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lonization of hydrogen atoms by the impact of fast charged particles can be accurately treated theoretically
using simple two-center wave functions to describe the scattering system both initially and finally. For the final
state, we use a continuum distorted wg@DW) that contains the product of three Coulombic distortion
factors(one for each two-body interactipnhence it is called the 3C wave function. This CDBC) wave
function is ideal for studying fast collisions since it is asymptotically correct in all asymptotic domains of
momentum space for all configurations of the three patrticles in coordinate [spabenes and D. H. Madison,
Phys. Rev. A62, 42 701(2000]. Coulomb distortion in the entrance channel is provided by an eikonal initial
state (EIS), and this CDW-EIS approximation, introduced by Crothers and Mc(dniPhys. B16, 3229
(1983], has proven to be the most accurate perturbative method ever devised within a two-state approximation.
The first fully differential cross sections for ion-atom ionization in the CDW-EIS approximation are presented.
In addition, by considering projectiles of different mass and charge, it will be shown that although the charge
of the projectile is important, the mass of the projectile plays virtually no role in the vast majority of fast
ionizing collisions.
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[. INTRODUCTION Absolute measurements for the fully differential cross
section(FDCS for electron-impact ionization of atomic hy-

In previous workg1,2], we studied ionization of atomic drogen are available at impact energies of 54.4, 150, and 250
hydrogen by electron impact using asymptotically correcteV [8,9], and the collision geometries from these experi-
two-center wave functions to describe the scattering systerfients are used for reference in the present study of projec-
both initially and finally. Here we use the same theoreticaftiles of different mass and charge. Although there exists as
model to study ionization of H(&) by the impact of elemen- yet no FDCS measurements for other projectiles in the case

tary particles of different mass and charge. In the entranc8f atomic hydrogen as target, recent advances in experimen-
channel, the Coulomb distortion is provided by an eikonaftd! techniques have rendered such measurements feasible. In-

initial state (EIS) [3-5]. For the final state, we use a con- cheed, EODCS réweasurtements fort ‘9”".”"'0{?‘“ ior;izaticin Ofl he-
tinuum distorted wav€CDW) that contains the product of r:ur(;]ro[erg[li]nha\?eozler::_rlgzgﬁl 'rgn'gge'gr}n ct)herﬁtoe rea:tldraer
three Coulombic distortion factof$], hence it is called the ydrog . 'y rep o

: : Here we report fully differential CDW-EIS cross sections
3C wave function. For the case of electrons of impact speefior

o ) ionization of H(1s) by the impact of elementary charged
vi lonizing hydrog_en atoms, it has bgen shom that the particles. The FDCS provides the most stringent test of the-
Schralinger equation reduces, to leading order in; 1 the

, ) ) oretical models since the momentum of the projectile, the
full coordinate space, to the eigenequation for the 3C wavgsnized electron, and the residual target ion is fully deter-
function (here, and throughout this work, atomic units aremined. Comparison of FDCS for ionization of hydrogen by
used except where stated otherwiSéhe above resultis also the impact of electrons and antiprotons, as well as positrons
obtained for other projectiles of charge=*1. The case of and protons, reveals that the mass of the projectile is not
multiply charged ions as projectileZ¢>1) demands spe- important in fast ionizing collisiongwith final projectile

cial care. We will show below that if the multiply charged speeds greater than 2—3 a.far the dominant case of small
ion is fast relative to both the residual target ion and themomentum transfer to the target. This result extends ground-
ionized electronthe dominant mode of ionization at inter- breaking work by Berakdar, Briggs, and Klgr2], who pro-
mediate and higher energjeshen the Schidinger equation posed a scaling law for the FDCS where different projectiles
reduces, to leading order inu}/, to the 3C eigenequation. If have the samdinal speed. They considered a reference-
the initially fast projectile becomes slow relative to either theelectron-impact energy of 250 eV and exposed a limitation of
residual ion or the ionized electron, the Safinger equation their scaling law in that projectile mass effects cannot always
still reduces to the 3C eigenequation, but to leading order ibe scaled out if the momentum transfer is large, even for
Zplv;j. Thus the 3C wave function is asymptotically correctvery fast projectiles. The 3C approximatiqi3,14 em-

in all asymptotic domains ofmomentum spactr all con-  ployed by Berakdar, Briggs, and Klat2], which uses the
figurations of the three particles in coordinate space. Thi€DW (3C) wave function for the final state but neglects
result complements that of an earlier wofK], which  distortion of the initial state, is believed to be reasonably
showed that the 3C wave function is asymptotically correctaccurate for impact energies above about 100 eV for electron
in all asymptotic domains ofoordinate spacdor all con-  or positron impacf14] (200 keV/amu for singly charged ion
figurations of the three particles in momentum space. impac). Here we test the scaling law of Berakdar, Briggs,
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and Klar[12] against the CDW-EIS approximation, which and projectile-electron subsystems, respectively. Distortion
allows us to consider lower impact energies with confidenceeffects of the Coulomb potential are contained in the func-
e.g., a reference-electron-impact energy of 54.4 eV, wheréon
the validity of CDW-EIS has recently been established]. _ _ _

To remain consistent with our previous papers on electron C (n.k,r)=N(7) 1F(in,1;—ikr—ik-r). ®)
impact[1,2], we neglect the mass of an electron relative tOHerer (k) is the relative coordinatémomentur and 7 is

the mass of a proton. In this case, the electron-proton re-
duced mass is unity, the reduced masf the colliding the Sommerfeld parameter for the two-body subsystem under

o o - consideration, F is the confluent hypergeometric function,
partners(projectile and targeatom is identical to the re- et - :
duced mass of projectile and targen, and the center of and N(») =T'(1—in)exp(-772), wherel' is the gamma

7 : function.
mass of the targeitomcoincides with the center of mass of . . . . .
the targetion; thus the Jacobi coordinates,(ry), wherer, The perturbatiot¥; in Eq. (1) is defined by the relation
(rp) refers the prOJectlle{gtomlc eIec_tr_oh to the target ion, (H—E)xr =Wx; , (6)
are appropriate to describe the collision process.
where

Il. THEORY
1 Ze 1 Zp

1
In the distorted-wave formalism, the post form of the ex- H=-— ﬂvrza_ EVrzbe o T )
act transition matrix T matrix) element is given by15]
is the full Hamiltonian(neglecting the total c.m. moti¢pmand
Ti=Ocr W)+ (xr [Vi— Wi By). (1) , , ,
E=k{/(2u)+ =k (2u) +k§/2 (8)
Here ¥, is the exact scattering wave function developed, . ) .
from the initial asymptotic state satisfying exact outgoing-'S the total energy in the c.m. frame, wheses the binding
wave (+) boundary conditionsy; is a distorted wave de- €nergy of the target atom. Substituting (4) into Eq. (6),
veloped from the final asymptotic state satisfying exactVe Obtain
incoming-wave boundary conditions, but is otherwise _ _
arbitraryg(wf is teh)e correspoynding perturbatigrand 3; is Wi=Kap- (Vo= Va), ©
the initial asymptotic state\{; is the corresponding channel where

interaction).

We now consider the ionization of atomic hydrogen by Va=K(Zplva,Ka,ra) 1, (10
the impact of a projectil® of massMp and chargeZp. In
the center-of-mas&.m) system, the initial asymptotic state Vp=K(=1lvy ,kp,rp), (11
is given b

k g Kab=K(=Zp/vap,Kap:"ab), (12

Bi=(2m) ¥ expliki-ra) ¢i(ry), @ 4nd where
and the corresponding channel interaction is V,.C (n.kr)
K(nkr)=——"—. (13
Vi:Zp/ra_Zp/rab, (3) Ci(’l?,k,r)

wherek; is the relative momentum of the incident projectile The complex vector functiok (#,k,r) is given explicitly by
with respect to the target atofassumed initially at rejt; Fi(1tin2i—ikr—ik-r)] . .

is the wave function for the target atom, angh=|r.y|, =
wherer j,=r,—r k b=l Kimkor)=mk 1F1(in,1;—ikr—ik-r) .
ab a b-
(14
A. CDW-EIS approximation wherek andr are unit vectors in the directions &fandr,
For the final state, we use the CD¥8C) wave function  respectively.
(6] For the exact scattering wave functidn” in Eq. (1) we
make the eikonal approximatidi],
Xr =(27) 2 expiky-rat+iky-r,)C™(—1lvy,Kp,p)
_ _ Wi~ (2m) ¥expliki-r,) ¢i(rp)
XC (Zplvg,Ka,la)C (= Zplvgp Kap,Tap).  (4)
Zp Vilg— Vi Ty
Herek,(ky) is the final relative momentum of the projectile X ex |U—iln Uilap—Vi-Tap) | (15

(ionized electron with respect to the target iork,, is the

final relative momentum of the projectile with respect to theHere vi=k;/u is the velocity of the incident particle with
ionized electron, and,, v,, anduv,, are the final relative respect to the target. The choi¢®), together with the ap-
speeds within the projectile—target-ion, electron—target-ionproximation (15), is the CDW-EIS[CDW (3C) final state
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and eikonal initial stateapproximation[5,1]. The 3C ap- andk, the same for projectiles differing in mass since the
proximation[13,14], which neglects projectile-target interac- range of allowed values of is mass dependent. For the
tions in the initial state, may be obtained from the CDW-EISelectron-impact collision geometries considered by Ehrhardt
approximation by replacingp with zero in Eq.(15). If we  and co-workerg8,9] at impact energies of 54.4, 150, and
further neglect projectile-target interactions in the final state250 eV, there is one cag@npact energy 54.4 eV, ejected-
by replacingZp with zero iny; (4), we obtain the first Born electron energy of 5 eV, and scattering angle of 4°) where

approximation(FBA). the momentum transfer for electron impact is smaller than
the minimum momentum transfer in the case of ion impact.
B. Fully differential cross section and scaling law Thus, no comparison is made for this case, which is not so

important since, as we will see, mass effects can no longer be

The FDCS for the process scaled out for this low value of impact energy.

P+H(1s)—P+H"+e" (16
C. Asymptotic domains of momentum space

We now investigate the validity of the CDWBC) final-

U state wave function in different asymptotic domains of mo-

| T4 2. (17  mentum space. Before the various possibilities are consid-
i ered, we first obtain some necessary limiting values.

The maximum magnitude of the functi¢®( »,k,r), given
by Eq. (14), is of the order of 5k|, i.e., O(| »k|), since the
ratio of confluent hypergeometric functior¢he square-
racketed termin Eq. (14) is of order unity for small values
of kr+k-r, where the magnitude &€ (»,k,r) is maximum.
Thus

is given in the c.m. frame b}16]

d®c v
_ 4 278
40,40 dE, ™R,

Here Eb=k§/2 is the energy of the ionized electron afig
(Q,) is the solid angle for the ionized electr@projectile.
In this work, we calculate the FDCS in the scattering plan
as a function of the angle betwekp andq for fixed q and
|kp|, whereq=k; —k, is the momentum transferred from the

projectile to the target atom artp= g/|q| is our quantization
axis. [K(%,K,1)] max=O(| 7K|). (21
From the analytic properties of the FDCS in the FBA, it
can be seen that botth and k, should be the same when We note thatyk is finite even ifk is infinite. We also need to
comparing the impact of different projectiles. In addition, we know the asymptotic behavior & ( 7,k,r) for k—c at any
scale the FDCS for the projectileto that of some reference fixed value ofr #0. Using
projectileP’ (reduced masg’, chargeZy,) such that, in the _
FBA, the scaled FDCS for the projectiieis the same as the C (7.k,DGirioe(kr+k-r)='7 (22
FDCS for the reference projectile’:
and Eq.(13), it is easily shown that
d°0scaled Uiy
dQ.dQudE, 0,

!Z , 2 d5
M P) o (18)

,LLZp andedEb

K+r
1+k-r

i
KK Diarvicr—=—

. (23

Furthermore, following Berakdar, Briggs, and K[d2], we
take both projectiles to have the same final speed; thus
=vg . Then, assuming the collision geometry for the refer-
ence projectileP’ is known, the(c.m., collision energyE;

= ki2/(2,u) for the projectileP is given by energy conserva-
tion,

Now if k— oo, thenkr+k-r— oo, unlessk= —r. In this case,
Eqg. (23) is not valid and Eq(14) has to be used instead,

giving K(7,k,r)=0 for k= —r. Thus
|K(75,k,r)|=0(|n|) for k— atfixedr. (24

Ei=(u/pn)E—(u/p'=1)(Ep—€), (19 o . o
For ionization of atomic hydrogen by charged-patrticle im-
where Ei':kizr/(ZM’) is the collision energy for the refer- Pact, the final state consists of three charged particles in the

ence projectileP’. The c.m. scattering angle for the projec- continuum. Consequent_ly, there are four asymptotic domains
of momentum spacé&egions where at least two of the par-

I = 71 % . A- -
tile P, 63=cos (Ka-ki), can be found from the law of co ticles have large relative speedVe define these regions as

Sines, follows:

2=k2+ k32— 2kik, cOSH, . 20

q | a 1™a a ( ) RO: Ua—>°°, vb—>°°, Uab—>30,

Then the momentum transfer directiasly=cos X(q-k;) is _
determined from the law of sineg,sin6,=k,sind,. In the Ra: 0<va<®, vp—®, Vap—*,
following, we take the reference projecti®¥ to be an elec-
tron. In this casex’ =1 and Eq.(19) reduces to the corre- Rp: 0<vp<®, v4—=%, Vap—®,
sponding equation in Berakdar, Briggs, and KJag]. Fi-
nally, we note that it is not always possible to make bgth Rap: 0<sv4p<®, v,;— %0, vy—®©,
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In order to investigate the validity of the 3C wave function in are bounded in the entire coordinate space, see(Fi).
all these asymptotic domains, we consider the followingThus the Schidinger equation reduces to the eigenequation
high-energy ansatz for the exact scattering wave functioffior the 3C wave function in the asymptotic domains where
developed from the final asymptotic state, Vab— 2 (Rg,Ra:Ryp)-
More precisely, ifR, we can use Eq24) to estimate the
- k.. ik . magnitudes oV, andV,,, since bothv, andv, go to infinity
Vi =explika Tatik To)Alr2)BUG)Clran). (290 Ro. Thus, Va=0(|Zp/ullv;) and Vy,=0(1lv;). Now
Substituting the ansat25) into the Schrdinger equation, |Zp| can be greater than 1 only for leeavy projectile (a
(H—E)W¥; =0, we obtain the following equation fok, B, multiply charged iohand thenw is at least of the order of a
andC, thousand atomic uniténuch larger than any physically real-
izable |Zp|). For a light projectile(electron or positron

1 1 |Zp/u|=1. Thus the parametéZp/u| is never larger than
_[ — V2 —iv, V, + ZPIA unity for any real charged particle colliding with a real atom
Al 2u a (we exclude, for example, a target “atom” of positronium
17 1 1 As a resultV, vanishes at least as fast\dg, so the relevant
+ Bl EVr ivp- Vi, }B quantity is the magnitudevy,=0(1/v;) relative to vap
=0(v;). Thus the Schrdinger equation reduces, to leading
1 1 7z order in 142, to the 3C eigenequation iRy.
2 . P I
+ cl 2u Vi WVab Vi — . c In R4, va can be small, so we have to use Efl) to
ab ab estimate the magnitude of,. We obtainV,=0(|Zp|).
1 VraA VrbB V,abC SinceV,=0(1/v;) is smaller tharV/,, the validity of the 3C
= 2 A B | C (26)  wave function is determined by the magnitudé,

=0(|Zp|) relative to v,p=0(v;). Thus the Schmdinger

Here 1, is the reduced mass of projectile and atomic elec€quation reduces, to leading order [#ip/v;|, to the 3C

tron. Since the confluent hypergeometric function satisfie§igénequation ik,. o o _
the partial-differential equation Since the vast majority of ionizing collisions involve

small momentum transfer to the target, the most important

asymptotic region of momentum spaceRg. Herev,— o,
Fi(inli—ikr—ik-r)=0, so we use Eq(24) to obtainV,=0(|Zp/ul|/v;). Sincevy,

can be small, we use ER1) to estimate the magnitude of

(27) v, obtainingV,=0(1). SinceV, is smaller tharv,,, the

validity of the 3C wave function is determined by the mag-
nitude V,=0(1) relative tov,,=O(v;). Thus the Schro
dinger equation reduces, to leading order in; 1/to the 3C

2m

1
(——V2—iv.v+$

wherek=mv (only the incoming-wave solution is shoyyn
we can make the left-hand side of E86) vanish identically

by choosing eigenequation iR, .
) ) _ Finally, in the asymptotic domaiR ,;,, wherev 5, can be
A=1F1(iZplva,1;—ikara—ika:ra), (28)  small, we return to the ansat25), takeC to be given by Eq.
) ) ) (30), and write Eq.(26) as a partial-differential equation for
B:1F1(_|/Ub,1;_|kbrb_|kb‘rb), (29) A andB,
C=1F1(—iZplvap1;—iKaprap—iKap Iap)- (30)
The above choice foh, B, andC gives the CDW3C) wave 1, Zp
function (4). The problem now is to estimate the effect of K[_ ﬂvra_('va+ Kap/p)- Vi + T, A
neglecting the right-hand side of E@®6).
Considering first the asymptotic domaifig, R,, and +l —EVZ —(iVy—Kaop)-V 1 B=0
Ry, where v,,—», we write Eq. (26) as a partial- Bl 2T P Aty ’
differential equation foC. That is, we takeA to be given by (32)

Eq. (28) andB to be given by Eq(29), but leaveC arbitrary

for the moment. Then we obtain the following equation for

C, where K, is given by Eqg.(12). The 3C eigenequation is
obtained by neglectin .. In Rap, Kap is O(|Zp|) while

) P bothv, andv, areO(v;). The contribution from the largest

(IVap+tVa=Vp)-V, = T C=0, neglected term is thu®(|Zp/v;|) and, therefore, the Schro

2 (32) dinger equation reduces, to leading ordet4p/v;|, to the

3C eigenequation iR 4, .

whereV, is given by Eq.(10) andV, is given by Eq.(11). Summarizing the above results, we investigated the valid-

The 3C eigenequation is obtained by neglecthgandVy,. ity of the CDW (3C) final-state wave functioid) for large

Now V, andV,, are negligible relative to ,,— %, since both  total energyE. We found that the Schdinger equation re

1
2pap

v?

ab
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duces, to leading order ilZp/v;| in the full coordinate
space, to the eigenequation for the 3C wave function if the
projectile of charg& with an initial speed; becomes slow
relative to either the ionized electron or the residual target
ion. On the other hand, if the projectile remains fast relative —. 12
to both target fragments, the neglected contribution is justg
O(1/v;) and if, in addition, the target fragments are fast rela-
tive to each other the neglected contribution is only
O(1/ui2). Thus the 3C wave function is asymptotically cor-
rect in all asymptotic domains of momentum space for all
configurations of the three particles in coordinate space.

scaled FDCS

Ill. RESULTS

We evaluate the scattering amplitud® by direct six-
dimensional numericalGauss-Legendjequadrature[17].
Spherical coordinates are used fgrand cylindrical coordi-
nates are used far,, with the z axis taken along the direc-
tion of the momentum transfey. We estimate that our nu-
merical uncertainty is 2% at the peak values in the fully
differential cross sectiond=-DCS).

A. Preliminary considerations

In the case of electron-impact ionization of atomic hydro-
gen, the projectile is indistinguishable from the atomic elec-
tron and, therefore, an exchange amplitude should be in:
cluded when calculating the cross section. However, test
calculations revealed that the exchange contribution is les:
than 2% at the higher energi€ss0 and 250 ey, At 54.4 eV,
exchange reduces the FDCS uniformly by about 10%. In the
preceding section, we showed that the 3C wave function is
correct to leading order in &/, regardless of how close the
three particles are. For 54.4-eV impact eneigys 2, so the
3C wave function is not accurate .'f 6.1” three partlcles A" " FIG. 1. Scattering-plane fully differential cross secti¢RBCS
close tog_ether. In the case of direct lonization, t_hls_should NOh the center-of-masgc.m) coordinate system for ionization of
bg a major problem, since most of the co_ntr|but|on to theH(ls) by the impact of electronse(), protons p*), and their
direct amplitude comes from large separations between thg,inaricles in the CDW-EIS approximation. For the heavy projec-
projectile and the target. On the other hand, most of thgjies (v=), the FDCS are scaled using E48). The (c.m) collision
contribution to the exchange amplitude comes from smalbpergy is 250 e\(212 keVj for e* (p*) and all projectiles have the
separations between projectile and target and, therefore, gémefinal speed. The energy of the ionized electron is 5 eV and
54.4 eV, the 3C and CDW-EIS exchange amplitudes ares the polar angle of the ionized electron relative to the momentum-
probably just order-of-magnitude estimates of the exact extransfer direction ¢, negative corresponds to both the projectile
change amplitude. Finally, our numerical method is not welland the ionized electron emerging in the same half plaftee c.m.
suited to the calculation of the exchange amplitude, since thscattering angle of the projectile isi(@ 3° for e*
ejection of a fast electron means a highly oscillatory inte-(3.29x10 2 deg forp™) and(b) 8° (8.86x10 3 deg). Also shown
grand, necessitating a huge increase in computation timés the first Born approximatioFBA), which yields the same scaled
Since the exchange amplitude is small, hard to calculate, anicPCS for all projectile impacts, and absolute electron-impact mea-
may not even improve the theory, we neglect it. surementgsolid circles from Ehrhardtet al. [8], multiplied by a

It is also of interest to discuss the relative importance offactor of 0.88.
the two terms in Eq(1). Although the sum of these two
terms is the direct amplitude for ionization, neither term in-
dividually has strong physical meaning, since the sole pur- FDCS measurements for electron impg&} characteris-
pose of the second term is to remove the double counting dfcally have two maxima with the one near Qlative to the
interactions that occurs in the first term. Nevertheless, walirection of momentum transfebeing referred to as the bi-
find it interesting that the squared modulus of either term iary peak since 0° is the angle that a stationary atomic elec-
typically an order of magnitude larger than the squaredron would emerge after a single collision with the projectile.
modulus of their sum. The peak near 180° is called the recoil peak since it results

scaled FDCS (a.u.)

B. Fully differential cross sections
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FIG. 3. Same as Fig. 1 for a c.m. collision energy of 54.4 eV
FIG. 2. Same as Fig. 1 for a c.m. collision energy of 150 eV (32.9 ke\j for e* (p*) and projectile scattering angles @ 10°
(121 keV) for e* (p™) and projectile scattering angles ) 4° (9.69<10 3deg), (b)16° (17.9X1073deg), and (c) 23°
(3.09x10 3deg), (b) 10° (11.2x10 3deg), and (c) 16° (26.7x 1073 deg). Here the solid circles are absolute electron-
(17.9x10 3 deg). Here the absolute electron-impact measurementsnpact measurements from Ehrhardt andi®d9], multiplied by a
from Ehrhardtet al.[8] have been multiplied by a factor of 0.86. factor of 0.92.
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from the atomic electron colliding with the projectile and
then backscattering off the ion. 125
Our FDCS results are shown in Figs. 1-3. In the FBA, the
FDCS is symmetric about the momentum transfer direction, 10.0
is maximum at 0°, and the scaled cross section is the sam
for all projectile charges and masses. For better theories the
include the interaction of the projectile with the nucleus and £
the interaction of the projectile with the atomic electron in &
the system wave functiofsuch as CDW-EI§ one would
expect to see a projectile charge dependétiw is, beyond
the simpIeZE, dependence predicted by FRA-rom the fig- 2.5
ures, it is seen that the CDW-EIS scaled cross sections fo
opposite projectile charges are very different. On the other ¢
hand, scaled cross sections for the same projectile charge ar
different masses are very similar—in fact, almost indistin- -180
guishable for the higher energiéhe larger binary cross sec-
tion indistinguishable curves correspondeto andp™ while
the smaller binary cross section indistinguishable curves cor-
respond toe™ andp~). We note that in the CDW-EIS, rela-
tive to the FBA, both binary and recoil peaks shift to larger
(smalley angles between the two outgoing particles for nega-
tively (positively) charged projectiles as one would expect
intuitively. Interestingly, in the case of the binary peak, this .
shift is reproduced by a distorted-wave Born approximation\i;
(DWBA—not shown that includes the projectile—target-ion &
interaction exactly, but neglects the projectile-electron inter-
action in the formation of the final-state wave functi@ee
Whelanet al. [18], and references thergirt has been sug-
gested(contrary to intuition that the shift in the position of
the binary peak is caused by the final-state interaction be:
tween projectile and target ion aloh&2], a supposition that
is supported by calculations more sophisticated than DWBA
including those in Ref[12] and the present worksee Fig.
4). Relative to the FBA, the magnitude at the maximum of
the binary(recoil) peak decreasegncreasesfor negatively FIG. 4. Scattering-plane fully differential cross secti®DCS
charged projectiles and increase@tecreasesfor positively  for positron-impact ionization of H(g) in the center-of-mass coor-
charged projectiles. Test calculations revealed that interfeldinate system. The collision energy is 54.4 eV and the ionized elec-
ence between final-state projectile—target-ion and projectiletron has an energy of 5 eV as in Fig. 3. The curve labeled 3C is the
electron interactions is important in determining the magni-full 3C result including all final-state interactions. The curve labeled
tude of both peaks. 3C (no P-T) is the result of a 3C calculation but with the
For a c.m. impact energy of 250 €212 keV) and a c.m.  projectile—target-ion interaction switched off in the final-state wave
scattering angle of 3° (3.2010 3deg) in the case oé* function and the curve labeled 3@o P-€) is the result of a 3C
(p™), the scaled FDCS fop™ coincides with the FDCS for calculation but with the projectile-electron interaction switched off
e” [Fig. 1(@)]. The curves for negatively charged projectilesi” the final-state wave function. The positron scattering angle)is
nearly coincide except for a slight difference in the recoil10° and(b) 23°.
peak region. When the scattering angle is increased to 8° for
e” (8.86x10 3deg forp™), small differences appear at the factor of 0.88(which is clearly permissible since the overall
maximum in the binary peak between light and heavy pro-uncertainty is 15%so that the shapes of the theoretical and
jectiles with the same charge and, in the case of negativelgxperimental cross sections can be easily compared. Note
charged projectiles, very small differences also occur ovethat this scaling factor of 0.88 only takes into account the
nearly the entire range of the recoil pedkg. 1(b)]. In the  overall uncertainty in the measurements. There is still the
case of electron-impact ionization, where absolute measuré0% relative uncertainty. This means that experiment should
ments are availablg8], there is quantitative agreement be- now be within=10% of the theoretical curve for quantita-
tween the CDW-EIS theory and experime(ithe measure- tive agreement to be claimed. It is seen from Fig. 1 that
ments at 250 and 150 eV have an overall normalizatiofCDW-EIS is indeed in quantitative agreement with the abso-
uncertainty of 15% and an internormalization, or relative,lute measurements for 250-eV electron impact.
uncertainty of 10%. Here we have multiplied the absolute =~ For a c.m. impact energy of 150 e{t21 ke\) and c.m.
measurements for 250-eV electron-impact ionization by a scattering angles of 4°, 10°, and 16° (3080 3,

FDC
o
o

FDC
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11.2x10 3, and 17.% 10 3deg) in the case o&~ (p~), ing the projectile-electron interaction. As the scattering angle

differences remain small for projectiles differing only in is incr_eased,_however, the binary peak that incl.udes all final-
mass (Fig. 2). Interestingly, as the scattering angle is in- Staté interactions b_ecomes small_er than. the b|.na.ry pegk ne-
creased, the magnitude of the CDW-EIS binary peak follecting the prqject'lle—target—lon interaction. Thisis a signa-
positively charged projectiles approaches that of the FBAture of destructive _mte_rference b_etwe_en flnal_-state projectile-
while for negatively charged projectiles the CDW-EIS andélectron and projectile—target-ion m_t_eractlons. Thus _the
experimental(available for electron impactbinary peaks apparent success of the FBA for positively charged projec-
move farther awayin magnitudé from the FBA. The abso- tiles at Iarge_r scattering angles is fortqltops and can be traced
lute measurements for 150-eV electron-impact ionizaigjn 0 destructive interference betweeindividually strong
have been multiplied by a factor of 0.86. It is seen from Fig_pro_Jectlle—target-lqn and projectile-electron final-state inter-
2 that CDW-EIS is in quantitative agreement with the abso-2ctions neglected in the FBA.

lute measurements for 150-eV electron impact except for a

slight underestimation of the recoil peak for a scattering IV. SUMMARY AND CONCLUSION

angle of 4°. For 150-eV electron impact, measurements also
exist forE,=3 and 10 eV, however, these cases revealed N,

nevlé/ prmsms ar;dl are therefo;e not Sho}Ng['l 4 632.9 keV) of electrons, protons, and their antiparticles in the CDW-EIS
or the much lowerimpact energy of 54. o Ke approximation. Although CDW-EIS has been used success-

n thlffcaiﬁ OET (P7), pkrc')jei;rtllle-mass Slﬁere?cels rer:naln éully for many years for less differential cross sections, these
small Tor the binary peak in the case of hegalively charge esults, to our knowledge, represent the first repoftely

prr]ojecti(;es and floré:the r)e coil peak inhthe clase |Of pOISiti\I/elydifferential CDW-EIS cross sections for ion impact.
charged projectileg~ig. 3). However, the scaling law clearly ; . - —y
breaks down for the recoibinary) peak for projectiles with We investigated the validity of the CDWEC) final-state

a negative(positive charge. The c.m. scattering angles arewavg function for large total energy. We found that the
10°, 16°, and 23° foe" and 9.6 10-2, 17.9x 10-2, and Schralinger equation reduces, to leading ordefp /v;| in

26.7% 102 deg, respectively, fop*. In the case of electron- the full coordinate space, to the eigenequation for the 3C

. ST wave function if the projectile of chargés and initial speed
'nr?plfilcfi |%n:)zat|ofn, tthf afb(s)ogl;{tti mefsu;ﬁ]mﬁtﬁﬂlslwive geﬁg v; becomes slow relative to either the ionized electron or the
muttiplied by a factor ot ©.94Ihe experimental unceriainty oy, 5 target ion. If the projectile remains fast relative to
is 35% for the overall normalization and 10% for internor-

o o . .. both target fragments, the neglected contribution is just
mahzatlor) and it IS seen that CDW-EIS Is In near quanpta—o(l/vi) and if, in addition, the target fragments are fast rela-
tive agreement with experiment. As observed at the h'ghe{ive to each othey the neglected contribution is only
energies, the magnitude of the binary peak for positively (1?). Thus the 3C wave function is asymptotically cor-
charged projectiles approaches that of the FBA as the sca@ i . '" totic d . f ty P yf I
tering angle is increased; in fact, for a scattering angle of 2gd€ct In all asymplotic domains of momentum space 1or a

S : : ) . _configurations of the three particles in coordinate space.
for e, the magnitude of the binary-peak maximum for pos- "=y e ' sresented CDW-EIS scaled FDCS. In the FBA,
itron impact actually becomesnallerthan that predicted by . e
FBA. the scaled cross sections would be the same for all projectile

. . : charges and masses. The scaled CDW-EIS cross sections ex-
To explore this further we repeated the positron Impactnibited a strong charge dependence but almost no mass de-

calculations at 54.4 eV, but this time omitting initial-state endence for final proiectile speeds areater than 2—3 a.u. for
correlation (3C approximation The magnitude of the 3C ph domi P fJ I P 9 f h o
binary-peak maximum approaches that of the FBA with in-t € ommgnt case of sma ’T‘O”.‘e”t“m trans er _to the gtom
creasing scattering angle just as rapidly as CDW-E#g. (.q<1). \.N!th decreasing projectile energy, positive projec-
4). Thus, the above-observed effect is dudital-statein- fules_ exhibit a stronger mass _dependence_ than f?ega“"_e pro-
teractions. Further investigations revealed that neither thggtlisvso(iﬂt a;?;acméerticplgegg:;ltecftg?[ﬂe'rnitﬁrg]cé'(f)irr']a?r;?agtse
projectile—target-ion nor the projectile-electron interactionhence theirgmutgarl) nteraction is strgngdnterestingly, the '

alone is responsible for this effect, since neglectaitper aonitude of the binarv peak for positive proiectiles ap-
interaction causes the above-observed behavior to disappeg}. 9 y peax for pos Proje b
roaches that of the FBA with increasing scattering angle.

(Neglecting the projectile—target-ion interaction leads to . ) , - J
binary peak larger than that predicted by the FBA for alii’?-hls apparent “success of the FBA for_ positive projectiles
was traced to a fortuitous destructive interference between

fgggﬁgm ez\ndqsletz, E\lN QJLZITeergtl)?rfgpygptg:kp{r? é?lcglg Ae;ltianc trrlg?tk:gFWO very strong final-state interactions neglected in the FBA.
case does the binary peak approach that of the FBA with
increasing scattering angle-or a scattering angle of 10°,
the binary peak that results from including all final-state in-
teractions is larger than both the binary peak neglecting the This work was supported by the NSF under Grant No.
projectile—target-ion interaction and the binary peak neglectPHY-0070872.

In this paper, we studied the fully differential cross sec-
n (FDCS for ionization of atomic hydrogen by the impact

ACKNOWLEDGMENT

052727-8



SCALING BEHAVIOR OF THE FULLY DIFFERENTIA- . ..

[1] S. Jones and D.H. Madison, Phys. Rev. L&tft. 2886(1998.

[2] S. Jones and D.H. Madison, Phys. Rew62 42 701(2000.

[3] R.J. Glauber, irLectures in Theoretical Physicedited by W.
E. Brittin and L.G. Dunhan{Interscience, New York, 1959
Vol. 1, p. 315.

[4] J.H. McGuire, Phys. Rev. &6, 143(1982.

[5] D.S.F. Crothers and J.F. McCann, J. Physl@33229(1983.

[6] P. J. Redmondunpublishegt quoted by L. Rosenberg, Phys.
Rev. D8, 1833(1973.

[7] Y.E. Kim and A.L. Zubarev, Phys. Rev. B6, 521 (1997.

[8] H. Ehrhardt, K. Jung, G. Knoth, and P. Schlemmer, Z. Phys. D{17] S. Jones, D.H. Madison, and D.A. Konovalov, Phys. Rev. A

At., Mol. Clustersl, 3 (1986.

[9] H. Ehrhardt and J. Rier, in Coincidence Studies of Electron
and Photon Impact lonizatigredited by C.T. Whelan and H.
R.J. WaltergPlenum, New York, 1997 pp. 1-10.

PHYSICAL REVIEW A 65 052727

(2002).

[11] A. Kovér and G. Laricchia, Phys. Rev. Le80, 5309(1998.

[12] J. Berakdar, J.S. Briggs, and H. Klar, J. Phys.28 285
(1993.

[13] C.R. Garibotti and J.E. Miraglia, Phys. Rev24, 572(1980.

[14] M. Brauner, J.S. Briggs, and H. Klar, J. Phys.2B, 2265
(1989.

[15] M. Gell-Mann and M.L. Goldberger, Phys. Re9l1, 398
(1953.

[16] H.A. Bethe, Ann. Phys(Leipzig) 5, 325(1930.

55, 444 (1997).

[18] C.T. Whelan, R.J. Allan, H.R.J. Walters, and X. Zang(erRe)
and Related Processe¥ol. 414 of NATO Advanced Study
Institute, Series C: Mathematical and Physical Scieness

ited by C.T. Whelan, H.R.J. Walters, A. Lahmam-Bennani, and
H. Ehrhardt(Kluwer Academic, Dordrecht, The Netherlands,
1993, pp. 1-32.

[10] M. Schulz, R. Moshammer, D.H. Madison, R.E. Olson, P. Mar-
chalant, C.T. Whelan, H.R.J. Walters, S. Jones, M. Foster, H.
Kollmus, A. Cassimi, and J. Ullrich, J. Phys. 84, L305

052727-9



