the limit for xenon is to within 11% of the experiment  \y/e have recalculated some of the helium data taken at an
while we get a factor of 2 difference for krypton. This dis- jmpact energy of 600 eY9]. In Fig. 6 we show a compari-
crepancy is clearly coming from the difference in the photo-go petween the absolute experimental data and our DWBA

ionization cross sections. calculation. Figure 6 also shows a first Born calculation us-
ing the triplet potential for the slow outgoing electron. Good
C. What else can go wrong? agreement is found. It is important to note that the difference

Although there can be a large discrepancy between theo@etween the DWBA and the first Born calculation is gener-
and experiment for the photoionization cross section as erflly rather small.
countered in the case of krypton where theory and experi-
ment disagree by a factor of 2, it does, however, not explain
why the DWBA is a factor of 4—6 smaller for krypton. This ~ As we remarked earlier Klaet al. [17] used only even
is particularly the case for xenon where the disagreemengowers in the expansion of the OOS. Even without this limi-

1. The fitting of the helium data
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FIG. 6. TDCS of helium(1s) in coplanar asymmetric geometry at an impact energy of 600 eV. Shown is the D\AtH4 curve and
first Born calculation(short dashed Energy of slow outgoing electron is either 2.5 eV with angle of fast electron fixeld a4 ° (upper
left) and9,=10° (upper righj or 10 eV with angle of fast electron fixed &t =4 ° (lower leff) and 9,=10° (lower righy. Experimental
data are on an absolute scale and given in a.u.
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FIG. 7. The limiting process of heliurfls) at an impact energy of 600 eV, the energy of slow outgoing electron is 1@lese and
2.5 eV (below). Shown is TDCS multiplied with the square of the momentum trariéfer| ky—k,|? againstk. We compare the first Born
calculation(crosseswith the DWBA (squarescalculations. The horizontal bar at 0.3%bove and at 0.779below) denotes the analytic
limit of the first Born calculation.

tation we found that the fitting of the theoretical curves es-performed the measurements with high statistical accuracy.
pecially the first Born curves were very stable and accurat@hey remark that the error of the extrapolation procedure is
indeed. In Fig. 7 we show the first Born and DWBA calcu- smaller than 10%.

lation and an extrapolation to the zero-momentum transfer.

As can be seen the first Born and DWBA results are very B. Krypton and xenon

Close ogelhe over 2 e 1ange S Vaues ESpecal) o W haVe Seen that the DWEA is very wel capatle cf
o N . eproducing the absolute cross sections in the case of helium.
indistinguishable so that Lassettre’s theorem, which dependé

crucially on the applicability of the first Born approximation urthermore the limiting process is justified as the DWBA
ally PP ty PP ..’ has gone over to the first Born approximation which vali-
can indeed be used. We were able to reproduce the limit

given in Eq. (8) from the extrapolation of the first Born Hates Lassettre’s theorem. In the following sections we will
points to 4 digitg(this limit is indicated by a short horizontal discuss the fitting procedure for the experimental and theo-

bar in Fig. 3. The extrapolation of the DWBA was slightly retical curves for krypton and xenon.
less accurate and stable. We could, however, reproduce the
limit for most polynomials to better than 5%.

Due to the experimental setup there was a rather large gap We have used a fitting procedure as described in the sec-
between the region df, which is accessible to experiment, tion above about the normalization of helium. Although the
andK =0 the extrapolation point. In order to obtain reliable gap between the experimentally accessible region and the
results Junget al. [9] chose a narrow spacing &K and  extrapolation point ak=0 is about 0.25 and therefore much

C. The fitting of the experimental data
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FIG. 8. The limiting process of xenon 3 at an impact energy of 1032.8 eV, the energy of slow outgoing electron is 20 eV. Shown is
the experimentally determined TDCS multiplied with the square of the momentum trafsfek,— k,|? against<. We compare different
polynomial fits: fourth-order polynomial including only even terfsslid curve, third-order polynomiallong dashey fourth-order poly-
nomial (short dasheqd eighth-order polynomial including only even terrftashed dotted The minimumK value at,=0° is K=0.139.

smaller than in the helium cagabout 0.5 the experimental tion cross sections are not well reproduced and indeed the
data points are rather scarce and more scattered. In Fig. 8 vexperimental data seem to lie between the DWBA and the
show the results of the fitting for the experimental curves forfirst Born results(see Fig. 10 However, we note that for

a variety of polynomials. We find that there is only a very krypton the DWBA converges to the first Born limit only
limited range of polynomials that give a reasonable fit andvery close to the unphysical region and that both curves tend
produces the same extrapolation value of the ordinate for thim bend rather strongly.

binary and recoil curve. In particular we found that using

only an even polynomial and fitting it to the fourth, sixth or VII. CAN THE DIFFICULTIES BE OVERCOME?

eighth order produced a similar limiting point for the binary

and recoil curve. We encountered similar problems in the If we compare the Figs. 7 with 9 and 10 we see that the
krypton casenot shows. most striking difference lies in the fact that there is almost no

difference of the DWBA and the first Born calculation in the
helium case whereas for krypton and xenon both calculations
are very different over a wide range and only start to merge
We have performed a similar fitting for the theoretical very close to the unphysical region. Although any theory has
curves to determine the limit. In Figs. 9 and 10 we compar&o converge to the first Born eventually this can happen very
the limiting procedure for a first Born and the DWBA calcu- deep inside the unphysical region. This is indeed the case for
lation with the experimental data for krypton and xenon. Wethe DWBA and is also reflected in the slightly unstable ex-
have scaled the experimental data to give the best agreemefépolation of the DWBA to th&K =0 limit.
with the binary curve of the DWBA calculation. We found  Another important point related to the previous finding is
again, similar to the helium case, that the fitting procedurehat the fitting curves do not exhibit a stable extrapolation
for the first Born curve is very stable and reproduces th&yehavior(see Fig. 8 We would note two points: Firstly, to
limiting point as given in Eq(8). However, the DWBA dis-  have a more reliable extrapolation we would need very many
agrees with the first Born approximation over a wide rangemore experimental points. Secondly, fitting the theoretical
and converges to the first Born approximation only verycyrves indicates that we do not reach the region of applica-
closely to the unphysical region if not inside. It is thereforepility of Lassettre’s theorem until well inside the unphysical
probably not too surprising that the extrapolation of theregion. This would indicate that such extrapolation tech-
DWBA does not converge to the same pointkat 0. One  niques are doomed to fail.

can only conclude from a theoretical point of view that the
distortion effe_cts are still too strong and a flrst_Bom treat- VIIl. CONCLUSION
ment as required by Lassettre’s theorem is not justified.

The difference between the experimentally obtained limit A new set of TDCS for Kr and Xe have been measured
and the first Born limit given by Eq@8) disagree by more and compared with DWBA calculations. We have consid-
than a factor of 2.5. Unfortunately, the case of krypton isered the extrapolation technique used9hand attempted to
more ambiguous. As we have already seen the photoionizglace the experimental data on an absolute scale. A satisfac-

D. The fitting of the theoretical data
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FIG. 9. The limiting process of xenon % at an impact energy of 1032.8 eV, the energy of slow outgoing electron is 20 eV. Shown is
TDCS multiplied with the square of the momentum tran#tér= |k, — k;|? against<. We compare the first Borftrosseswith the DWBA
(squarescalculations and the experimental data, which was scaled to give the best fit to the binary peak. Shown are a polynomial fit to the
experimeni(solid curve and to the DWBA calculatiodotted ling. The horizontal bar at 0.3475 denotes the analytic limit of the first Born

calculation. The minimunkK value atd;=0° is K=0.139.

tory agreement, at least in regard to shape, between theotle first Born approximation does rather poorly. However, a
and experiment has been found. Especially in the binary relarge discrepancy between the absolute size of the cross sec-
gion and for larger scattering angles of the fast outgoingions deduced from the extrapolation technique and the cal-
electrons @, =8° for krypton and xenonwe get very good culated results exist. This discrepancy has triggered an ex-
shape agreement with experiment; this is the region whertensive investigation of its origin. We have demonstrated that

K3(TDCS) [a.u.]
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FIG. 10. The limiting process of krypton 4 at an impact energy of 1034.5 eV, the energy of slow outgoing electron is 20 eV. Shown
is TDCS multiplied with the square of the momentum trangfé« |k,— k,|? against<. We compare the first Born calculati¢eross sigh
with the DWBA (squarep calculations and the experimental data, which was scaled to give the best fit to the binary peak. Shown are a
polynomial fit to the experimer(solid curve and to the DWBA calculatioiidotted ling. The horizontal bar at 0.3714 denotes the analytic

limit of the first Born calculation. The minimur{ value atd,;=0° is K=0.147.
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the extrapolation technique used [i@] would appear to be indicate that the theoretical curves have not attained their
valid for helium, but is questionable for the heavier atoms inlimiting behavior at the boundary of the unphysical region.
the kinematics investigated in this experiment. The good

agreement in shape together with the consistency in absolute ACKNOWLEDGMENTS

size for helium encourages one to view the DWBA as a \ye gratefully acknowledge financial support for this
suitable theoretical approximation in these very asymmetrigyork by the British Council and DAAD(ARC), NATO,
geometries. However, it has to be emphasized that the mairough Grant CRG 950407 and the European Urilé@M
conclusion of this paper is that one may only use the extrapoeHRX-CT93-0350. J.R. would like to thank Wolfson Col-
lation technique for heavy atoms with extreme caution if atlege, Cambridge for financial support. M.Z. is indebted to the
all, since the distortion effects of the heavy nuclei makes itSlovenian Ministry of Science and Technology for support-
difficult to experimentally access that region where Las-ing his stay in Rome. This work was completed while
settre’s theorem might be usefully exploited. A second prob<C.T.W. was supported by the NSF as a visitor at the Institute
lem lies in the instability of the fitting procedure itself. It is of Theoretical Atomic and Molecular Physics at Harvard
to be doubted that this instability could be removed by a seUniversity and Smithsonian Astrophysical Observatory. We
of data with better measurement statistics and more datare grateful to Professor J. H. Macek for some very helpful
points close to the unphysical region since our calculationsdiscussions.

[1] G. Stefani, L. Avaldi, and R. Camilloni, J. Phys.6C1 (1993. [15] J. Rasch, Ph.D. thesis, University of Cambridge, 1996.
[2] C. T. Whelan, R. J. Allan, H. R. J. Wallters, and X. Zhang, in[16] W. H. Press, S. A. Teukolsky, W. T. Vetterling, and B. P.

(2,2e) and Related Processesglited by C. T. Whelan, H. R. J. Flannery,Numerical Recipes in FortraCambridge Univer-
Walters, A. Lahmam-Bennani, and H. Ehrhafituwer Aca- sity Press, Cambridge, 1902
demic Publisher, Dordrecht, 199%. 1. [17] H. Klar, K. Jung, and H. Ehrhardt, Phys. Rev. 29, 405
[3] M. Inokuti, Rev. Mod. Phys43, 297 (1971). (1984).
[4] H. R. Walters, X. Zhang, and C. T. Whelan, {g,2¢ and  [18]J. Furmness and I. McCarthy, J. Phys6B2280(1973.
Related Processd®ef. [2]), p. 33. [19] S. Ward and J. Macek, Phys. Rev.48, 1049(1994.
[5] G. Ehrhardt, H. Knoth, P. Schlemmer, and K. Jung, Z. Phys. p/20] C. T. Whelanet al, Phys. Rev. A50, 4394(1994.
1, 3 (1986 [21] J. Raderet al., Phys. Rev. A53, 225(1996.

) . . [22] Y. V. Popov and J. J. Benayoun, J. Phys1® 4673(1981.
[6] '20 I_2a5h3r2?1rgsl37)ennan|, M. Cherid, and A. Duguet, J. Phys. B[23] H. Klar, A. Franz, and H. Tenhagen, Z. Phys1P373(1986.

; I o [24] F. W. Byron and C. J. Joachain, Phys. Rép212 (1989.
7] géift:l;?(l,l;.;:amlllom, and A. Giardini-Guidoni, Phys. Lett. [25] A. Fahiman, M. O. Krause, T. A. Carlson, and A. Svensson,

. . . Phys. Rev. A30, 812(1984.
[8] B. van Wingerden, J. J. N. Kimman, M. van Tilburg, and F. J. [26] S. Akselaet al, Phys. Rev. A36, 3449(1987.

de Heer, J. Phys. B4, 2475(1981. [27] M. O. Krause, T. A. Carlson, and P. R. Woodruff, Phys. Rev.

[9] K. Junget al, J. Phys. B18, 2955(1985. A 24, 1374(1981).
[10] E. Fainelli, R. Camilloni, G. Petrocelli, and G. Stefani, Nuovo [2g] S. H. Southworttet al, Phys. Rev. A24, 2257 (1981).
Cimento D9, 33 (1987). [29] J. Rasch and C. T. Whelan, Comput. Phys. Commnifr, 31
[11] L. Avaldi et al, Phys. Rev. A48, 1195(1993. (1997).
[12] A. Lahmam-Bennani, H. F. Wellestein, A. Duguet, and M. [30] C. T. Whelan, J. Phys. B6, 2343(1985.
Lecas, Rev. Sci. Instrunh6, 43 (1985. [31] E. Clementi and C. Roetti, At. Data Nucl. Data Tables 177
[13] Y.-K. Kim, Phys. Rev. A28, 656 (1983. (1974.

[14] E. N. Lassettre, A. Skerbele, and M. A. Dillon, J. Chem. Phys.[32] J. P. D. Cook, J. Mitroy, and E. Weigold, Phys. Rev. L&8,
50, 1829(1969. 1116(1984.



