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Calculation of electron-photon coincidence parameters for singlet-triplet mixed
4F states of helium
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We present the theoretical formalism required to interpret the electron-photon coincidence measurements of
the helium & state by Cvejanoviand Crowg Phys. Rev. Lett80, 3033(1998]. The results of the convergent
close-coupling theory are compared with experiment and found to be in good qualitative agreement. We
demonstrate that the singlet-triplet mixing in thE 4tates does not affect the calculated results significantly.
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PACS numbd(s): 34.80.Bm, 34.80.Dp

[. INTRODUCTION state in Sec. IV. Finally, in Sec. V we compare results of a
convergent close-couplingCCC) calculation with the mea-
Electron-helium scattering is a favorite system for the ex-surement$8], followed by our conclusions given in Sec. VI.
perimental study of electron-atom scattering. A comprehen-
sive set of accurate measurements has been compiled over
the years which enables for thorough tests of corresponding
theoretical methods. Electron-photon coincidence studies We consider electron impact excitation of a helium state
have played an important role in such testing. Observation ofvith angular momentund. It is assumed that this state is
the scattered electron and the decay photon in coincidenagescribed in the nonrelativistit SJM; coupling scheme.
allows for complete description of the scattering process, i.eThe dipole deexcitation radiation from the excited state is
determination of absolute values and relative phases of atheasured in coincidence with the scattered electron. In the
scattering amplitudes. These “complete” experiments, firstexperiment of Cvejanoviand Crowe[8] the degrees of lin-
suggested by Bedersdii,2], have been performed for he- ear and circular polarizatiofStokes parameter®f the ra-
lium P-state excitationgsee Slevin and Chwirdt3] for a  diation have been measured. The Stokes paramBteesd
review and referencgsMore recently, electron-photon coin- P2 are the degrees of linear polarization dglis the degree
cidence measurements have been performed for heliu@f circular polarization of the radiation propagating perpen-
313D states(see Refs[4,5] and references therginAl-  dicularly to the scattering plane. The Stokes paramjeis
though a triple coincidence experimef@] is required to the degree of linear polarization of the radiation propagating

achieve complete experimental description of 88 tran- in the scattering plane. We refer to the r_eview article of
sition, the missing information in the standard double Coin_Andersen, Gallagher, and Herfdl1] for details of the cal-

cidence experiment can be recovered with some insight frorﬁUIation of the_ Stok_es parameters _and their reIatio_ns o the
a reliable theoretical calculatidd,7] shape and orientation of the excited state atomic charge

Cvejanovic and Crowe[8] have reported recently an €oud- _
electron-photon coincidence study of the heliui 4tate For a given electron scattering angle the Stokes param-
excited from the ground state by 29.6 eV electrons. PolarizaS€rSPi may be written in terms of the state multipofég,
tion of the decay photofStokes parameterfor the cascade 911,
populated 3D — 2 1P transition has been measured in coin-
cidence with the scattered electron. Theoretical interpretation 3
QZ(J)[TZZ(‘])_ \[ETZO(J)}/Z

Il. STOKES PARAMETERS

of such measurements is complicated due to the relativistic
effects requiring the heliumR states to be described as a P,(J)=
mixture of the pure singlet and triplet states. The general
formalism for such analysis was presented by Bl@&hand
has been applied by Wargg al. [10] to the 4 state.

The purpose of the present paper is to present a theoretical
interpretation of the Cvejanoviand Crowe[8] measure- as(J)Tr(J)
ments in a transparent and clear form. In Sec. Il we recall the P2(J)= ay(J) ,
standard formalism for calculating Stokes parameters and TOO(J)—T[TZZ(J)JrTzO(J)/\/é]
then in Sec. Il we describe how this formalism is applied to
account for observation of the cascade photon. This is fol-
lowed by treatment of the singlet-triplet mixing in thé-4

@9) W
Tod )= =5 [T22(d) + Td( )/ V6]

@)

ia1(J)T1(J)

ay(

P3(J)=— )
Tod )= =5 [T2a(d) + T2d( )/ V6]

)
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1 J Y
az(J)[Tzz(J)"‘ \/gTzouﬁ/z ﬁk(J—>J')=(—1)J+J’+l+k(2J+l)[k N J}_ (10
Pa(d)="- ) . @
Too(d) + 2T[TZZ(J)—TZO(J)/\/E] Equation(9) relates the state multipolég(J) of the initial

state and the state multipolg(J’) of the cascade popu-
lated final state(with angular momentumd’=J+1) pro-
vided that polarization and angular distribution of the dipole
radiation are not registered. When applied to théF4

13 1 o ;
_ _1yJ+d k1 —3 "D transition, Eq.(9) gives
a (J)=3y23+1(—-1) {J 1 kJ' (5)

where the coefficients, are

7 2 /14
Here J is the angular momentum of the atomic target state Tool2)= \[§T00(3)’ T1(2)= §\/;qu(3)’
andJ’'=J=1 for dipole photon deexcitation. Two cases are

of interest for the present study. The first isastate, where 2
J=3J'=2 and a;=+2,a,=32/5. The second is ® Toq(2)= g\/éTzq(3)- (12)
state, wherdd=2J3'=1 anda,=3/2,a,=21/20.

The state multipoled4(J) are given by The Stokes parameters for thé3— 2 1P transition can be

found by substituting the above'® state multipoled kq(2)

in Egs.(1)—(4) and yield the same Stokes parameters as for
Pi(3) of the 4'F state. This is a consequence of the general
conservation property of the angular distribution of the ra-
are Clebsch-Gordan coefficients and thediation for the minimum multipole cascade transitions with
consequent decreasing of the atom angular momentum. The
cascade 4F—3'D—-2'P—11S is an example of such
transitions, see Korenmd?2] for detailed discussion. Thus,
measurements of the Stokes parameters for any of the tran-
sition in 4'F—1'S cascade would yield the same result,

T D=2 (=17 pum Q) (6)
M,M’

kg
where C;y 5

density matrix is

pum(J) = —2(2Ji+1)

> fanan (M) Ty, 3y (MM, (7) Pi(3)=Pi(2)=Pi(1), 1=1,234. 12
M, m,m; B
The state multipoles are normalized to havEy, IV. ACCOUNT OF RELATIVISTIC EFFECTS

=trp/y2J+1. Summation in Eq(7) over projectile elec- For the helium 4 states the nonrelativistic Russel-

tron initial and final spin projectiom; and m indicates that ;
no electron spin analysis is performed. The collision frameSaunders coupling schemé§ schemé breaks down. The

; . " relativistic effects become important and total orbital angular
scattering amphtudeéJM,JiMi(m,mi) for the transition from momentunL. and total spirSarF:e not good quantum numbgers
initial state with angular momenturd; and magnetic sub- any more. However, the total atom angular momentlis
level M; to final state with angular momentuthand mag-  g;jll a good quantum number and is used to label atom states.
netic sublevelM have been chosen in such a way that thernese states can be described, to a good approximation, as a
trace ofp gives the differential cross section mixture of the singlet $=0) and triplet §=1) nonrelativ-

istic Russel-Saunders wave functions,
o S (mmz ®
= rp=+ am, v (MM =,
dQ 2(2\]|+1) M,M; ,m,m; (| Wg:S:E(legqr(28+lLJ)’ a=a,b, (13)

IIl. ACCOUNT OF UNOBSERVED CASCADE RADIATION wherew?,S=0,1 are expansion coefficients, and

Equations(1)—(4) allow for the calculation of the Stokes

parameterd;(3) for excitation of the 4F state. However, P (25T )= cM 25+1) . 14
the 4'F—31D radiation has a long wavelength and cannot ( ) m%ws Lm, s m me( ). 19
be measured as a single particle. Instead, th®32'P . _ . st

cascade radiation has been measui@d We can obtain A convenient choice for the functionBy, n (“>" L) is to

Stokes parameterB;(2) for the latter case from the same take (approximatg eigenfunctions of the nonrelativistic
equations if the state multipol@§4(2) of the cascade popu- Hamiltonian.

lated 3'D state are known. These state multipoles can be The expansion coefficients satisfy the following relations:
calculated from the known state multipolég,(3) of the w2 o

4'F state using the following general express[ag): (0g)"+(w7)*=1, a=a,b, (15

Tig(3)=B(3—=3") Te(D), (9) (03)?+(0?=1, S=0,1, (16)
where w§= w?=1/\/1+ w2, a7
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wi=—wg= w1+ ?, (18) . 1 .
1 0 Pl L (3)= > ES: mzr:n wswéfJSM(m,mi)fJS:,l,(m,mi)
where we have introduced a mixing coefficiant }/ wf B « B.S
=— wl/»?, which specifies the degree of mixing betweens- - ES: wswspyy(J)- (21)

inglet and triplet levels. liw=1, the singlet-triplet mixing is

largest and state® § contain an equal mixture of the singlet The interesting consequence of the last relation is, for ex-

and triplet wave functions. lfo<1, then, in the present no- ample, that the differential cross section for excitation of the

tation, the state labeled is predominantly singlet and the levelsW 7 is just a sum of the cross section for the excitation

state labeled is predominatly triplet. of the corresponding singlet and triplet states multiplied by
The singlet-triplet mixing coefficien® for the 4F states their weight factors,

has been calculated by Parish and Mif&8] and van den S

Eynde, Wiebes, and NiemeyéL4] using the Breit-Pauli dffa_t =S (o8 ,do” 09

Hamiltonian. Their choice of the nonrelativistic wave func- dQ rp= S (05) daQ’ (22

tions for the 4 state is sufficiently close to the frozen-core

model we us¢15]. We therefore may use their valueswf  and does not depend on the sign of the expansion coefficients

There is, however, a discrepancy between the former angg. Similar expressions hold for any other quantity diagonal

latter calculations with Ref.[13] giving the value o  inindexa.

=0.4335, while Ref[14] gives w=0.59. Nevertheless, we The state multipoles corresponding to the density matrix

will demonstrate that either choice af leads to essentually pﬁ’er(J) are defined according to E¢f),

the same results when used to calculate the Stokes param-

eters. aB J-M' ~kq af
When considering electron-impact excitation of the 4 Tia(D)= 2, (-1 Cima-mPum(J)
states, we can use E(.3) to calculate scattering amplitudes M.M
for the excitation of singlet-triplet mixedH states, « BrS
fo o (m,m)= wS, o (mm), a=ab, (19 They satisfy the same 'symmetry properties in the collision
IMIM; ' 8:20,1 STIMIM; ' frame as the state multipoldg,(J) [9],
Teg=(— ¥ 9Ty q=(— 1) T}, (24)

where on the right-hand side the singlet and triplet scattering

amplitudes are obtained from a nonrelativistic calculation. InThey are real for evek and imaginary for odd, andT,q are

what follows we consider scattering from helium groundzero for oddk.

state J;=M;=0) and drop initial state indexes. The explicit time dependence of the Stokes parameters for
We now proceed to the calculation of the radiation fromthe 4F— 3D transition can be obtained using the following

the 4F levels to the 3D state. The major difference with substitution in Eqs(1)—(4) [9,10]:

what was presented in Sec. Il isbthat radiation to thHd3

state can occur from botlr§ and¥'5 levels simultaneously. _ a prapB i _

Due to the energy difference betwedff and W5 levels, Tl ) ;,B @5woTiq(Vexil ~lwqpt =], (29

wap=(Ea—Ep)/A=704 MHz, the observed radiation can . )

be time modulatedquantum beajsWe refer to Blun{9] for where v is the decay constant and is related to the mean

a general discussion of this phenomenon and to Wareg.  lifetime 7=1/y=67+10 ns[16] for the helium 4 state.

[10] for the specific application to theF4—3 1D transition. An example of the cos(,st) modulation of the radiation was

The formalism presented in Sec. Il for the calculation of thePresented by Wangt al. [10]. Experimental observation of

Stokes parameters requires modification. We will outline besuch modulation requires very high time resolution as well as

low how this can be done while keeping the structure of Eqs.mUCh better coincidence statistical accuracy, which currently

(1)—(4) unchanged. is not feasible. In the experiment of Cvejanoaind Crowe
Both of the W2 and ¥? levels are excited by electron [_8] the observation time was much longer than the mean

impact from the helium ground state and their density matridifétime of the 4 state. In order to compare with experiment

can be expressed via scattering amplitu€iss, we must integrate E25) over the time. Extending the in-
tegration limit to infinity[9], we obtain

o «, 7
> faa(mm) e (mm), (20 Teg(D) =2 wfolfTh)—5——5. (26)
m,m; a,B Y+

waﬁ

N| =

P ()=

The last relation allows for a significant simplification due
assuming no spin analysis is performed. The summation ovdo the substantial difference between the values yof
projectile electron spin magnetic sublevels in E2) results =15 MHz andw,,=704 MHz. Thea+# 8 terms are much
in cancelation of the singlet-triplet terms, smaller thanae= B terms and, therefore,
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1 w2 let state. The coefficientw?=0.621 reduces their
Tig(3)~ y za: (@0)“Tiq(J) contribution even more.

Comparing results of the CCC calculation with experi-
1SS (em2wn?] TS mental values of the Stokes parameters, we find good quali-
- ; 5 | < (@) (@8)"| Ticg(J)- 27 tative agreement. As in the experiment, we find that values

of the Stokes parametét, are close to zero. Parametey,
This relation can be interpreted as if radiation is originateddoes not differ substantially from its nonrelativistic value
not from the twoW3 and¥" levels, but rather from a single (P4=0.5) at zero scattering angle. Agreement between
level whose singlet-triplet mixing is given by the expansiontheory and experiment is good for Stokes paramétgrat
coefficients 20°, 30°, and 40°, but the experimental value at 10° is
substantially below the theoretical prediction. The largest
discrepancy between theory and experiment is for the param-

~ N2 [AYIAPN:IY
(@s) _Ea: (00)"(wg)%, 28 eter P5. Similar to theP; case, the 10° point exhibits the
largest problem. Given th&,;=0.5 andP3;=0 at zero de-
(@0)2+ (@7)2=1. (29) grees, it is difficult to reconcile the discrepancy at 10°.

We have also presented in Fig. 1 the alignment anghé

When expressed through the mixing coefficientthey are  the atomic charge cloud and the angular momentum
transfered to the atom perpendicular to the scattering plane,

~ Vlt+te* _ \/Ew
0= @1=—, (30
Ito Ito y=ATAN2(P,,P,)/2,
and the new mixing coefficient is
-~ o~ 2w L, =242y Ty — —r Pt D) (33)
= / = . 31 1 11 00— 4_ P_l P_l .
W= wq1lwWg —l+w4 ( ) ( 1 )( 4 )

The value ofw is larger than the value @ (0<w<1) and  The near zero values of alignment anglare due to the near
is 0.603 or 0.788 depending on #=0.4335[13] or @  erg values of the paramet®y. The discrepancy between
=0.59[14], respectively. _ _ theoretical and experimental values lof has its origin in
Finally, in order to compare theoretical results with thena corresponding discrepancy for Stokes parameters
experimental data of Cvejanovand Crowe 8], the follow- P,, Ps, andP,.
ing substitution should be made in Eq$)—(4): Our results indicate that at the scattering angles 10°
1 —40°, where experimental data of Cvejanodnd Crowe
Tiq(d) = _[nggq(J) + wiT&q(J)]. (32 [8] are avaﬂaple, the rel_at|V|st|c effects are neghglble_. There-
Y fore, we consider it unlikely that a more consistent incorpo-
. . . ration of the relativistic formalism in the scattering calcula-
Since the St~okes parameters are relative quantltlgs, they ar%i8n would lead to a better agreement with experiment. Apart
funcjuon of w?, i.e., we may divide Eq(32) by »3 and _ from the difficulty for theory and experiment to deal with
multiply by y. The account of the unobserved cascade radiasych a complex transition, there is an uncertainty associated
tion from the 4 to 3'D state is identical with what was with the cascade contributions to thé 3 state from levels

presented in Sec. IIl. other than 4F. It follows from our calculation that cascades
from n=5,6 F and G levels are comparable with the cas-
V. RESULTS AND DISCUSSION cade from the 4F level. These states have longer lifetimes

and their contributions have been substantially reduced in the
xperiment of Cvejanoviand Crowd 8]. However, this may
e the source of the occasional discrepancies.

We now compare in Fig. 1 the results of our CCC calcu-
lation for Stokes parameters with the experimental data o
Cvejanovicand Crowe[8]. We use the same 111-state cal-
culation at 30 eV given by Fursa and Brfy7]. The states
comprise 14S states, 13°S and >'P states, 12>'D states,
10 *F states, and 7'G states.

Calculated Stokes parameters are given for two cases. The We have shown how the helium Stoked3—2'P pa-
first gives nonrelativistic results for excitation of the'®  rameters measured by Cvejanoeied Crowe[8] in coinci-
state and the second gives the results that account for thfence with electron-impact 4F excitation may be calculated
singlet-triplet mixing as decribed in the preceding sectionfrom the nonrelativistic scattering amplitudes fotR and
For maximal difference we take the largest value of tife 4 43F excitation. The state multipoles describing the dipole
mixing coefficiento=0.59[14]. We find very close agree- radiation from the & states may be simply obtained, to a
ment between the results of the two models. The primaryood approximation, from the nonrelativistic singlet and trip-
reason for this is that the state multipolé%q(3) correspond- |et state multipoles via Eq(32). At the considered 30-eV
ing to excitation of the singlet state have larger absolute valenergy, the CCC-calculated triplet state multipoles are con-
ues than the state multipolé'éq(S) correponding to the trip- siderably smaller than the corresponding singlet ones result-

VI. CONCLUSIONS
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FIG. 1. Stokes parameters for electron-impact helidfnstiate excitation. The present CAQ1 calculation is described in the text. The
solid line is the result of a model which accounts for the singlet-triplet mixing in thestate. The dashed line is the result of the
corresponding nonrelativistic calculation for théR state. The experiment is due to Cvejanocaia Crowe[8].

ing in the Stokes parameters being predominantly deterhave more angles measured to pin down the remaining small
mined by the singlet-state multipoles. As a result, tife 4 discrepancies.

singet-triplet mixing does not affect the Stokes parameters
significantly. ACKNOWLEDGMENTS
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