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We study ionization of atomic hydrogen by fast electrons using asymptotically correct two-center wave
functions to describe the scattering system both initially and finally. For the final state, we employ the
well-known product wave function of Redmond, which treats all three two-body Coulomb interactions exactly,
albeit independently. This “3C” wave function is the leading term of the exact scattering wave function,
regardless of howlowthe three particles are, if any two particles have large relsgparationY.E. Kim and
A.L. Zubarev, Phys. Rev. &6, 521 (1997]. Here we extend the analysis of Qat al. [Phys. Rev. A57,
R1489(1998] to show that the 3C wave function is the leading term of the exact scattering wave function,
regardless of howlosethe three particles are, if any two particles have large relafpe=d Whereas Brauner,
Briggs, and KlafJ. Phys. B22, 2265(1989 ], using the above wave function, demonstrated the importance of
final-statetwo-center effects, we have shown thaitial-state two-center effects must also be included to
obtain accurate results at lower enerdi®sJones and D.H. Madison, Phys. Rev. L&tt.2886,(1998]. Here
we consider three different two-center approximations for the initial state, which yield nearly identical results
for impact energies above 250 eV. For lower energies, the model that uses the eikonal approximation for the
initial state emerges as the most accurate one, just as is observed in the case of ion impact.

PACS numbe(s): 34.80.Dp, 34.10tx, 03.65.Nk

I. INTRODUCTION exact scattering wave function in the entire coordinate space
if any two particles have large relative speed.

Electron-impact ionization of atoms has been a topic of Absolute experimental data for the triply-differential ion-
considerable interest for the last three decades. Ten yeal&ation cross section are available at impact energies of 54.4,
ago, Brauner, Briggs, and Kldr], using the three-body 150, and 250 eV[10,11], and provide the basis for the
product wave function of Redmor{@,3], showed that any Present study. Atomic unit_sa.u) are used throughout this
accurate theoretical calculation based upon first-order pertudVork unless stated otherwise.
bation theory would have to include the final-state electron-
electron interaction in the formation of the final-state wave Il. THEORY
function. Recently, we demonstrated that first-order pertur-
bation theory could be extended to still lower energies by In the distorted-wave formalism, the post form of the ex-
also including the initial-state electron-electron interaction inact transition matrix T matrix) element is given by the two-
the formation of the initial-state wave functi¢a]. Here we  potential formula of Gell-Mann and Goldberddr2]:
study the role of initial-state correlation in more detail by
comparing three different methods of including this correla- Tri= e IWH® )+ (r [Vi— W] B)). (1)
tion that have been proposed in the literature and by consid-
ering a wider range of energies than in our previous paper 4. . .
[4]. The wave functions considered for the initial state are 1€7€ Wi 1S the exact scattering wave function developed
the continuum distorted wavéCDW) approximation of oM the initial state satisfying exact outgoing-waye)
Cheshird5], the “two-Coulomb wave”(TCW) approxima- boundary qondmons ancj_f is a d|storte_d wave developed
tion of Dewangan[6], and the eikonal approximation of from the final state satisfying exact incoming-wave)
Glauber[7]. In all cases, the CDW3C) wave function of ~boundary conditions, but is otherwise arbitraiy/((is the
Redmond 2,3] is used for the final state. By comparing the corresponding perturbation
above results with those neglecting initial-state interactions, N the second term of Ed1),
the effects of these interactions become clear. A further idea
of the accuracy of these models is gained by comparison Bi= i (ra) 141p) 2
with nonperturbative close-coupling calculatidi@s9].

We limit the scope of this study tiastelectron-hydrogen
collisions, so that a perturbative approach is appropriate. W
regard a collision as fast if the projectile is fastenitially
and finally than any target electrons that participate in the
collision. The 3C wave function is ideal for studying fast
collisions since, as we will show, it is leading term of the dr(r)=(2m) expik-r). (3)

is the unperturbed initial state, wheygs is the wave func-
tion for the hydrogen atonk; is the wave vector for the
incident electron, and

1050-2947/2000/62)/04270110)/$15.00 62 042701-1 ©2000 The American Physical Society



S. JONES AND D. H. MADISON

The vectors , andr, are the coordinates of the two electrons
relative to the nucleus, which we take to be infinitely mas-
sive. The initial-state channel interactiof) in Eq. (1) is
given by

(4)

Herer ,p=|r 40|, Wherer ,=r,—r,.

For the final state, we use the CDW wave functi@m
electron-atom literature, this is usually called the 3C wavi
function) [1-3,13,14

X7 = Ui () i (o) C~ (WK ke Fa)- (5)

Herek, andk, are the wave vectors for the two final-state
electrons andk,,=k,—Kk,. The reduced mass of two elec-
trons is denoted by.=1/2. The wave functions

Yic (N=y(r)C= (= 1k, k,r) (6)

are continuum states of the hydrogen atom. They satisfy

|

Distortion effects of the Coulomb potential are contained in
the function

1

5 ™

1 . 1. .
V2 ;) Ui (N = 5K (1),

C*(a,k,r)=N*(a)F(Fia,1;xikr—ik-r). (8)
Here ;F, is the confluent hypergeometric function and
N*(a)=T(1*ia)exp(—ma/2), where I' is the gamma
function.

The perturbatioW; in Eq. (1) is determined from the
Schralinger equation

(H=E)xt =Wix; , €)
where
He—syz tgz 2 11 (10
2 Ta 2 T rg o rp TIap
is the full Hamiltonian and
E= %k§+ %kﬁ (11)

is the total energy. Substituting; [the CDW (3C) wave
function of Eq.(5)] into the Schrdinger equation(9), we
obtain (previously obtained by Klaf15,16]) [17]

Wi=Kap- u(Ka=Kp), (12)
where
K,=K(—1Kgy,Kqa,ra), (13
Kp=K(—=1/ky Ky, ), (14
Kap=K(1Kkap, uKap,lab), (15
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and where

K( ok _1F1(1+ia,2;—ikr—ik~r)Iz .
(e k)= etk ik <F1)

(16)

wherek andr are unit vectors in the directions &fandr,
respectively.

The perturbation(12), a complex scaler, is a six-
dimensional three-body interaction of shorter range than the
Coulomb interaction. It represents interactidretweertwo-

et:)ody subsystems since the distortion effects of each two-

body Coulomb potential have been treated exactly, but inde-
pendently, iny; .

Kim and Zubarev[18], building on work by Alt and
Mukhamedzhano19] and Mukhamedzhanov and Lieber
[20], showed that the CDWBC) wave function(5) is asymp-
totically correct inall asymptotic domains of coordinate
space. This means that the above wave function is the lead-
ing term of the exact scattering wave function if any two
particles are far apart.

Qiu et al.[21], on the other hand, studied the behavior of
the 3C wave function in thentire coordinate space. They
wrote the following high-energy ansatz for the exact scatter-
ing wave function developed from the final state:

W =i (ra) e (T)C(Tap), (17
where they, (r) are given by Eq(6) and(C(r,p) is a function
to be determined. Substitutindf; (17) into Schralinger's
equation, H—E)¥; =0, one obtains the following equa-
tion for C(r 4p):

Tab

1
—}C(rab)=0, (18)
lab

[V?ab+(ikab+Kb—Ka)-V
whereK, and K, are given by Eqs(13) and (14), above.
Qiu et al. [21] considered the case whekg,>1 and k,
>ky. For largek,,, EQ. (18) reduces, to leading order in
1/kab! to

V2 +ikap Ve, = —|C(rap) =0, (19)

lab

since the functionK, and K, are bounded in the entire
coordinate spacg21]. Equation(19) is just the usual equa-
tion for the confluent hypergeometric function; thus

C(rap)=C (1Kap, 1Kab T ab), (20
whereC™ (a,k,r) is given by Eq.(8). As a result,¥; re-
duces to the 3C wave functid®) for k,—c0 and finitek,,.
Obviously, the same result is also obtainedkjf,>1 and
ky,>k,, or if all three momenta are large. This leaves only
the case wher&,>k,, andk,>k,, (not considered by Qiu
et al. [21]). In this limit, K, (13) vanishes as kf and K,
(14) vanishes as k{, so we still obtain the 3C wave func-
tion. This follows from the asymptotic form df(«,k,r)
[22]:
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R+T B. CDW-TCW approximation

K(a,k,r) ~ m (21) Dewangan and Bransdé@4], studying proton-hydrogen
ko excitation, showed that the use of the CDW wave function
. . . . ... for the initial state almost, but not quite, yields a fully closed
IAEquatAlon(Zl)- is, of course, not valid in fche singular direction second-Born term when the scattering amplitude is evaluated
k=—r. In this case, we have to consider the fil{a,k,r)  ysing the Born approximation for the final state. Accord-
given by Eq.(16), which is identically zero fok=—r. Thus  ingly, Dewangan[6] proposed a “two Coulomb waves”
the exact scattering wave function developed from the finalTCW) approximation for the initial state that does lead to a
state reduces to the CDV8C) wave function(5) in the full  fully closed second-Born term. For the case of electrons col-
coordinate space for high energi&€ no matter how this liding with hydrogen atoms it is given by
energy is shared between the two final-state electrons.
It is instructive to rewrite the exadt-matrix element(1) \PiJr%'/fkt(ra) P14 1p)CT (1K Ki T ap)- (24
in an alternative form:
We label the choicg5), together with the approximation
Ta=(xr Vil B+ O IWE (P = B))). (220  (24), the CDW-TCW approximatioiCDW final state, TCW
initial state.
The first amplitude in Eq(22) is the 3C approximation of We note that the difference between the CDW wave func-
Brauner, Briggs, and Klal] and the second term contains tion (23) and Dewangan’s wave functiof24), is that the
all higher-order corrections to this approximation since thdatter effectively replaces the two-electron reduced mass
sum of the two terms is exact. The 3C approximation is=1/2 with unity in the electron-electron correlation function
obtained from the exact-matrix element(22) by approxi-  of Eq.(23). This is equivalent to adding the nuclear mass to
mating the exact scattering wave functidi by the unper-  the atomic-electron mass, as discgssed above. Thus, in Dew-
turbed states; (the Born approximation In the present ap- angan's wave function, the relative wave vector between
proach,¥." is approximated by a two-center wave function projectile and atom _determlnes the extent of electron-
containing electron-electron correlation. From E2p), we  €léctron Coulomb distortion, whereas in the CDW wave
see that this correlation introduces physical effects containef#inction (23) of Cheshire[5], it is the relative wave vector
in higher-order terms of a 3C perturbation series. In the folP&€tweentwo free electronshat determines this distortion.

lowing, we discuss in detail three different methods proposed

in the literature for including this correlation. C. CDW-EIS approximation
Crothers [25], using the time-dependent theory, has
A. CDW approximation shown that the CDW initial-state wave function is not prop-

erly normalized.(We believe this normalization problem
stems from the neglect of atomic binding enejgio over-
come this problem, Crothers and McCd26] employed the
eikonal approximationi7] for the initial state. For electrons
colliding with H(1s), the eikonal approximation to the exact
scattering wave functioW’;" is given by

The CDW approximation was introduced by Cheslhfig
for ion-atom charge exchange and extended to ion-atom io
ization by Belkic[13]. In the CDW approximation, the CDW
(3C) wave function(5) describes the final state, while the
exact scattering wave function in Ed) is approximated by
the initial-state CDW wave functiofthe analog of the 3C
wave function(5)]:

_ Wi = (ra) Pad o) CF (LK, ki Fap) ™", (25)
‘PT~¢;(ra)¢14rb)C*(1/ki ki Tap 7N (23)

Here
The factoru ™"k is needed here so that the wave function ~a =i
(23) asymptotically goes over to the unperturbed initial state Ui (N= (N Co(= 1k r) (26)
(2). ) o _is the asymptotic form of a Coulomb wayEqg. (6)] and
The primary flaw of the CDW initial-state wave function
(23) is that it ignores the binding energy of the atomic elec- CH(ak,r)=exgFialn(krk-r)] 27

tron [23] (by treating it as a continuum electron with zero

energy when calculating the electron-electron Coulombicis the asymptotic form of a Coulombic-distortion facf@&q.
distortion factoy. For sufficiently high impact energies, the (8)]. Since the eikonal approximation affects only htease
binding energy can be ignored. For lower energies we founaf the unperturbed wave functiof2), there can be no nor-
that neglecting binding causes the cross sections corresponahalization problems. The choig®), together with the ap-
ing to binary collisions to be grossly overestimated, as ong@roximation (25), is called the CDW-EIS approximation
might expect. A possible remedy is to “bind” the atomic (CDW final state, eikonal initial statelt has been hugely
electron to the nucleus by adding the nuclear mass to theuccessful in the case @h-impact ionization of atomg26—
atomic-electron mass when calculating the initial-state28]. Recently we showed that this approximation leads to
Coulombic-distortion factor for the electron-electron interac-considerable improvement over the 3C approximation of
tion. If we do this, we obtain Dewangan’s “two Coulomb Brauner, Briggs, and Kldrl] in the case oklectrorimpact
waves” (TCW) wave function[6]. ionization of hydrogen at intermediate enerdiés
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Spherical coordinates are used fgrand cylindrical Coo.rdl' FIG. 2. Scattering-plane triply differential cross secti@C9)
r?ates are used for,, with thez axis taken along. the direc- for an impact energy of 150 eV vs the angiockwise from for-
tion of the momentum transfer=k; —k,. We estimate that 5.4 direction of the slower(3 eV) electron. The solid circles are

our numerical uncertainty is less than 2% at the peak valuegpsolute experimental data of Ehrhaetital. [10]. The fixed obser-
For the kinematics considered here, the effects of electroQation angle(counterclockwisgfor the faster electron i) 4°, (b)

exchange are small and are neglected. Therefore we refer {@°, or(c) 16°.
the faster final-state electron as the scattered electron and to

the slower final-state electron as the ejected electron. Thgeq oscillator strengths to zero momentum transfer and
triply differential cross section(TDCS) measurements comparing with known photoionization results. The relative
[10,1]] fix the energy and angle of the scattered electronpcs for 54.4-eV impact energj29], on the other hand,
thus fixing the energy of the ejected electron which is obyyas prought on absolute scale 85%) directly by measure-
served over the full range of experimentally accessiblénent[11]. In the first part of this section we study the role of
angles in the scattering plane. In the angular distribution ofnjtia|-state correlation and in the second part we compare

the ejected electrons, two peaks are found: a binary peafith close-coupling calculations and make a detailed com-
centered near the direction of the momentum trargfend a parison between theory and experiment.

recoil peak approximately in the opposite direction.

In order to make a meaningful comparison with the abso-
lute experimental data, it is necessary to understand that
there are two independent sources of experimental erro— The 3C, CDW, CDW-TCW, and CDW-EIS results are
error for the internormalization of data poirfer the shape compared with the absolute experimental measurenp&ts
of the angular distributionand error for the overall normal- for an impact energy of 250 eV in Fig. 1. The first thing to
ization of the data point&or putting the relative data on an note from Fig. 1 is that the CDW, CDW-TCW, and CDW-
absolute sca)e Experimental TDCS for different angles of EIS results are nearly identical. All of these calculations have
the outgoing electrons are internormalizedttd0%. TDCS  3C as the first term and involve different approximations for
for different energies of the outgoing electrons aatinter-  the higher-order terms of a 3C perturbation series. If we
normalized and therefore must be put on an absolute scabsssume that these higher-order terms have la@enrately
independently. For impact energies of 150 and 250 eVapproximated, then the small differences between these re-
Ehrhardtet al. [10] put their relative TDCS on an absolute sults and the 3C results means that the higher-order terms of
scale (£15%) by extrapolating the corresponding general-a 3C perturbation series are small at 250 eV. Nevertheless, it

A. Role of initial-state correlation
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FIG. 3. Same as Fig. 2 for a slow-electron energy of 5 eV. FIG. 4. Same as Fig. 2 for a slow-electron energy of 10 eV.

is seen that the higher order terms increase the magnitude ent[11], particularly for Iarger. momentum transf_er. This is .
the binary peak, decrease the magnitude of the recoil peak co >c the CDW approximation, as discussed in the previ-
y peax, 9 Peeus section, neglects the binding energy of the atomic elec-

and shift the recoil peak to a smaller angle between th(_a tW?ron Overall, CDW-EIS is in best accord with the absolute
outgoing electrons. As we will see, these same effects S'mplgxpérimental, datfl1] at 54.4 eV. Therefore we use CDW-

bec';:ci)m? m%re4pro?lﬁgctiif;);r:]ogvgéring:ggﬁ'for 150-eV in-EIS in the following detailed comparison with close-
gures 2—= conta P upling calculations and experiment.

cident electrons and ejected-electron energies of 3, 5, and ey
eV. At 150-eV impact energy, the CDW-EIS and CDW-
TCW results remain very similar but are now more notice-
ably different from the 3C results, which neglect initial-state The CDW-EIS results are compared with a very recent
correlation. Although the larger binary peak predicted byconvergent close-couplingCCC) calculation [9], labeled
CDW is in better agreement with the experiment at 150 eVCCC99, for 250-eV incident electrons in Fig. 6. It is seen
the following comparison at 54.4 eV strongly suggests thathat the two very different approaches yield almost identical
this agreement is fortuitous. results and that where experimé¢tt] and theory differ, the

For 54.4-eV incident electrons, similar results are showrtwo theories are in better agreement with each other than
in Fig. 5. As the incident energy is lowered, more noticeablewith experiment. The CCC results should be accurate if a
differences between the theories become evident. Neverthsufficient number of terms are included in the expansion of
less, the general trend of the 3C being smaller for the binaryhe wave function and the CDW-EIS results should be accu-
peak, and larger and shifted to larger angles between thete if the important physical effects are included to all con-
electrons for the recoil peak remains. At this energy, it istributing orders of perturbation theory. As described in the
clearly seen that the position of the recoil peak as predictetheory section, the CDW-EIS calculation contains contribu-
using the higher-order terms of a 3C perturbation series is itions from all orders of a perturbation series that has the 3C
better accord with experiment than that predicted by the firsapproximation as the first term. When a close-coupling cal-
term. When the higher-order calculations are compared, it isulation and a perturbation series calculation yield the same
seen that the magnitude of the binary peak predicted by theesults, this suggests that the close-coupling calculation has
CDW calculation is much too large as compared to experiincluded a sufficient number of terms in the expansion of the

B. Comparison with close-coupling results
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FIG. 7. Scattering-plane triply differential cross secti@®CS)
for an impact energy of 150 eV vs the angiockwise from for-
ward direction of the slower(3 eV) electron. The solid circles are
absolute experimental data of Ehrhaedtal. [10]. The calculations
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from Bray et al. [8]. The fixed observation angleeounterclock-
wise) for the faster electron i&) 4°, (b) 10°, or(c) 16°.

results are accurate. Following this logic, one would con-
clude that theory is probably more accurate than the experi-
ment at this energy.

For 150-eV incident electrongFigs. 7-9, the present
CDW-EIS results are compared with two different CCC cal-
culations. The older results, labeled CCG8% incorporated
higher target orbital angular momentum than that used
within the close-coupling equations. The newer CCC99 cal-
culations[9], which are believed to be more accurate, are
based only on the target angular momentum actually retained
in these equations. From Figs. 7-9, it is seen that the CCC99
calculations are in significantly better agreement with the
CDW-EIS results than the CCC94 calculations, which are as
much as 23% larger than CCC99 for the binary peak.

Although the agreement between CDW-EIS and CCC99
is excellent at 150 eV, the agreement between theory and
experiment does not appear so good, and a more careful
analysis is needed. In Tables I-Ill, we have listed the heights
of the experimenta[10] and theoretical CDW-EIS and
CCC99 binary peaks at 150 eV as well as the ratio of each
theory to experiment at these peaks. This ratio is just the
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scaling factor that experiment would need to be multiplied - . : : ;
by to agree with the theory for the height of the binary peak.tsgps(mthlng to sensibly determine the necessary scaling fac

From Table I(ejected electrons with an energy of 3)ethe Th :
. e largest difference between CCC99 and CDW-EIS for
scaling factors for CCC99 are 0.91, 0.73, and 0.75 for scatj ¢ . impact energy lies in the recoil peak for an ejected-

tering angles of 4°, 10°, and 16°, respectively. The mediaQ—zIectron ener - g
i . . gy of 3 eV and a scattering angle of{Biy.
of these three scaling factors is 0.828% less than unify 7(a)], where the CCC results are larger and closer to the

ar;]q thh_e rfqglﬁ /Of ;jtehwatlor:j_aboutlthls_lr_rr\]edlan v:duﬁ@sg% co 9experimental data. It is odd that the two theories should dis-
which 1S = 1% of the median value. Thus, as far as agree for this particular case since an eikonal approximation
is concerned, the overall normalization of experiment is 180/‘?/vould be expected to be most accurate for small scattering

too Iarge.and the mternormahzanon erroris ll%' These erémgles. Nevertheless, CDW-EIS is smaller relative to experi-
rors are just slightly outside the experimental limits of 15

and 10 %, respectively and therefore we would argue that _
CCC99 is in quantitative agreement with the experimental TABLE I. Comparison of the present CDW-EIS results, the
binary peak for an impact energy of 150 eV and an ejected®CC99 result$9], and experimentexpt) [10] for an impact energy

electron energy of 3 eV. Making the same analysis forOf 150 eV and an ejected-electron energy of 3 eV for scattering

CDW-EIS, we get scaling factors of 0.8®.10 (+12%): angles of 4°, 10°, and 16°. The data are experimental and theoret-
thatis. a 2'0% overall error and a 12% rélati;/e er?or Whi'Ch iSical values for the height of the binary peak in atomic units and the

» < : tio of th t iment at thi k.
very similar to what CCC99 predicts. ratio of theory fo experiment at this pea

Now we should also include the recoil peak in the above 40 10° 16°
analysis; however, in Fig.(), the experimental recoil peak
is about a factor of 2 larger than theory, which is clearly wellCDW-EIS 9.18 2.91 0.74
outside acceptable limits. Nevertheless, in this case there 3CC99 9.36 3.01 0.80
very good agreement between CDW-EIS and CCC99 anéxpt. 10.24 4.12 1.07
therefore we believe theory is more accurate than experikcDw-EIS)/(expt) 0.90 0.71 0.69
ment. Furthermore, at 150 eV, the recoil data is rather noisycccag/(expt) 0.91 0.73 0.75

for the larger scattering angles and therefore would require
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TABLE Il. Same as Table | for an ejected-electron energy of 5 o L B e L2
ev. | @ 2 ] IR ]
4 - Pt i
4° 10° 16° 3 AN U B ]
e 1 mosE i LA N
CDW-EIS 6.37 2.86 0.98 é | | é 04-_ R b
CCC99 6.39 2.87 1.03 Y/ TR N
Expt. 7.45 3.72 1.10 g r, Ny | R A ]
F L L L 1- i T NS B T, 1
(CDW-EIS)/(expt) 0.86 0.77 0.89 % 50 180 210 360 %00 "5 180 20 360
(CCC99/(expt) 0.86 0.77 0.94 angle (deg) angle (deg)
1.6 0.7
14 I ROV ol
ment by about the same amount here as it is for the binary_ 12 1 g Lo cco
peak of Fig. 7c). This means that the preceding error analy- ; Lo . ; ]
sis, which only included binary peaks, would be unaffected ify 02 18
the recoil peak of Fig. (&) were also included in the analy- & %6 1 B
; 0.4 ]
sis. ]
For 5-eV ejection energgFig. 8 and Table )l we obtain g'z / N 0‘0 : N
scaling factors of 0.860.08 (x7%) for CCC99 and 0.83 0 9 180 270 360 0 90 180 270 360
+0.06 (=7%) for CDW-EIS. At this point we should men- angle (deg) angle (deg)

tion that it is not strictly necessary to take the median scaling FIG. 10. Scattering-plane triply differential cross section
factor as the overall scaling factor that determines the diﬁer(TDcs) for an impact energy of 54.4 eV vs the angtdockwise
ence between theory and experiment for the overall normalgom forward direction of the slower(5 eV) electron. The solid
ization. One can take the largest or smallest scaling factor, Qfircjes are absolute experimental data of Ehrhardt ahdeRd 1].
anything inbetween. For example, in the above case Ofpe calculations labeled CCC99 are from Bi@] and those la-
CDW-EIS, the scaling factors may be written as G:8609  peled CCC94 are from Bragt al. [8]. The fixed observation angle
(+10%) rather than 0.880.06 (=7%). As aresult, both  (counterclockwisgfor the faster electron i) 4°, (b) 10°, (c) 16°,
CCC99 and CDW-EIS are within the stated experimentabr (d) 23°.

uncertainties for ejected electrons with an energy of 5 eV.

Unless stated otherwise, however, the median scaling faCtO&ccgg much closer to CDW-EIS. The difference between

Whll:C (?r r;g_lg:}zzjsegtl:dlnéleergggﬂg;;atéogﬁ (;rqrrét\)/}”e” Ii?]e \llvaeed. CCC99 and CDW-EIS at the binary peak is less than 10% in
obtain scaling factors of 0.740.01 (.+ 1%) for CCC9§ and fﬁ” cases. The recoil peak Is a bit of a mixed bag. CDW-EIS
0.76+0.01 (+ 1%) for CD\}V-EIIS Tﬁus CCC99 and CDW- 'S consistently smallefabout 35% than CCC99 and in half
y A . ) - he cases, CDW-EIS is in better agreement with experiment
0, 0, ’
EIS predict that the experimental data is 26% and 24% togand in the other half CCC99 is in better agreement. These

large, respectively, which is now fairly large compared to theresults are summarized in Table IV. Using the binary data

stated experimental uncertainty of 15%. The closeness of the . . 5
two theories suggests, however, that theory is more accura%?lsy g'\éei (s)cé‘iagn%faftlcgs/offl.&gg.égg(iéBA) I) fobr (t:thYlv
than the experiment and therefore we believe that the overa and L. A7 (= 6) for - iearly, bo c€o-

, L o —\J1es are well within the overall normalization uncertainty of
gépcetggglr:gtlrgg;mal|zat|on is about 25% too large for 10 e\/és%. Both theories, however, predict that the internormaliza-
! Figure 10 combares the present CDW-EIS results with théion error is 16%, rather than 10%. If we include the recaoill

two CCC calculations and the absolute experimental dat ataCaDsWWEIII,Swe 3elt g;agr;%faftg(;i/of f:ﬁﬁc-:ZCE’C(gJ—“gZG;AJ)t
[11] for 54.4-eV incident electrons. The newer CCC99 re- or j and Z. -39 (+:30%) for - ote

sults do not exhibit the double recoil peak structure that Wa§hat for scattering angles of 4° and 10°, the center of the

present in CCC94. The binary peaks exhibit the same behafCOil peak was not accessible in the experiment and there-

ior for 54.4 eV as was seen for the higher energies, wit ore we compare theory and experiment at the angle (210 in

CCC94 larger than CCC9%s much as 29%and with oth caseswhere the experimental recoil data is the largest.
Now both theories predict that the internormalization error is

considerably larger than the experimental estimate of 10%.

TABLE lll. Same as Table | for an ejected-electron energy OfFurthermore, agreement between the two theories is poor for

10ev. the height of the recoil peak. For these reasons, we believe it

4° 10° 16° is more reasonable to assume that the experiment is more

accurate than either theory for the relative size of the peaks
CDW-EIS 2.42 1.91 1.17 (height of the recoil peak relative to the height of the binary
CCC99 2.31 1.87 1.17 peak. If this is indeed the case, then CDW-EIS is underes-
Expt. 3.13 2.58 1.56 timating the recoil peak relative to the binary peak by about
(CDW-EIS)/(expt) 0.77 0.74 0.75 20% for scattering angles of 10° and 16°, while CCC99 is
(CCC99/(expt) 0.74 0.72 0.75 overestimating the same by about 36% for 4°, 20% for 16°,

and 47% for 23°.
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TABLE IV. Comparison of the present CDW-EIS results, the CCC99 ref@tsand experimentexpt)
[11] for an impact energy of 54.4 eV and an ejected-electron energy of 5 eV for scattering angles of 4°, 10°,
16°, and 23°. The data are the experimental and theoretical values for the height of theélimaapd recoil
(reg peaks in atomic units and the ratio of theory to experiment at these peaks.

4° 10° 16° 23°
bin rec bin rec bin rec bin rec
CDW-EIS 0.94 1.83 1.22 0.99 0.91 0.42 0.48 0.14
CCC99 1.01 2.58 1.34 151 0.99 0.67 0.51 0.24
Expt. 0.81 1.52 1.21 1.24 1.09 0.61 0.53 0.17
(CDW-EIS)/(expt) 1.16 1.20 1.01 0.80 0.84 0.69 0.91 0.82
(CCC99/(expt) 1.25 1.70 1.11 1.22 0.91 1.10 0.96 1.41
IV. SUMMARY AND CONCLUSION creasing impact energy and are especially important for im-

. L pact energies below 100 eV. We note that the above effects

In studies of electron-atom ionization, much of the theo.’of initial-state correlation are opposite those of final-state
retical effort has naturally focused on the use of asymptotiv, rejation.
c_aIIy correct two-center wave fun_ctlons for t_hg_fmal state, \when the CDW-EIS results are compared with the recent
since the simple Born approximation for the initial state al-cccgg calculations, it is found that the two theories predict
ready satisfies the asymptotic boundary conditions exactlyaimost identical binary peaks for impact energies of 54.4 eV
On the other hand, the important contributions to Tea-  and higher. At 150 and 250 eV, the recoil peaks are also
trix come from intermediate and close range where electronaimost the same except for small ejection energies and small
electron interactions are significant. From this point of view,scattering angles for the projectile, where they differ by up to
one may question the neglect of correlation in the initial18%. For an impact energy of 54.4 eV, there is a relatively
channel. large difference between the two theories in the recoil peak

We have examined three different methods of includingregion and neither theory is in quantitative agreement with
electron-electron correlation in the initial state. Although allthe experiment for all scattering angles.
three two-center wave functions are valid high-energy ap- It would be hard to find two theoretical approaches as
proximations, we found that the use of the eikonal approxidifferent as CDW-EIS and CCC. Whereas CDW-EIS is a
mation yields the best agreement with experiment for lowefirst-order perturbative approach, CCC is a nonperturbative
energies, just as is observed in the case of ion imj2#it In ~ Method and whereas CDW-EIS uses a final-state wave func-
our opinion, the CDW-EIS approximation is the most accy-tion that satisfies correct asymptotic boundary conditions, the

rate first-order perturbative approach currently available forcr:]ccl: forlma;lism preclud%s this. Fo; these rr:easqns, we regard
fast collisions between charged particles and atoms. the level of agreement between the two theories as encour-

The role of initial-state correlation was clearly evident in aging for both theories.
this work. Including in!tial—_state correlation introduces physi- ACKNOWLEDGMENTS
cal effects contained in higher-order terms of a 3C perturba-
tion series. These higher-order terms increase the magnitude This work was supported by the Australian Research
of the binary peak, decrease the magnitude of the recoil peakouncil and by the National Science Foundation of the
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