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Evidence of Initial-State Two-Center Effects for(e, 2¢) Reactions

S. Jones* and D. H. Madison

Physics Department, University of Missouri-Rolla, Rolla, Missouri 65401
(Received 2 March 1998

Coincidence, ofe, 2¢), measurements of electron-impact ionization of atoms have established that the
largest values of triply differential cross sections are obtained in collisions involving small momentum
transfer to the target. Absolute measurements for these reactions are now available for hydrogen at
54.4-eV impact energy, and relative data have recently been reported at 27.2 eV. Previous theoretical
works have concentrated on employing asymptotically correct two-center wave functions for the final
state, leaving the initial state described by the Born approximation. Here we report results for which
asymptotically correct two-center wave functions are usedbioth the initial and final states of
the scattering system. Comparison of these results with experiment reveals that two-center effects
(projectile-target correlations) are also important in the initial state. [S0031-9007(98)07114-2]

PACS numbers: 34.80.Dp, 03.65.Nk, 34.10.+x

In 1966, Dodd and Greider [1] wrote the following: “The wave function has received much attention and is identi-
problem of obtaining a convergent solution for three-bodycal (mass and charge enter as parameters) to the final-
scattering processes has been investigated extensively btate wave function in the CDW [9] and CDW-EIS [11]
Faddeev, Lovelace, Weinberg, Rosenberg, and Amadapproximations. To our knowledge, it first appeared in
[2—6]. The conclusions reached by these authors are ea-1973 paper by Rosenberg [13] (quoting an unpublished
sentially the same: in order to obtain a nondivergent soluwork of Redmond).
tion for the three-body amplitude, it is necessary to replace Since 1989, there have been numerous attempts to
the Lippmann-Schwinger equation by a set of coupled inimprove the 3C wave function fofe,2¢) reactions.
tegral equations. The kernel in the coupled equations is ln each of these papers, however, the uncorrelated,
3 X 3 matrix which, when squared, contains no dangerousingle-center Born approximation was still made for the
diagrams. These equations, originally proposed by Fadnitial state. One would expect that the convergence
deev, were the first that gave a mathematically sound forproperties of perturbation series should be improved by
mulation of the three-body scattering problem.” also including correlation in the initial state (CDW-

Dodd and Greider [1] then showed that a simplificationEIS approximation). That this is indeed the case is
of the Faddeev equations is obtained when the mass alemonstrated here for the first time for fze2¢) process.
one particle is either much larger or much smaller than the In the distorted-wave formalism, the exact transition
other two. When this mass restriction applies, the scatamplitude is given in post interaction form by [14,15]
tering amplitude is determined bysingleintegral equa- et _ t
tion that can be cast as a perturbation series. Gayet [7] Tri = {xs W) + Xy Vi = Wwrlgy. (1)
showed that an existing perturbation series, the contin- ¥ . . .
uum distorted-wave (CDW) series, could be derived fromiere Wi is the exact scattering wave function devel-
Dodd and Greider's three-body scattering theory. ThusOped from the initial state satisfying exact outgoing-wave

the CDW series offers a convergent approach for solviniOundary condl'tlons angy IS a'dlstorted _Wave.devel-
three-body scattering problems. ped from the final state satisfying exact incoming-wave

. - . boundary conditions, but is otherwise arbitrary. The per-
19226 bC;,Dé/:Y] ei%?rrg X|[g1]atf|grn i\évﬁ_ztg&g";iggzmgf ;? ;n g:eturbationwf is the difference between the exact final-state
In 1978, Belkic[9], starting from Dodd and Greider's interaction between all three particles and the approximate

distorted-wave formalism [1], extended the method to jon Scalttering potential used to calculatg. In the second
atom ionization. Unfortunately, as shown by Crothersterm of Eq. (1),
[10], the initial-state wave function in the CDW ap- B: = 2m) ¥ explik; - ro)gns(ry)
proximation is not properly normalized. Consequently,
the now firmly established CDW-EIS (CDW final state, is the unperturbed initial state, whegg; is the wave
eikonal initial state) approximation for ion-atom ioniza- function for the hydrogen atom ard is the wave vector
tion was proposed by Crothers and McCann [11] in 1983for the incident electron. The corresponding channel
The above ideas grasped a foothold in electron-atonmteraction isV; = 1/r,, — 1/r,. The vectors, andr;,
literature in 1989, when Brauner, Briggs, and Klar [12] are the coordinates of the two electrons relative to the
reported(e, 2¢) calculations for electron-hydrogen ioniza- nucleus andr,, = r, — r; is their relative coordinate.
tion where the final-state wave function satisfied the exWe use atomic units (a.u.), except where noted otherwise,
act asymptotic boundary conditions. This correlated “3C"and take the mass of the nucleus to be infinite.
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For the final state, we make the CDW (3C) choice:
x; = Qm) 7 explik, - rq + iKp - 15)Clap, Kp,1p)
X C(am kg, ra)C(aab, Kap, rab) . (2)

Herek, andk, are the wave vectors for the two final-
state electrons antt,, = u(k, — k;) is their relative
wave vector, wherey = 1/2 is their reduced mass.
The Sommerfeld parameters are givendy = —1/k,,
ap = —1/k,, and a,, = w/ky,. Distortion effects of
the Coulomb potential are contained in the function

Cla,k,r) =T — ia)exp—7a/2)
X Fi(ia,1; —ikr — ik - 1),

where; F is the confluent hypergeometric function ahid
is the gamma function. It is well known that the wave
function (2) is asymptotically correct for large separations
between all three particles. It has recently been shown
[16] that this wave function also remains valid if only two
interparticle separations are large. Thus, the wave function
(2) is asymptotically correct iall asymptotic domains.

The perturbatioriV, in Eq. (1) is determined from the
Schrodinger equatiotd — E)x; = Wy xy , whereH is
the Hamiltonian andt is the energy. Substituting
into the Schrédinger equation, we obtain

Wf = K(aaba kab» rab)
' M[K(aa’kaara) - K(abakb’rb)]v

where

Fi(l +ia,2;—ikr —ik-r) [ Kk r
K(a,k,r) =1 —+ .
(. k1) WFiGa,1; —ikr — ik - 1) <k r)

For the exact scattering wave functioh;”", we make
the eikonal approximation [17} (axis alongk;):

W~ giexp ——In[ ———2a ) | 3)
ki Yab — Zab

The eikonal phase factor, like the product of the last
two Coulombic-distortion factors in Eq. (2), introduces
projectile-target correlations (two-center effects). The
choice (2) together with the approximation (3) is the
CDW-EIS approximation. The 3C approximation of
Brauner, Briggs, and Klar [12] is obtained by omitting
the eikonal phase factor in Eq. (3). For sufficiently high
energies, the eikonal approximation is valid for small mo-
mentum transfer to the target (small scattering angles of
the projectile) [15,17]. As a result, we consider only mo-
mentum transfer less than one (a.u.) and ignore electron

FIG. 1. Scattering-plane TDCS at 54.4 eV vs the angle
(clockwise from forward direction) of the slower (5 eV)
electron. The angle (counterclockwise) of the faster electron
is (a) 4°, (b) 10°, (c) 16°, or (d) 23°. Thick line: CDW-
EIS. Thin line: 3C. Broken line: CCC [19]. Circles: experi-
ment [20].
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exchange, which involves large momentum transfer. Fovergent close-coupling (CCC) results of Brayal. [19].
the kinematics considered here, the cross section is prifhe TDCS experimental data characteristically has two
marily determined by small momentum-transfer collisionsmaxima with the one at smaller angles being referred
and therefore exchange is relatively unimportant. to as the binary peak since it is near the angle that an
We use six-dimensional numerical quadrature [18] toatomic electron would emerge after a single collision with
evaluate the scattering amplitude. In Fig. 1, the preserthe projectile. The second peak is called the recoil peak
triply differential cross section (TDCS) results both with since it results from the atomic electron further collid-
initial-state correlation (CDW-EIS) and without initial- ing with the recoiling ion. Comparing the CDW-EIS and
state correlation (3C) are compared with the absolut@C results, it is seen that initial-state correlation is impor-
(£40%) measurements [20] at 54.4 eV as well as the contant; particularly for the recoil peak where it significantly
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FIG. 2. Same as Fig. 1 for an impact energy of 27.2 eV andFIG. 3. Same as Fig. 2 for a slower-electron energy of 4 eV.
a slower-electron energy of 2 eV. The fixed observation anglerhe fixed observation angle for the faster electron is 1)

for the faster electron is (&0°, (b) 30°, or (c) 40°. (b) 23°, or (c) 30°.
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decreases the magnitude of the TDCS and shifts the peaxperiment particularly for the lower impact energy.
position to larger scattering angles, leading to much betteBince the measurements at 27.2 eV are not absolute,
agreement with the shape of the data. CCC results am@bsolute measurements are necessary to determine the
also in excellent agreement with the shape of the data, bwalidity of these predictions since the magnitude of the
are about 13 larger than CDW-EIS predictions. cross section can be extremely sensitive to the theoretical
In Figs. 2—4, we present our results for an impactmodel. Nevertheless, we are encouraged by the fact
energy of 27.2 eV (CCC results are not available). Thehat the CDW-EIS binary- to recoil-peak ratios are in
relative experimental data [20] are normalized to ourreasonable agreement with experiment. Finally, we note
CDW-EIS results by multiplying by the same factor that this work is based upon satisfying both initial-state
for each scattering angle of the faster electron for and final-state asymptotic boundary conditions whereas
fixed slower-electron energy, since these data are othe CCC method is not. Absolute measurements and CCC
the same scale. It is seen that initial-state correlatiomalculations for 27.2 eV would provide additional insight
is even more important for the lower-energy incidentinto the importance of satisfying boundary conditions.
electrons. Whereas the experimental data still exhibit the This work was supported by the National Science
characteristic double-peak structure, the binary peak ifoundation. We are greatly indebted to J. Réder, K. Jung,
either missing or only a small shoulder in the 3C resultsand H. Ehrhardt for communicating their data prior to
Initial-state correlation, on the other hand, brings back theublication.
double-peak structure.
In conclusion, we have evaluated the first term of
the CDW-EIS perturbation series for electron-hydrogen
ionization. Our results show that two-center effects
in (e,2e) reactions are importanbefore the atomic *Present address: Centre for Atomic, Molecular and
electron is ejected into the continuum. Including initial- Surface Physics, Murdoch University, Perth 6150,
state correlation significantly improved agreement with Australia.
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