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In the first Born approximation, the symmetrical double-electron-capture collision betweepaaticle and
a helium atom in the presence of an intense laser field is studied. The capture cross section is promoted
considerably and is an increasing function of the ratio of the laser amplitude to frequency. With increasing
impact energy, the dressing modification becomes notfBlH50-294®8)01204-9

PACS numbeps): 34.50.Rk, 34.70-e, 32.80.Wr, 34.90:q

. INTRODUCTION strength~5.14x 10° V cm™%), but intense enough by labo-
With the development of laser technology, the study ofatory standards. This ensures that a perturbative treatment of

the dressing effect on atomic systems has long been an actilfe field-atom interaction is applicable. Atomic unies<(m
area of research in physics, both when dealing with isolated 7 =1) are employed unless otherwise stated.
atoms and when the attention is focused on many-particle
processedelectron- (or positrony atom and atom-<ion-) Il. THEORY
atom collision$ [1,2]. In past decades, interests has mainly
focused on photon-atom interactions and collisional effect?
on light emission{2]. The laser modification on low-energy ar
atom-atom(ion) collisions in a relatively weak field were
extensively studied3-6], where the two-state model and
guasimolecular approximation were generally employed. For
intense field-assisted electron- and positron-atom scatterin e
some calculation based on the first Born approximatior
(FBA) are maddg7-10].

In this article, we address an investigation into the double

We examine the collision of Eq1.1) when the helium

get is set in its dressed ground state. The projectile, target
nucleus, and electrons are labelBd N, ande; ande,,
respectively. The coordinate system is illustrated in Fig. 1.

electron-capture collision in the presence of an intense lase e,
background. We begin with the simplest collision of this N
kind, Ts0
He?THe(1s) —— He(1s) + He?™, (1.2
Laser > -
ri rz

and for less complexity assume that the laser is a linearl
polarized classical electromagnetic field. The vector potentis
is

3

N - C -
A=A, coswt=— & cosat, 12 P

Where§0 is the electric vector of the field. The magnitude of  FIG. 1. Coordinate system for laser-assisted'Hide double
this vector is far less than an atomic uiit a.u. of field electron capture.
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The channel Hamiltonians and channel interactions for initiawherey, and yg are the incoming and outgoing plane waves
and final states may be written as (the dressing on them has been ommaxz{;'e is the pertur-
bative wave function for the dressed ground state of helium

H=— L Vi-Z |V + i 5\)2_ 1 Vo + ' 5\)2_ N in the soft photon approximatiori 1],
2u, R 2 1 c 2 2. c rq
7, 1 U(r1. o ) =6 WU GHS(r1 1) — cos wt $h(ry.ro)],
with
v,:ZPZN— Zr_Zr 2.2

o 10 T20

2
- - 1. -
$o(r1.r2)=—— wgo.jglvfj%'e(rl,rz), 2.7
&) =

1,1 i .)\2 1 i .)\2
He=—5— V& =35 | Vit g A Vi 4+ - A

2ur e 20 wherewy=1.15 a.u. is the average excitation energy of he-
Ze Zp 1 lium. In Egs. (2.6) and (2.7), we choose state vector
-t (2.3 ¢f%r,,r,) as the Hartree-Fock wave function of helium
o fao T2
[12],
ZoZn Zn Zn o o
T T 4 BRI 1.2)= BolT ) holT ), 29

whereZp,=Zy=2 denote the charges of the projectile andWith
target nucleus,u;=Mp(My+2)/(Mp+My+2)=ug the
reduced masses of initial and final statés,=M are the
masses of projectile and target nucl)euand R=ro—(r
+r2)/(M +2) and R’ —(Mpr0+rl+r2)/(M +2) the
relative coordinates between both colliders in the initial and" Which C;=2.60505,C,=2.081 44, a;=1.41, anda,
final states. =261 _ _

In the FBA, theS-matrix element associated with the la-  Substituting Eg.(2.6) into Eq. (2.5, neglecting the
ser modified ground-state-to-ground-state double electroRigher-order dressing terms, and then working out the time

2
bo(r)= 2 2.9

ﬁ\H

capture is integration, we gain
* > N +1
SBl:_if_ dxe(ROYE T 10,720, Si=2m i 3 1PAE-Etle), (210
X|V||X|(R1t)¢ge(rl1r21t)>1 (25) |n Wh|Ch,
oo g; dR drydre ke R @ RGHE (£ 1, (T 1)
= BE 4 dr.dr.e b0 fog=ity Fig=ida FogHe* (f ey 2
T on ) Glodridrae e e b0 (r10.r20Vibg (r1.72), (2.11

By _ M [ m o R R - S et oo -
fﬁ:_ﬂ J' dR drydrye” kF R ek REGEE (110,10 V(11,1 2) + d6° (F10,720 V1o (r1,r2)]
ME ST T il Toa—iGy Fia—ile o AHEX (T T He o~ = He /7 = \\, 7He Z =
T o drodridrye "0 Toe™ 191 T1e™ 927 T2 ™ (110, 0)V bg (F1,12) + b (F10:,M20Vighg (F1.12)], (2.12

Where(io= IZ,:M p/(Mp+2)— I2| and cil= a2= IZ,: I(Mp+2)+ IZ, /(My\+2) are the momentum transfers of the projectile and
both electrons, respectively. Using the Feynman parametric integration technique, we may reduce the ninefold integration of
Eq. (2.1 to

ME
Sl——7 > CiCiCrChlijmn, (213

1], mn

with
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J Jd J
) (qOI’y qlva|!q21aj ﬂmyﬁn) (214)

liimn=1|ZpZ —-2Z
ijmn ( P No—, Po"‘y an 3,8m &ﬁn
where

. . e idoTo= 7o gTidrTi—aify g=id2 T2 ajf2 @~ Bml10 @~ Bal20

> N N 1 -
I(do,v,91,@i A2, ), Bm, Bn) = 6.3 j drodr,dr,

) r ) 10 I'20

1 1 1
:fo dgfodnplpz[(pﬁpzwL »2+q?]’ (219

in which etries of &llk, and &,Lk;, as well as the result for laser
- - > 21 absence. For both geometries, the double-capture cross sec-
q=0o+ U1+ 027, (218 tions are promoted with application of the electric field. Such
2 2, 2 o2\ 221102 collisional behavior can be understood by the “relaxation
p1=[Bnt (A1t ai—Br)E—q1é ] 21D offect” of dressing on each atom. When the laser is present,
the fast Coulomb binding of the target nucleus on electrons
— 2 2 2_ 2 _ N2,..271/2
p2=[Bnt (A2t aj—By) n—a27°]™" (218 s relaxed due to the laser polarization, which is preferable to

. . . .. electron capture at the impact energy and the field strength
The reduction of Eq(2.19 appears in the Appendix. Simi considered. The result for an extremely small scattering

larly, we may reduce Eq2.1 to angle (6~0°) corresponds to the situation that the projectile
5 does not “penetrate” into the electron clouds of the target.
fh=- 2 E CiC,C Cnlljmnv (219  When the field polarization is set parallel to the incident
Li.m.n direction, the velocity of electrons relative to the projectile is
maximally changed, while for a perpendicular geometry the
where . 2 ) 2
velocity change is smaller. The relative velocity is one of the
- ([ a d ) 2\ 9 9 decisive factors that affect the electron-capture probability;
Iijmr,:—[ — (ZPZN ——2Zp —) — therefore, at small scattering angles, the double-electron-
@ [ @He 9915 I 9y| Bm IPBn capture cross section for a parallel geometry is greater than
-— - ZpZy ——22p —
wHe &qls aqos PN&aI P&,y &Bn _9.00L||||||||||||||||lll|llll_|
XI(qO!yvqliaiiqZ!ajiﬂmiﬁn) - ]
-10.00
L g 4 a4 a9 9 =
" 0e 001, 9y 90 OB 9By g [
S -11.00 |
* ! - g ’ = %
X daiz-(qo"%ql!ai !QZ!aj!ﬁm!ﬁn) . (22® - N
a R -12.00
3
The laser-modified double-electron-capture cross sectionisa 3 _
sum of all cross sections with a definite number of photons 20 -13.00 |
exchanged, -
+1 Ke .5 -14.00
— 1|2
d ) :2_ PRLEE (2.2 : ]
1500 e e v b b e by e e ol
In carrying out the numerical calculation of Eq2.14 0.0 2.0 4.0 6.0 80 10.0
and (2.20), we first usedMATHEMATICA to derive the para- 0 (10'4deg)

metric differentiation of the integrands, and then transferred
them intoFORTRAN programs. The twofold and threefold nu-

merical integrations are finally completed FDRTRAN. FIG. 2. Differential cross section for laser-assisted®Hee

double electron capture from ground state to ground state in the
center-of-mass system at the laboratory impact eneEy
IIl. RESULTS AND DISCUSSION =400 keV, field strength,=2.0x10° Vcm™, and frequency

In Fig. 2 the differential cross sections for laser- modified?@=1.17 eV. Solid line, cross section for laser absence; dotted
double electron capture in the center-of-mass system are dine, laser-modified result for a parallel geomeﬁylh dashed
played. We plot the cross sections for polarization geomiine, result for a perpendicular geometiyL K, .
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FIG. 3. Azimuth-angle dependence of the differential cross sec- FIG. 5. Polarization direction dependence of differential cross
tion at scattering angl@=1.0x10"“ deg. Solid line, result for section atEL—400 keV, £=2.0x10* Vcm™, hw=1.17¢eV, 6

laser absence; dotted line, result ik, ; dashed line, result for =1.0x10"* deg, andp=0°. Solid line, result for laser absence;
EOL |Z| _ dotted line, laser-modified result.

that for a perpendicular geometry The resulting dependence on laser dynamic parameters is
In Fig. 3 we give the azimuth angléhe angle between presentegl in _F|gs. 4 and 5. Figure 4 |nd_|cates that in the

o - ) - perturbative field range, the laser promotions on the cross

the polarization plane; <&, and the scattering plank  gection are mono-increasing functionssgfw. The stronger

X kF) dependence for a perpendlcular geometry. The theorethe field, the greater the cross-section promotion; the lower

ical result shows that wheky: is set in the polarization plane, the field frequency, the more the target is continuously po-

the cross-section modification is maximum. WHQndew— larized in a definite direction and thus the greater the promo-

ates from the polarization plane, the laser modification detIon that leads to. This is easy to comprehend from(€q).

o Figure 5 shows that with the polarization angle increasing
creases; ap=90°, the modification nearly disappears. (we have assumed that the scattering direction is
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FIG. 4. Differential cross sections as functions&éf w for E_ FIG. 6. Integral cross section for laser-assistedHae double

=400 keV, #=1.0x10* deg, ande=0°. Solid line, result for electron capture af,=2.0x10® Vecm ™! and%w=1.17 eV. Solid
laser absence; dotted line, result ﬁéytlk,; dashed line, result for line, result for laser absence; dotted line, resultégrk.; dashed
Eol k. line, result forEOL k.
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FIG. 7. Integral cross-section dependence on laser paramet
& /w at E, =400 keV. Solid line, result for laser absence; dotted

line, result foréol\lz| ; dashed line, result fofoJ_ IZ, .

set in the polarization plangthe laser-modified cross section
first gradually drops to a minimum &t =49° (the minimum

is nearly the same as the result for laser absgriben in-
creases in a large polarization angular range, at abbut
=135° to its maximum, and then drops to a value that is the
same as the result f@ =0°.

In Fig. 6 we plot the total double-electron cross sections
For both geometries, the total cross section is promoted dre
matically by the field. Because the angular distribution of the
small scattering angle contributes the dominant part to thi
total cross section, the result for a parallel geometry is
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greater than that for perpendicular one.

The function relations between the total cross section and
laser parameters are reported in Figs. 7 and 8. Figure 7
shows that the total-cross-section dependence€gio is
similar to the curve behavior of Fig. 4, except that the dif-
ference between both geometries is much more notable. In
Fig. 8 the total-cross-section dependence on the polarization
cross section is almost symmetric. @t=0° and 180%.e.,
the parallel geometpthe laser promotion is at its maximum;
at ® =90° (perpendicular geometrjt drops to its minimum.

IV. CONCLUSIONS

In summary, a theoretical prediction on laser modification
to the symmetrical double electron capture betweenaan
particle and a dressed helium atom has been made. Both
differential and total cross sections are calculated. The cross-
section dependence on laser strength, frequency, and polar-
ization direction is discussed. Generally speaking, the cross
section is greatly promoted by the laser. The promotion is
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FIG. 9. Comparison of the FBA total cross section with other
theoretical and experiment results for laser absence. Theoretical re-
sults (1s®-1s? double electron capture only dot-dashed line,
present FBA calculation; dashed and solid lines, results by Belkic
of correct first Born approximatiofCB1) employing the com-
pletely uncorrelated Hylleraas orbitals for the cases without dy-
namic correlatior{13] and with dynamic correlatiofil4]. Experi-

FIG. 8. Integral cross section dependence on polarization direcnental data: open circles, Berknet al. [15]; squares, McDaniel

tion at E_=400keV, £=2.0x1* Vcm™?, and Aw=1.17 eV.

et al. [16]; closed circles, Pivovaet al. [17]; triangles, DuBois

Solid line, result for laser absence; dotted line, laser-modified resul{.18].
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especially remarkable at high energy. Unlike otherthe theoretical results of the corrected first Born approxima-
internuclear-interaction-dominated scattering processes, th#n[13,14 and some experimental resuliss—18§. The fig-
charge-transfer collision is dominated by the nucleusure shows that the FBA calculation for the undressed colli-

electron interaction at high energy instead of the internucleagion agrees with experiment in the energy range we
one. Because a nucleus is at least 1840 times heavier than @gnsidered.

electron, the dressing on nuclei is negligible. Thus at high
energy the dressing-modified double-capture cross sections
are much higher than the result for the laser-free capture ACKNOWLEDGMENTS

cross section. The laser-free capture cross section of high This work was supported by the Returned Student Foun-
energy in general is difficult to measure; the dressing modiyy i of Academia Sinica, the Start Foundation for Re-
fication suggests that we may detect some high-energy COFUrned Student, and Chinese Research for Atomic and Mo-
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lisional parameters with the application of an intense lase
background.

In the above discussion the electron correlation and it
dressing modification are not considered. For this symmetric
electron-capture collision, the interelectron Coulomb interac- APPENDIX
tion is limited within the target helium or the newly formed
helium in the final state. The Hartree-Fock wave function of In this appendix, we give the proof of E(.15. Substi-
Eq. (2.8 for helium does not include the electron correlation. tuting the Fourier transformations
If we believe that the correlation modification to the Hartree-

Fock wave function is a small correction, according to Eqg. e B0 1 e iP-(f1=Fo)

(2.7), the corresponding dressing modification of it is a — = f dp —— (A1)
higher-order one. Therefore, the correlation effects on dress- ro 2m P+ B

ing and on the modified cross section are minor.

To our knowledge, there has been no report on laser e B2 1 . e iQ:(fa=Tp)
modification to double-electron-capture collisions until now. == f dQ ————>— (A2)
To confirm the reliability of the FBA treatment on the 20 2m Q°+ B
double-electron-capture collision, in Fig. 9 we present a
comparison of the FBA result for the absence of a laser withinto the first equality of Eq(2.15, we obtain

|
(4o, ¥ 01, , 02, By Bn) 1fd|5 ! fdé ! Jd*d“d*
qOIqu ya‘.CI2y6Y'. y = a7 ro r r2
1T PP Bl 64T P2+ B2 Q%+ B2 !
e_i(do+§+é)'FO_7ro e—i(dl—ﬁ)'Fl—airl e—i(dz—é)‘Fz—ajfz
8 o s )
1 . 1 N e_i(dz_Q‘)'Fz—ajfz . R R
477_3 f dQ Q2+Bﬁ1 J' dr2 r2 |(Qo Qa%ch,ch 1:8m)1 (AS)
where
. . 1 I e_i(do+é)'Fo—7fo e 011 &' g~ Bnl10
+ . = — .
I(qo Q!71q1!a| 118m) 16’774 f drOdrl rO r]_ r]_o (A4)
Using Feynman integration technique, it is easy to show [th@lt
- s o 1 - 1 1 1 1 1
I(qO+Q171qlvai1Bm):_2fdP N = 5 2.2 2. 2P2+ ZZJ'Od‘f 5 N N 21
i (P+0do+Q)?+9* (P—qp?+af P+ B pal(p1+¥)*+(Q+do+0y€)
(AS)
where
p1=[Bn+ (a1 +af — Br) - 1622 (A6)

Substituting Eq(A5) into Eq. (A3) and then exchanging the order of integration, we gain
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1 1 1

- - - 1 11
I(qO!‘}’!ql!ai!qZ!aj!Bmiﬁn):f dg__z d3Q N N N 9 2 N -, 5 2 2
o T (Q+0o+ 018"+ (p1+7)° (Q—02)+ ¢ Q™+ A

11 . . R
:j d§ — 1(do+d1é,p1+ 7,92, ,Bn)
O P

1 1 (1 1
= di—fdn
1 0

o p pal (pot+p1t 7)2+(ao+a1§+a277)2]
1 1 1
= de dn , (A7)
fo 0 " pipl (p1tpaty)i+a®]
where
5=ﬁo+51§+&2n, (A8)
po=[Ba+(d5+af— B n—a57°] M2 (A9)

Thus Eq.(2.15 is proved.

[1] M. H. Mittleman, Introduction to the Theory of Laser-Atom [10] S.-M. Li, Z.-F. Zhou, J.-G. Zhou, and Y.-Y. Liu, Phys. Rev. A
Interactions(Plenum, New York, 1982 47, 4960(1993.

[2] Claude Cohen-Tannoudji, Jacques Dupont-Roc, and Gilberf11] S.-M. Li, J. Chen, J.-G. Zhou, and H.-J. Yin, Phys. Rev#A
Grynberg,Atom-Photon Interactions: Basic Processes and Ap- 1197 (1993.

plications (Wiley, New York, 1992. [12] C. J. JoachainQuantum Collision TheoryNorth-Holland,
[3] R. Z. Vitlina, A. V. Chaplik, and M. V. Entin, Sov. Phys. JETP Amsterdam, 1988
40, 829(1975. [13] D. Belkic, Phys. Rev. A47, 189(1993.

[4] M. H. Mittleman, Phys. Rev. A4, 586 (1976.

[14] D. Belkic, Phys. Rev. A47, 3824(1993.
[5] D. A. Copeland and C. L. Tang, J. Chem. Phg§, 5126

[15] K. H. Berkner, R. V. Pyle, J. W. Sterns, and J. C. Warren,

6 2}9;7)"_' M. Ki 4R E. Ol Phvs. Rev3a 576 Phys. Rev166 44 (1968.
1] (i985 su, M. Kimura, and R. E. Olson, Phys. Revaa [16] E. W. McDaniel, M. R. Flannery, H. W. Ellis, F. L. Eisele, and

[7] F. W. Byron, Jr., P. Francken, and C. J. Joachain, J. Phys. B W. Pole, U.S. Army Missile Research and Development Com-

20, 5487(1987. mand Technical Report H, 197énpublisheg

[8] C. J. Joachain, P. Francken, A. Maquet, P. Martin, and V.[17] L. P"’OYa“ M. T. Novikov, and V. M. Tubaev, Zh. Eksp.
Veniard, Phys. Rev. Let61, 165(1988. Theor. Fiz. 42, 1490 (1962 [Sov. Phys. JETP15, 1035

[9] M. Bhattacharya, C. Sinha, and N. C. Sil, Phys. ReviOA567 (1962].
(1989. [18] R. D. Dubois, Phys. Rev. 86, 2585(1987).



