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Angular distributions of electrons following photoionization of spherically symmetric Rydberg
states in alkaline-earth atoms

C. J. Dai
Department of Physics, Zhejiang University, Hangzhou 310027, People’s Republic of China
(Received 7 July 1995

Two theoretical treatments have been employed to investigate various angular distributions of ejected elec-
trons following the photoionization of thensns Rydberg states in the alkaline-earth atoms. The specific
analytic expressions of angular distributions in terms of reduced dipole matrix elements have been carried out.
The characteristics of angular distributions are interpreted in detail.

PACS numbe(s): 32.80.Fb, 32.80.Dz, 32.99a

I. INTRODUCTION In the following sections of the paper we outline the
framework of AMTT and of PT, and present the explicit
For the past decade, extensive studies of autoionizing Ryexpressions of AD, and a discussion of the results, including
dberg series of the alkaline-earth atoms have been carrigtie detailed comparisons between the two approaches.
out, most of which have been focused on the line shapes of

transitions and on the manifestations of the interaction of Il. THEORETICAL FRAMEWORK
different autoionizing series in the excitation spedtta8].
Relatively speaking, less attention has been paid to energy A. PT method
and angular distributions of ejected electrons originating  Symmetry considerations and angular-momentum selec-
from the autoionization process. tion rules constrain AD to be of the form
Since the ions produced from autoionization process pro-
vide no information about the final states of ion core or of do 0
the ejected electrons, it is necessary to explore the properties gq (9= 7 [1+BPs(cos)], 1)

of atoms further to reach a detailed understanding of the
Qynamics_ of autoionization and structure Qf atoms by studyz, alternatively,
ing the ejected electrons. The augular distribution of elec-
trons depends very strongly on excitation amplitudes as well
as continuum phases of the possible channels, while line m(e)=2 ayP(cosd), with k=0,2, 2
shapes are determined only by the excitation amplitudes. k

Up to now, with several exceptior®,10], the experi- . . )
ments of angular distributions have been carried out byvherePy(cosé) is thekth Legendre polynomial, andis the
populating autoionizing states using the isolated-core excitaRolar angle between the laser polarization and the direction
tion (ICE) scheme[11], in which an autoionizing state is Of ejected electront, anda, are any real numbers, as a
reached by exciting a Rydberg atom. In the ICE approximaf}JnCtlon of energy gives the .total photp_exmtauon Cross sec-
tion a photon only acts on the core electron due to the faction, or the shapes of the final transition. The asymmetry
that the outer electron spends so little time near the nucleudarameters, varies as a function of energy, and manifests
that it cannot absorb a photon. As demonstrated recenti{i€ angular distribution. _
[12,13, characterization of angular distributions of ejected Equivalence of Egs(1) and (2) yields Iy=4ma, and
electrons requires different numbers of the asymmetry paB=22/ao. In order to derive a general expression for fhe
rameters depending on whether the final excitation in thdarameter, one must start from the most general formula for
ICE is from an unpolarized or a polarized target. In thisdo/d() of an atom absorbing a linearly polarized photon and
paper, we focus on angular distributions of electrons fronfhen ejecting an electron. This givEk3]
the photoionization of an unpolarized target, or thens

2
Rydberg states. _N_ _ 1y / / 2 *
Measurements of angular distributiéAD) in analogous %~ 2 JC,EJCS e R R e AN
doubly excited autoionizing Rydberg status of V], Ca 0’3y
[4], Sr[5], and Ba[14-16 (m=3, 4, 5, and 6, respectively €)]

have been performed previously. In these studies, the data

were analyzed with the assistance of the angular-momentumhere N2 is a normalization constant. Since the factor
transfer theory(AMTT) [17,18. Here we work out the ex- (N?/447) is common to all of thex, and cancels out in calcu-
plicit expressions of AD in terms of specific dipole matrix lating theg parameter, we will ignore it from now on.J, is
elements using AMTT and an alternative approach, whictthe total residual ion-core angular momentudg,=J.+s,
was developed for the angular distributions of electrons fronwheres andl| are the spin and the orbital angular momentum
the photoionization of a polarized target using photoexcitaof the outer electron, respectivelyJ is the total angular
tion theory(PT). momentum of the system, i.el=J.s+1. The symbol K] is
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depicted ag2x+1]Y2 wherex=J, J', 1, 1", or k. D, s in nus sign in the matrix element indicates that the wave func-
Eq. (3) is an abbreviation of the reduced dipole matrix ele-tion of the final state is normalized according to incoming-
ments, i.e., wave boundary conditions, namely, at largethe wave
function has the form of a plane wave plus incoming spheri-
Dy y3=((Je)I-[rII3;), (4)  cal waves. The coefficier® in Eq.(3) is a product of several

D ] ) 3j and § symbols, i.e.,
wherer® is a first-rank tensor, and, is the total angular

momentum of the initial statéunpolarized targ¢t The mi-

TR AT SEIRE

®

C:{ooooooooo

SinceJ=1 is the only possible angular momentum for the  Obviously, in processe&a and(7b), the final states are
autoionizing states in our case, the nonzejosgmbol re-  singlet and triplet, respectively, since the atom is initially in a
quiresk=0,2 only. Thus to determine th@ parameter, it is singlet state. Thus for the parity-favored transition we have

necessary to evaluatg anda,. [18]
do 1 ZJt[(7'(‘]t)]fav[:B(Jt)]fav ®
B. AMTT method dQ f _4’7T EJl[U(Jt)]fav
This method has been developed by Fano and[Dil| 18| av
and used by many authors for AD data analysis. The essence . . . -
of AMTT, as applied to photoelectron spectroscopy, is that Similarly, for the parity-unfavored transition,
AD can be expressed as a sum of incoherent contributions 2
. ; . do N
corresponding to different magnitudes of angular momentum <_) R — 2 (23;+1)|Sp(3p)|?
transferred to an unpolarized target. The asymmetry param- dQ/ . 4m(23+1) 5
eter B8 can be conveniently expressed as the weighted aver-
age of the contributions from the parity-favored and parity- X[1=Py(cost)], ©
unfavored transitions, respectively. This can be done by
introducing a transferred angular momentdm where where
Ji=Jdes—J;. (6) (23,+1)\2 X )
[U(Jt)]fav_m [1S+ ([ +[S-(|] (10

Following AMTT, the process in which an atom is excited
from |i) Rydberg state to an autoionizing state and then de-
cays into a core and an electron can be devided into wand
main categories according to the parity of fhestate and of

the core, i.e., (23 1)\? )
| o [o0)w=7 55517 1Sl (11)
(—1)% parity favored, no spin flip (73
ToTe™ —(—1)% parity unfavored, spin flip (7h) The B parameters for the two transitions are
|
5] _(3+2)[S: ()P + (3= D[S (I)|* - 6[ (I + 1)]V°R S, (3)S* (3] 1
vty (23 + DS (7 +]S-(3)7]
|
and Therefore, the partial photoionization cross section of a
given ion-core state is
[ﬁ(\]t)]unfE_lv (13)
where \ is the wavelength of the incident photo8,. (J;) UC:; o(Jy). (14

denotes the photoionization amplitu&gJ;) for a givenJ, t

and forl=J,x1, andSy(J,) is for the value ofJ,=1. The asymmetry paramet@ for a given ion-core state is
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2 5[0 BT 2 5[0 un

Bc= (19

2 Jto-(‘Jt)

It is worthwhile to note thaB(J,) is a scattering matrix
element, which represents the photoionization amplitude. In
order to characterize the photoexcitation from the initial state
to the final stateS(J;) must be related to the reduced tran-

sition dipole matrix elemerid, ,; defined in Eq(4). For the
special case under consideration we obtain

(.03

3c?

1/2
J 1 J
_1\Ji—J-1 cs
( 1) [J][ 1 Ji JJDJCSIJ-
(16)

S(J)=

Here, a is the fine-structure constant aadthe frequency of
incident photon.
The energy-dependent dipole matrix eIemmtch can

be evaluated according to the well-documented procedures
[13]. It depends on the specific theoretical model correspond-
ing to different atoms or particular states. Usually, it is de-

rived from multichannel quantum-defect thedqd9,20 and
will not be discussed here.

Now we are in a position to obtain the specific expres-
sions of thepB parameter for every possible ion-core state
using the two approaches described above and make co

parisons between them.

Ill. RESULTS AND DISCUSSION

When a photon excites an atom to tmg,,ns, J=1 au-

toionizing state, thens electron is then scattered from the
mps, excited core. The inner-core electron’s energy, wherl"
transferred to the outer electron, is enough to ionize th
atom. The ejected electrons have different energies depen
ing on where the ions go. For instance, when the proces
produces thenpj,, ions, the corresponding electrons should
have a much smaller energy than when the process produc
the ms;}, ions. Since AD is dependent on the electrons’ en-
ergy it is necessary to carry out their expressions for eac

ionic core.

A. msy, core

In this caseJ;=J.s=0, 1, andl=1"=1 is the only pos-
sible value for the electron ejected from thrgpnsstate as
J=J'=1. It is straightforward to determing, by applying
the PT method described previously, i.e.,

a°:JEcs (—1)%=C|D, % (173
with
MO T um
9lJs 1 1
or explicitly,
ao=3[|Dosl*+|D114°]. (183

3239

Similarly, we have
a,=3[2|Do11°~[D114?],

which yields theB parameter and the total cross section of
photoabsorption for thens,;;, core as

 20Do~ D’
M2 D gyql?+[D g4

(18b

(193

and

Tmsy,= 3[1Do1d+[D114?]. (19b

Alternatively, one may apply the AMTT method to the same
problem, keeping in mind that=0 and 1 correspond parity-
favored and parity-unfavored transitions, respectively. One
thus obtains

_ 2[$1(0)]2-3[Sy(1)[?
M2 [S1(0)]*+3[Sy(1)]?

(203

and
015s,,= [1S1(0) [+ 3[S,(1)[?]. (20b)

Eqg. (20) one also obtains the same expression as([E9),

Which verifies that the two methods are equivalent to each

other. Since thensnstarget is unpolarized, AD is less com-
plicated, which is characterized by a single asymmetry pa-
rameter 8. It shows simple patterns determined by the
second-order Legendre polynomRj(cos)).

Theoretically, theB parameter depends only on dipole
atrix elements of singld values, sincel=1 is the only

Dossible final state of the transition. This puts fh@aram-

ter in a simple form so that one may draw some conclusions
om its expression. According to Eq199 electrons will
eject isotropically when|D,;,?=2|Dg;4? indicating a
agherically symmetric AD. WheiD,;;,=0 the g parameter
reaches its maximum valug,,,,=2, indicating that the final
tate of the transition is a parity-favored singlet. When

011=0, the B parameter will take its minimum value,
Bmin=—1, representing a parity-unfavored triplet. Obviously
B=2 and—1 represent sft¥ and cod6 angular distributions,
respectively.

Experimentally, AD is measured by varying the polar
angle 6 between the direction of polarization of light used in
excitation and that of electron detector. Note that in this par-
ticular experiment only the polarization of light for the
msns—mpnstransition is required to control, while the po-
larization of light used to prepare tmsnsRydberg atoms
remains unchanged during the experiment. This certainly
simplifies the experiment substantially. Basically, electron
signals that are measured at two differehtangles may
uniguely determine thgg parameter, or AD. To achieve an
istropical AD all one has to do is sét=6,,=54.7°, at which
P,(cos6,,)=0. At this “magic angle” 6,,, the electron spec-
trum should be identical to the ion spectrum. In another
words, the differential cross sectiav/dQ(6,,) is propor-
tional to the total cross section, which provides a convenient
check in the experiment.
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B. (m—1)dg, 5 COres and

When an atom is ionized to then-1)ds, ion and a
p-electron or arf electron,l =1,3 andl’=1,3 are possible, a,=()[|Da11]?+4|D 31>~ 5|D 111>~ 6 V6RED D357 ].
andJ.=J;=1,2. In this case, the PT method gives (21b

ao=(3)[|Do11%+ D112+ |D231l?] (219  Therefore, we have

_ |D21]J2+4|D23]J2_5|D11ﬂ2_6\/6RE(D211D§31) (229
Pim-1)d5, 5[D5142+ D3]+ [D1117]

and
T (m-1)d,,= Q0" (22b

However, according to the AMTT method,=1 and 2 represent parity-unfavored and parity-favored transitions, respec-
tively. Thus one easily obtains

[S1(2)[2+4S,(2)]? - 3]Sy(1)]~ 6 \BRE S4(3)SE (2)] s
Bim-1dg,= 5[[S:(2) ]2+ 3|Sy (1) 7+ [Sx(2)[7] (233

and
(- 1)dy,= 3IS1(1)[2+5]S1(2)|2+5]S5(2) |2 (23b)

One may show tha$,(2)=0, S;(1)=— (1~3)D 411, S$1(2)=(1/y5)D 444, andS;(2)=(1//5)D,3;. Substituting them into Eq.
(23), one may obtain exactly the same results as(E9).

For the (n—1)ds,, core, the situation is similar to the case of the-{1)ds, core. But in this case the autoionization
process makek=1,3 andl’'=1,3 possible. Alsal..=J;= 2,3, respectively. Following a similar procedure one obtains

a0=(3)[|D 214+ D234/ *+| D334 ?] (24a
and
2,=(35)[|D214?+4|D 3~ 5| D331 ?~ 6 /6RED11D35))]. (24h)
Thus,
B |D21?+4|D 55?5/ D 351]* ~ 6 V6 R D 211D 35) (254
Bim-1)dg;~ 5[|D 14 *+[D 3+ [D331l°]
and
T (m-1)dg,= Q0" (25b

Obviously J,=2 represents the parity-favored transition, whilje=3 corresponds to the parity-unfavored transition. They
are used to carry out the expressionsBadind o in terms of the scattering matrix elements, i.e.,

[S1(2)[2+4]S5(2) |2~ 7|S5(3) |2~ 6 VERE S3(2) S} (2)] 26
Bim-1)d5, 5[5:(2) 7+ 5[55(2) 2+ 7S 3] (269

and viously. Substitution 0fS;(3)= —(1/y7)D33; into Eq. (26)
will give the same result as E5).
Unlike the AD of electrons corresponding to thes;,

T (m-1)dg,= 5| S1(2)|?+5|S5(2)[>+7|S5(3)|%. (26D jons, the ADs corresponding to then¢-1)dy, 5/, ions are
much more complicated for several reasons; first,2lpa-
rameters in current cases contain a cross term of dipole ma-

In this case, the onl(J;) value that needs to be deter- trix elements corresponding to tipewave andf-wave elec-
mined isS;(3); the rest of them were already evaluated pre-trons, which introduces various effects due to their
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interactions. Sincdd; _ = contains radial and angular inte- Similarly,

grals and all information about phases, such as the Coulumb 4|D 53— 5|D s
phaseA,=argl'(I + 1+i/k), wherek??2 is the kinetic energy Bim 1ra..= 23 , 33 .
of the free electron, the phase shift betweenphsave and (M= 162 B[ D pg1|*+[ D33l ”]
f-wave electrons may play an important role in AD; second,

the complexity is due to the small fine-structure splittingand
between therp—1)d,, and (m— 1)d,, stateg60, 280, and —1 2 2

800 cm'}) for the analogous levels of CaSr', and Bd, Tm-11dg, = 5ID 231" +[Dssdl”]: (320
respectively(note that the Mg atom cannot autoionize to a comparison of Eqs(31) and (32) reveals that

lower-energyd state of the ioh Since the (n—l)dfr states

are closer to thenp” state than thens state is, the energy Bm-1)d.,~ Bim=1)drry  T(m-1)da,<T(m-1)dp,r (33
resolution is limited for the tworti— 1)+dj states. In fact, so ¥ o2 ¥ o

far only a few experiments have successfully resolved th&hus, the conclusion is exactly reverse fprwave and
electron signals from the twon{— 1)dj+ states. When an f-wave ejections. Therefore, under the circumstance of unre-
experiment does not resolve them, the AD measured repraolved (rn—l)dj+ states, we havé) for p-wave ejection

sents an average of twcnn(—l)dj* states, i.e.,

=<0.8 (323

B(m_l)dSO'z or [B(m—l)]maxzo-za (34
Ty, Py, T Ty Pd
Bim-1)a= ol dan " Tl ey (27) (i) for f-wave ejection
Tdg, Oy
o ) IB(mfl)d$O-8 or [ﬂ(mfl)]max: 0.8. (35
where all the quantities involved are expressed in terms of _ _
reduced dipole matrix elemerfisee Egs(23) and(25)]. This As mentioned previously, th@_1)4,, and Bm-1)4,,
certainly is not an ideal situation for AD study for either are affected by interference effects caused by the cross term
experiment or theory. . 6\/5Re(:)2_11D§3])_. More explicitly, B;m-1)4 could be larger
Note that the ejection of purp-wave electrons requires than 0.8 if the interferences from thewave andf-wave
D3:=D33,=0. In this case, from E¢(22) we obtain electrons are constructivg,_)q could be a negative value
2 2 2 due to destructive interferences. For these reasons the deter-
[D214°~ 5|1y D214 mination of the extremes g8, values is not as easy as
Bin-1)d3,~ EMD. 125 1D 15 ~ 51D 21 D12 (m-1)d y
5[|D211*+|D114%] ~ 5[|D214“+[D114] that for Brs , values, and requires the Monte Carlo calcula-
<02 (289  tion as done in AD of Mg nd stateq13].
Turning now to the partial cross sectiogy,1)q, although
and thempnslevels decay preferentially to then—1)dep con-
) ) ) tinua, thef electrons contribute significantly to th&m,_1)q
O(m-1)dg,~ 31D 111" +|D214“]. (28D which can be seen from the above analysis. Sincefaave
N A ejection  [o(m_ 1)l p= %[|D111]J2+ 2|D221]J2], w?ereas for
Similarly, from Eq.(25) we have f-wave ejection §m—1yal p= 5[|D331°+2|D 534, and due
1D to the fact thatDJcsII is greater whenJ=1 than that when
21
Bim-1)dg,= W =02 (293 J#1, we conclude
[o(m-1dlp=[o(m-1)als- (36)
and
O (m-1)dg,= 3| D21il*. (29b) C. mpy, core

. . _ For thempj}, ions, the ejected electron could beandd
A comparison of the Eqg28) and (29) immediately tells us  electrons, andl=0,2 and 1'=0,2 are possible. Also
that J.s=J;=0,1, respectively. It is straightforward to show that

Bim-1ds” Bim-1)dyy - T(m-1)d5, < T(m-1)dg (30 ao=(3)[|D104?+[D124°] (379

which means that the amount of ejected electrons from thgnd
(m—1)d5, state is greater than that from then{ 1)ds,,

state. o . a,=(3)[|D124°— 2vV2Re(D 10D T,1)], (37b)
However, the ejection of puré-wave electrons requires
D,11=D51,=0, which yields which yields
4|D231J2 |D12JJ2_2‘/2(D101D1<21)
P e5e™ 5D = o1 P D 1of 7 Praf? %6
and and

O (m-1)dy,= 3| D2ail*. (31b Omp,,,~ @0- (38b)
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Obviously, J.s=J;=0 represents the parity-unfavored Note that the energy gap between t‘mfnfr fine-structure
transition, andl..=J,=1 represents the parity-favored tran- levels is varioug92, 223, 801, and 1691 cmfor the anolo-

sition. Therefore we have from the AMTT method gous levels of Mg, Ca", Sr", and Bd), and there have
been a few measurements of AD to determine the asymmetry
S2(1)[*— 2V2RE S(1) S5 (1)] paramete,, . [5,14—16,21
mpyy 7 2 (399 P12 _
PLi2 1So(1)[%+[Sp(1)] Above all, for themsnsunpolarized target the two ap-

proaches described in Sec. | are equivalent. In the AMTT,
introduction of an intermediate quanti§(J;) helps one to
37rc2 make a direct connection of autoionization with the scatter-
Tmpy,= —— L1S2(D)[?+[So(1)|%]. (39  ing process. However, one has to transfog(J;) to the
w reduced dipole matrix eIemeriI:z;JCle to describe the photo-

Substituting Sy(1)= (1/3)D 0, and S,(1)=(1~V3)D 1y, excitation process. Note that since the target is unaligned, the
into Eq.(39) we easily obtain the same results with £8g).  AD depends only on one asymmetry parameter. In contrast,
From Eq.(389 it is clear that only parity-favored transfers the angular distribution of ejected electrons from the photo-
(J.s=1) are involved with the ejection of andd electrons.  ionization of a polarized target depends on three asymmetry

For the AD of electrons corresponding to tip;,, ions, ~ Parameters, and shows much more complicated paifé8hs
the B parameter depends only on a small number of reduced
dipole matrix elements. However, it is similar to the case of IV. CONCLUSION
(m—1)d™ ions in that it also depends on a cross term. In
another words, the interference between shend d waves
exists in this case.

As mentioned above, only the parity-favored transfer
(singlet final statesare involved withs andd wave ejec-

and

We have investigated angular distribution of ejected elec-
trons following the photoionization of spherically symmetric
Rydberg states for alkaline-earth atoms employing two dif-
Sferent methods. The equivalence of angular-momentum
) L - transfer theory with general photoexcitation theory is veri-
tions. From .Eq<33a) itis clear tha.tD1_21—.0 for thes—wgve fied. Expressions for the asymmetry parameter and the par-
ejection, which yieldsfp, ,=0, indicating a spherically o'¢o55 section for photoionization resulting in a particular
symmetric distribution; similarlyD,0,=0 for the d-wave  fing] jonic state are given in terms of reduced dipole matrix
ejection, which yields8y,, =1, indicating a sif distribu-  elements. Characteristics of different angular distributions
tion. The B value may be greater than 1.0 if the constructiveare discussed in detail to explore the interference effects in-
interferences between,,, and Dy, terms occur, otherwise volved, and several possible ejectidss p-, d-, andf-wave
it may be negative due to destructive interferences. For exelectron$ are investigated to determine the properties of the
ample, in the case of the Sr atops, ~ 1.6[5], indicating asymmetry parameter and partial cross section. A compari-

that the interferences are always constructive. son among them is also given.
However, the cross sections,, = 2|D o4 for as-wave
ejection ando,, = 3|D1,4? for a d-wave ejection. This
tells us that the amount of ejectddelectrons is greater than This work was supported by the National Natural Science
that of ejected electrons becaud®,,;>D 4. However, the  Foundation of China, the State Commission of Education of
s wave contributes to th,t?mpll2 significantly. China, and The Science Foundation of Zhejiang University.
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