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Static electric-field effects in the photodetachment of Cs at the 2P resonance region
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We calculated near-threshold photodetachment cross sections Tan@ise presence of a dc electric field
using three different approaches: the frame-transformation method with and without rescattering effects and the
Kirchhoff-integral approach. Radial wave functions for the electronic motion were obtained using the Pauli
equation method with a model potential describing the effective electron-atom interaction. Our results demon-
strate the inadequacy of the frame-transformation method irfheesonance region even for weak fields
(E<10 kV/cm). We show that the triplet and singlet contributions to the total cross section can be manipulated
by varying the external electric field. This can enhance spin-orbit effects in the photodetachment process and
create more favorable conditions in the experiment for the observation of the I8Ressonance in Cs
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[. INTRODUCTION action. In the case of scattering by the polarization potential
this range is characterized by the Weisskopf radli.g

A strong external static electric field affects the decay of s
negative ions and influences substantially the photodetach- , :(E> 1)
ment (PD) dynamics. So far, most of the theoretical work Wl gk )
performed in this field employed zero-range or short-range
model potentials for the description of the interaction of thewherea is the atomic polarizability. From here we obtain the
detached electron with the atomic residue. The zero-rangeondition k?<(maF34)?". For Cs «=402.2 and, for ex-
potential model allows the exact analytical treatment of bottample in the casé =100 kV/cm, we hav&E<7 meV. This
negative-ion decay in a static fidlil] and PD in a static field energy corresponds to the effecti¥@/eisskopj radius of
(see Ref[2] and references therginFor short-range inter- electron-atom interaction of about 20 a.u. However, the reso-
actions, the frame-transformation the$8y4] can be applied nance scattering in the low-energy region can make the ef-
which assumes that the whole space can be separated irfective radius even larger, and the rescattering effect even
three regions: in the inner region the electron-atom interacmore important than in the case of a pure potential scattering
tion is dominant, in the outer region it can be neglected comby a strong potential. The heavy alkali-metal atoms are par-
pared to the interaction of the electron with the external fieldticularly remarkable in this regard since the low-energy elec-
and in the intermediate region both are small compared ttron scattering in this case is strongly affected bjPareso-
the electron binding energy. This approach was applied to theance. The cross section fetCs scattering reaches almost
decay[4,5] and PD of negative ion§6—9]. However, the 10 *? cn? which corresponds to the effective radius 55 a.u.
long-range polarization interaction between the detached@herefore we expect the rescattering effects to be even more
electron and atomic residue might become important if themportant in this region.
binding energy is small or the static field is strong. A typical Incorporation of a realistic electron-atom interacti@m-
example is the decay of alkali negative ions since alkalicluding the polarization partn the negative-ion decay prob-
metal atoms possess very large polarizabilities. If the finallem is a complicated task because the polarization potential
state interaction is strong enough, it can cause the rescatteand the static field potential have different symmetries,
ing effect[7,9] whereby the electron wave reflected by the spherical and cylindrical. It was shown in Reff$3—-15 that
static-electric-field potential is scattered by the atomic resithe electron wave functions in two different spatial regions
due. Although this effect has not been observed in PD ofvhere different symmetries prevail can be matched by using
atomic aniong10], it was recently showhpl11] that it can be the Kirchhoff integral involving the Green’s function for an
substantial in PD of molecular anions due to the strong di€lectron in a long-range field. For example, in the problem of
polar electron-molecule interaction. Similarly, the large po-molecular Rydberg statd44,15 we employ the Coulomb
larizability of alkali-metal anions can enhance rescattering. Green'’s function whereas in the problem of negative-ion de-

The spatial spreading of the electron wave function due ta@ay [13] the Green’s function of Slonim and Dalidchik6]
the reflection from the potential barrier formed by the staticis used.
field can be estimated %] (atomic units are used through- In the present work we use accurately adjusted pseudopo-
out the paper2E/F, whereE=k?/2 is the electron energy in tentials[14,17] to describe the interaction of slow electrons
the final state andr is the electric field. For a substantial with kinetic energies below 1 eV with Cs atoms and apply
rescattering effect this length should be of the ordefasf these potentials to the calculation of PD in the presence of a
smaller than the effective range of the electron-atom inter- static external electric field. Heavy alkali-metal atoms are
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interesting due to their relatively strong spin-orbit interactionis strength of the static electric field, Ai the regular Airy
which strongly affects electron scattering at low energiesunction,J,, a Bessel function, and,,, a spherical harmonic.
[18]. In particular, the fine-structure splitting of the low-lying  The funcUonsd),mSM have the asymptotic behavior

3pP° negative-ion resonances is well pronounced in Ck3].

The 3P, component of the C{3P) resonance was recently o

detected in PD mea;uremeﬁm]. Its measured position and ‘I’l Ly, — J|(kr)Y|m(F)XSMS+(incoming wave, (3)
shape agree well with our recently calculated absolute PD

cross sectiorf20]. The theory developed in Secs. -1V of where

this paper is followed by a numerical study of the influence

of the static external electric field on the characteristics of the

Cs (®P,) resonance terniSec. \J. Our conclusions follow XSM= 2 C(l/Z) (112)
in Sec. VI. Unless indicated otherwise, we use atomic units N TR
throughout this work.

1 1
21“’1 EMZ .
is the spin wave function of the two-electron system for the

Il ERAME-TRANSEORMATION APPROACH total spinSand its projectiorM g, andC" m is a Clebsch-

WITH SPIN-ORBIT EFFECTS Gordon Coefficient. _ o
This allows us to write the close-coupling expansion in
Because of the strong signature of the low-enefy  the form

resonance in the PD of heavy alkali-metal atoms, we refor-

Iml’

mulate the frame-transformation thed®,9] to include the N 2 M, 2 ) 3
spin-orbit interaction. If we neglect rescattering effects, the Pimsmg= v, ALMLSMSIm < LS IMy)RLg (1),
PD cross section can be written in the foffi (4)
4w ;
_ with
7= % M||'XImSMSXImSMS
whereXmSM is the matrix element of the dipole operator [LSIMy)= 2 CLM L SMg Yim (r)XSMS

between the initial bound stail and the final stat@fy Ly,
Thus, the wave functionb( 2, includes spin and angle

XfQSMS (@f, mSM |r-&[4n). coordinates of both electrons, but only the radial coordinate
of the detached electron. We do not mix differéntompo-

Herel, m, S, and Mg are the total orbital momentum, the nents in the expansioi) since at low energies only=1 is
projection of orbital momentum, the total spin of the Cs involved. The asymptotic form of the incident-wave part of
ion, and its projection along the static electric field that de-R, g4 is dsg sinkr— L71'/2)/r This allows us to write the
fines our quantization anzlaxis. € is the polarization of the asymptotic expression beImSM as
incident photon,r is the photon angular momentum along
the quantization axis; is the radius vector of the valence 1
electron. Information about the electric field is contained i~ ®{piy.= > Ai',\\/',lJSM iml LSIMy) —sin(kr — L 7/2)
the coefficients S LMy TS '

+ (incoming wave. 5)

K212 9’
™ (k,F =f Sim(k,0,F)s; m(k,q,F d(—),
py (K F) —o im(k,Q,F)Sim(k. 0, F) 2 Extracting theJ dependence as

i i i JM JIM;
\évgjgﬁotge functions,,, are determined as solutions of the ALMJLSMSIm CLMLSMSBLM m (6)
213 223116 we obtain the asymptotic expression
F1/6 Ai(— n)cosqz— Ai’(—n)sinqz) 1
_ DLy = 2 Bum Y im, (M) Xswgsin(kr —Lr/2)
elmd)
N2_ 2
XIm(Vk*=a7p) P + (incoming wave. 7
_ Comparing this expression with E¢B), we obtain
=2 sin(K, P (KD Yim(6, ). 2
In this equationk?/2 is the total energy of the ejected elec- Bumyim= j OLidm m-

tron, g%/2 the energy of the electron’s motion along the elec-
tric field, p andz are the electron’s cylindrical coordinatés, For the dipole matrix elements we obtain
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1
Xl(r;)SMS: EC::{’]SMS<YITR:OS|D' el y),

whereD is the dipole moment operator.
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where =k?/2F?? and Ci is the Airy function that satisfies
outgoing-wave boundary conditions. Equati¢®) has a
simple physical meaning: The first term describes PD with-
out the external field and the second term describes PD with

We will now consider two important cases: the case ofthe formation of an intermediate atomic statém’S'Msg),
linear polarization parallel to the static field and the case ofollowed by rescattering to the stafienS Ms).

perpendicularlinear or circulay polarization. The first case

corresponds ta=M ;=0 and the second tpr|=|M;|=1.
Assuming that the initial statg; is spherically symmetric,
we obtain for the PD cross sectidpartial inm, S and )

4772w

ZWMA s|2(CirTnsrvg)2MT11

Omsr

whereMs=f§Rios(r)rRi(r)r2dr is the radial dipole ma-

trix element for the zero static field. In the weak-field limit with | =
m .
F—0, wy;=2k/ 7, and we recover the PD cross section for {he form

no static field[17]. More explicitly, for linear polarization,
the cross sections are

T m

Uoozﬂgt()o)ﬂtl)l- Ppt

Ulo:ﬂ‘fl M1,

where (r(so) is the cross section forF=0 and og,
=X 0ms:- In the case of circular polarization we have

v a
0 1 0, 0, 1
T017 5 o uty, o117 7% ol + uy).

Ill. RESCATTERING EFFECT

For high enough electric fieldsF, the frame-

The electron-atom interaction potential is parametrized in
the |[LSJIM;) representation[14,17. Solving the close-
coupling equations in this representation leads to the transi-
tion matrix T(_sym)(L's'am,) . Which we transform into the

[LM_SMs) representation according to

My o
ImSMg ' (I'S'IM)(ISIM,) -

_ IMy
T(I’m’S’Mé)(ImSMg_%J C| /mrS/M’SC
In a good approximation, in E48) we can keep only terms
1. Then, final expression for the cross section takes

47w 3
— m ClT Z‘M -y M
Tsr 3Kk2c n%s ©11(Cimsmg) sTY KAt 7)

2
X[Tasinannt (=D asem 12, S7]

IV. KIRCHHOFF-INTEGRAL APPROACH

In the Kirchhoff-integral approaciil3—15, the whole
space is divided in two regions. In the region close to the
atom both electric field and short-range interaction of an
electron with the Cs atom are taken into account, and the
Schralinger equation is solved numerically. This solution is
matched to the solution in the outer region where only

transformation equations are not valid. In this case correctiog|ectric-field effects are important. The Sctiimger equation
terms of higher order ifr need to be calculated. Their inclu- for the valence electron is

sion leads to the following expression for the PD cross sec-

tion [8,9]:

477w
C

(7)*

I"mSM’

Os;=

2 Mln’]QI(r;)SMS

I,I",m
with

iy
QFQSMS: XI(rTn)SMS+ K

x X

! IR !
I",;m" 1", 8" Mg

i@+ 21+ 1)

(7)
XT(I"OS’M/S)(ImSMs)Xl’Tm'S’M’S (8)
and

(2R3 . . .
— [Ai"(—n)Ci"(— )+ nAi(—7)Ci(—n)]

ik

27

(—;vz—F.H\“/(r)—E)w(r):o 9
with
V(r)=§ VLS“)"'E ar (I-s))|a><a|

and|a)=|LSJIM;). V gis a short-range potential represent-
ing the electron-Cs interaction. The corresponding Lippman-
Schwinger equation has the form

U= 0201~ [ SO

X iadu(r )dr 7, (10)
where 1//(,1?%,\,% is the solution of the Schdbinger equation in
the electric fieldF,

1/3e| me

Pii(r)= o (En VkZ=a?p)|SMs),
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2 040 . . . r r
g ( 2F ) 1/3( 7+ ;F ) Linear polarization Clrcular polarization

andG()(r,r’) is the Green’s function in the electric field, 00l
1 -
(—EVZ—F-r—E)G(‘)(r,r’)=5(r—r’), 1y ¢
3

satisfying incoming-wave boundary conditions. Using Egs. °

(9—(11) and the Kirchhoff-integral transformation, we ob-  °r
tain the matching condition at=r in the limitr’—r+0,

*P resonance

2

r 5
wfﬁg%(r’)+§°478(e(—>(r,r )— ¢ (1) ool oo

d 0'0(2000 0.0‘05 0.0.1 0 0,0.1 5 0.000 O.OIOE 0.(;1 0 0.0I15 0.020
l//mswg(r)aG(*)(r,r ’))dQ:‘/’EnS)N%(r’)- E{oV)
FIG. 1. Total cross section for photodetachment of Cs anions in
Representing the wave function in the close-coupling expana static external electric fieldf=20 kv/cm as a function of the
sionS Ams’\’b(q)z ‘Raer(r)|a’) and projecting onto states detached electron’s energy. Full lines denote exact calculations

<a//| we get an inhomogeneous algebraic system for th(\_f(vlthln the Kirchhoff-integral approach, dotted lines correspond to
CoefficientsAmSMS(q) (a stands for SIM,) ame-transformation calculations, and dashed lines stand for the
@ @ 3/

calculation which takes the rescattering effect into account.

mSMg mS
Q. (a)— 2 ATYS(@)M 0 =0, (12 V. RESULTS AND DISCUSSION
where We performed numerical calculations of the PD cross sec-
2 tion for Cs anions in the presence of an external electric field.
o 2 oS CJ”M CJ'M3 Figure 1 presents results for the total cross section as a func-
Maar 2 o o5 M{Mg LYMUS"Mg "LIM{S"M tion of the energy of the detached electron. The electric field

is taken to beF=20 kV/cm. Full lines denote exact calcu-
lations with the Kirchhoff-integral approach, dotted lines
correspond to frame-transformations calculations, and
4G dashed lines stand for the calculation which takes the rescat-
Ry | L"M| == |L"M! )+R (13) tgrlng effect into accgun.t. These results were pbtalned for
dr different photon polarizations. As expected, for linear polar-
ization there are oscillations caused by the presence of the
external electric field.
mSMs, (0) All models agree quite well, except in the region close to
Qa (q) <a|¢mSNg>' 3 . . . .
the °P resonance, which is caused by differences in the re-

Radial wave function®R,,(r) are evaluated at=r,. Fi- Sults for the triplet component of the cross section. The trip-

nally, the cross section for PD in an external electric field let contribution to the cross section, corresponding to the
follows as final total spinS=1, is shown in Fig. 2. For the electric-field

strengths above 30 kV/cm, the difference between the exact
4720 2 fk2/2|z(m5|\/gf)( )|2d(Q_2) (the Kirchhoff-integral approagh and the approximate
i q 2 frame-transformation technique including rescattering effects
_ becomes significanfFig. 3). This difference is particularly
with important in the3P resonance regio(Fig. 1) for the triplet
component of the cross sectidfigs. 2 and 4 From Fig. 4
ZETSMST)(QFJ Ens){,g(r)(r £)(r)dr we conclude that the frame-transformation model does not
work for even very small electric fields. Inclusion of the
mS Mgk , rescattering effect significantly improves the result, but does
:Ea: Aa (Q)Z (a'|n-ela) not lead to the complete agreement with the exact calcula-
“ tion. This is related to the fact that, in the resonance region,
the detached electron rescatters from the Cs atom many
times. In this case, E¢8), which takes into account only
single rescattering, is not quite valid, and higher-order terms
wheren=r/r. in the external field have to be taken into account.

2V L 2V dRaa
X <L ML|G|L ML)T

and

Os:=

C  mMg

xf R, Riredr,
0
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FIG. 2. Triplet component of the cross section for photodetach-  F|G. 4. Singlet and triplet components of the cross section for
ment of Cs anions in an external electric fi¢ld=-20 kV/cm as a  the photodetachment of Cs anions at an energy of the detached
function of the detached electron’s energy. Line types as in Fig. lelectron ofE=8 meV as a function of the external field strength

for different projectionam of the electron angular momentum for

For comparison, singlet and triplet components of the PDihe case of circular polarization. Line types as in Fig. 1.
cross section as functions of the external field strength at an
energy of the detached electron®#8 meV are presented detachment into the triplet state with linearly polarized pho-
in Fig. 3 and Fig. 4, respectively. Figure 4 shows partiahin tons. This is a manifestation of the fact that electrons can be
PD cross section. For detachment into the singlet state, théetached into the singlet state with subsequent rescattering
projection of the orbital angular momentum of the de- into the triplet state.
tached electron is the same as the projection of the incident The differences in the behavior of the cross section, cal-
photon momentunr. This means that for circular polariza- culated by different methods, can be understood quantita-
tion the electron is detached perpendicularly to the field ditively. In the case of circular polarization, E¢L2) can be
rection, so that there is no interference between differengolved approximately. The main contribution to the expres-
electronic paths which could produce oscillations in the crossion for the cross section is due to the state§JMj)
section. In the case of detachment into the triplet state, cir=|1011) and|1111). We define corresponding states by
cularly polarized photons produce electrons with=0,+1 =0 anda=1. We use the approximate expression for the
and linearly polarized photons create electrons withx  Green’s functior{7,8]
+1. We therefore expect oscillations in the PD cross section , ,
for circularly but not for linearly polarized light. Inclusion of G (r,r)=G{(r,r")+y(F)ekE=), (14

the rescattering effect leads to oscillations also in the case of () ) )
whereGy ™ ’(r,r") is the Green'’s function of a free electron.

oz . . Neglecting the electric-field dependenceRp,. we obtain
Circular polarization
15| 1+b,o5y* (F
0.15 AmSNb% BmSMSSlm(q,F)—Soy(), (15)
a a x
1+ay*(F)
0.10
onsh | where the coefficientﬁSSMS, b.,, anda are given in the

Appendix.
Thus, the dependence of the cross section on electric field
originates in the frame-transformation functien(q,F)
and functiony(F). For small fields, whenay(F)|<1, the
dependence on the electric field in E45) is completely
determined bys;(q9,F), which corresponds to the frame-
transformation model. In the next approximation, we can ex-
pand Eq.(15) in a Taylor series iray(F). The first term in
this expansion corresponds to the rescattering model. The
function y(F) is monotonically increasing for large. The
integral overq of the square of the frame-transformation
FIG. 3. Singlet component of the cross section for photodetachfunction is also monotonically increasing for large electric
ment of Cs anions at an energy of the detached electroi of fields. This together with Eq.15) explains the behavior of
=8 meV as a function of external field. Line types as in Fig. 1. the cross section at large electric figkig. 4).

Gyee (107 m?)

0.00 L L
1000 10000 100000
F (Viem)
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T T T v T T VI. CONCLUSIONS

The near-threshold PD cross sections for @sthe pres-
ence of a dc electric fielee show an interesting oscillatory
X ] behavior as functions dof. The amplitude of these oscilla-
A tions is noticeably different for the singlet and triplet contri-

08 |- 4

butions to the PD cross section. Near tfie resonance in
Cs , the dependence of the PD cross sectiofios particu-
larly sensitive to the quality of the theoretical approach and
is significantly different for the approximative frame-
transformation results as compared with our exact Kirchhoff-
integral calculations. In general, except near resonances, we
find our frame-transformation results sufficiently accurate.
Rescattering contributions to the PD cross section are found
oo ooos . ool oois . ooz to be significant near thP resonance in Csand for elec-
E (meV) tric fields F>500 V/cm.
The manipulation of the triplet and singlet contributions
FIG. 5. Total cross section for photodetachment of Cs anions irto the total PD cross section with a variable static external
a static external electric fielf =500 kV/cm as a function of the electric field tends to magnify spin-orbit effects in the PD
detached electron’s energy. Line types as in Fig. 1. process and may enable a more convenient and accurate ob-

] ] ] . servation of the lowestP resonance in Cs
The Kirchhoff-integral approach is valid over a large en-

ergy range and for external fields up Fo=1 MV/cm. For
field strength above 1 MV/cm, distortions of the initial state
due to the static field need to be taken into considerd@hn This work was supported by the Science Division, Office
The drastic difference between frame-transformationof Fusion Energy Sciences, Office of Energy Research, U.S.
model and our exact calculation is demonstrated in Fig. 5 foPepartment of Energy, and National Science Foundation
F=500 kV/cm. According to the frame-transformation through Grant No. PHY-0098459.
model, the increase of the electric-field strength leads to the
enhancement of the resonance contribution in the total cross APPENDIX
section, while the exact calculation gives the opposite result. ) o
Figure 6 shows the ratio of the triplet component of the | he malrix element&L3) can be evaluated explicitly if we
cross section to the singlet component. We can adjust thdS€ an approximate expression for the Green's fundtldn
electric field in order to change the contribution of the and the following expansions:
resonance state to the total cross section. Interestingly, this

O (107°M%)
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. . o ik-(r=r")
ratio reaches a maximum &t=20 kV/cm, where it is two GHI(r,r)= e
times larger than the corresponding ratio without the electric o 2m|r—r’|
field. .
T =2ik2, X ji(kro)hfP(kr.)
=0 m=—1I
< \VE o7
g Yim(1)Yiin(71),
eik-(r+l"):4,n_z i|+|/j|(kr)j|r(kr,)
f 03 TG
L A
& XN+ 2T+ 1)Y0(r) Yo",
0.2
where we choose the direction of the vedtalongz axis.
andh{" are spherical Bessel and Hankel functions, respec-
04 tively. After integration over the angles we obtain the follow-
ing from Eq.(13):
0.2000 l — .1;1:100 l .11;0I000 ' Maa':Kaa'+y*(F)N5a15a'1'
F (Vicm)
where
FIG. 6. The ratio of the triplet component of the cross section to oo o,
the singlet component &=8 meV as a function of electric field. K o =ikrah )(Raa/kji—leaa,)‘l- Ruors
Full line corresponds to the linear polarization and dashed line cor-
responds to the case of circular polarization. and

063405-6



STATIC ELECTRIC-FIELD EFFECTS IN THE . .. PHYSICAL REVIEW A 68, 063405 (2003

N:37Tr(2)j1(Raarkj1_]‘1R;a1). mSMg__ Stan~ll Ka'05$l+K10z§SO

B, =D Cimsmlix kK. K.

. mSNs o 11500~ K10K 01

The coefficient®Q "~ >(q) can be calculated explicitly:

s . N KooN
QL *"8(0) = CipswBsiSim(0, )i b= 5, a=——C

Kia KooK 11~ K10Ko1

Thus, we can solve system of equatiq®) for two states

ILSIM;)=[1011) and [111]) and obtain the coefficients Radial wave functions are taken etr,, and Bessel and

Afs'\’b(q) in Eqg. (15), with Hankel functions are evaluated lat,.
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