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eM B030yXIEeHHOTO reins, a Takxe pesoHaHcHux npoduneit AUC. Ipennara-
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MHX IIpH -TAKUX IPOLECCAX, BHSBUTh IIyTeM HM3MepeHHd Oe3pa3MepHO
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+(He(2!P) = He(1'S) + 7,). '
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The physical nature of the closed channel appearance in photoprocesses
with the excited He is investigated. It is shown that im the photoelectron energy
range E > 0.5 a.u. the competition and interference of the branches of the direct
and via the closed channel phototransitions define the peculiarities in the energy
dependence of different characteristics of the photoprocesses with the excited
He as well as of autoionization resonance profiles. It is suggested revealing the
closed channel effect and resonance profile peculiarities by measuring the
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I. INTRODUCTION
Photoionization of the ' excited He ie m\ich leea eti;\died[1 21 than
photoionization of He in the ground etate In the mam, this is caueed by

technical difficulties in preparing excited He ta.rgete.
At present, a eignificant progreaew] ia achieved in inveetigeting

photoionization of an excited atom. in particular, heliuﬁi Thie‘ ie favov.ired by

[4,5]

the use of laeer and eynchrotron eourcee for preparing targete of excited

atoma and their photOionization, reepectively. Thue, targete of the He(n )
atoms (n=3,4,5 ) have been obtained by the laeer pumping method[5 6] In the mean
time, eubetantially dietinct features of direct and reeonant branchea of the

€21 7]

excited He photoionization and their interferencee ee compared to the

ground-state photoionization might allow a better underetanding of the role of
the electron correlatlons end also a reeonence‘ etmcture foming So one mey
expect that with growing need to explore the actual probleme, in the near future
experimente on photoionization of the excited He would be rcallzed in a wide
range of ite epectrum o ‘ ‘ o

At the same time, a’ demand is growing ’for pho.toionization data of the
‘excited l-ie for f\‘indamental‘ and applied invevetigatione. Thue, theoretical
description of the k problen of excited " He vphotoioniz'ation needs to .be
developed. - '

8-3]

At present, a mmber of queation.e related to the peculiaritiee of the

direct and resonance photoionization characterietica of the excited Heareto. be

3°1V3<i- In rather accurate calculationa[2 +8-10]

. a wide ‘minisnm in the cross
eection of the excited He photoionization has been detected in the range of the
photoelectron epectra E) 0 5 a.u. Excitation of mitoionization reeonancee (AIR)

with a large profile index —q [2’15 16]

.in the excited ‘He photoionization was
observed as well.” The “broadening” ‘and "shift” phenomena’ in resonance profilee
of dimensionleee characterietice of the autoionization etate (AIS), euoh a8 the
angular anisotropy coefficienta; of - the photoelectron in the: . atomic
photoionizai:ion[gJ " &nd - the " ‘secondary photon“sl in the dielectronic

recombination: He'te » He**> )’ + [He(2 P) > He( 1 S)+)’ 1 have also been reported
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1

The peculiarities mentioned above manifest themselves in the d-wave( also D

AIR) branch of photoprocesses with the He(2 P) atom.
It is known that the AIS profile indices serve as a‘sensitive means to test

A

[ETARGIN ]

the atomic structu.re model. The profile indices for the lowest resonances from
the series of singlet and triplet S,P and D AIS produced from the excited hellum

21 35y 210% states have been calculatedca 19,17-211 (€3

2P » In the paper , a more
complete' ‘s‘et .of estimates on the profile indices of the AIé exbited from these
statesl 1}8 given The profile indices of these AIS have not“yet‘been explored
experimentally, moreoyer, the available. iheoreucal estimations are often. in
d;;;g;;em;nt. o |
BRI R R

The ma.jor point ‘of the theory of the excited He photoionization is to build

wn IR

and to test a relatively simple and quite reliable structure model of the

' e

PRI Too ety iyt By
excited He for its photOionization. This problem has 'been considered in our

S “argen

preVious work[ ] We have built the structure model that allows one to describe

the excited He photoionization with the same accuracy as complicated
. 4 i .
calculations carried out by different methods[8 14]. Note, the maJority of the

[8-12]

computations eprOited the structure models in continuum wave functions in

2

which the open and closed channels were smultaneously taken into account and

1 " Jer RN L Caing
for the initial states the multipa.rametric variational[8 +9,13]

‘£10- 121"

and other

complicated functions were used.

In the work[2] . the continuum wave function has been chosen within

Balashov 8 diagonalization method[20] and it was represented in the form of a

g

superposition of the function for ‘the direct phototransition and the L -function

EREEL NS

for the " closed resonance channel Under this choice of the continuum

*)Under thé channelof ‘the reaction orvscat‘tering vwe mean a set of
quantum numbers -of "a aubsystem. The chanriels would be distinct if the
set .of quantum, numbers,differ at least by one figure The channel is
assumed to be closed if the channel function decays at infinity in all
radial variables. If the channel function is nonzero at least along =
one’ radial ’ variable “at’-infinity, then ‘the channel “is open. For
example, in He at. photon energy E),-24 6 eV .the channel 1afd 1p is open
whereas the 2s3d D channel is closed It would be open only at E =
60.05 ev. " : T

2 NETIR
1

a1

«

SO,

function: in contrast with other methods[&'m:.l one 1is -able to - separate
explicitly the contributions of the open and closed resonance channels in the
characteristics of the photoproceas. It should be noted that the closed channel

problem is well knownt2>?

in nuclear physics. But as far as we know, the problem
has not yet been considered in atomic physics.
In our work[2], the wave functions®of the He excited states have been

calculated by the many- configuration Hartree-Fock method! 223

which allows a
flexible variation of ‘electron correlation types. Similar computations may be
standardized in comparison with calculations using variational.'functions. ’

“In the present paper, the appearanceb of a closed ‘channel in ‘the
characteristics of the diréct  photoionization of the excited Helhm is
investigated. Moreover, we study the nature of forming ' the-AIS with large q-
indices in the excited He photoionization and the role of the closed chamnel in
the radiation and dielectronic recombinationsl The calculations have been
performed using the above- mentioned structure model within the diagonalization
method 201
In the second part of the paper, the theoretical formalism is expounded. ’In
the third and fourth subsections the computational procedure and results are
considered; also the discussion is made. ‘ :

2. THE THEORE'I'IGAL FORMALISM »
a‘ Continuum wave function. » o
Let us represent the Helium continuum wave function under the n= 2 threshold

£20] of the function for direct phototransition and L -

as a linear combination
function for a branch photoprocess via the closed resonance cha.nnel(see appendix
A.14): ‘
- B -)
b = a¢o+ b bu ¢u ¢°-AF¢°F° 1. (¢))
Here the function Fg_)(E) deacribes the photoelectron motion in the field
of the ion He+(1s). The known functiona ¢u represent the isolated

autoionization levels (A.2-4) and are built to be orthogonal to the ground



. ‘ o
state wave function (po of the He+(ls) ion(A.4). The configuration interaction

coefficients a(E) and b, (E) in (1) are described as (aece.(A.12) and (A.15)):

u .
; E-E
a®) z1- ———H— @
E—Eu-l/zru(E)
@ V.| & (B> ;
Bz —EtEo—— = (3)
, E-Eu—l/zru(E)
= 2
where ru(s) = 21|<®°(E)|v12|¢u>1 4
is the probability for the electron to leave the channel U via an interelectron {_,

Coulomb interaction V,, (see (A.B)). Using the function ll)E in (1) one may write

dovn the following expreaaion' for the phototranaifion amplitude:

¥

o3 (E) = - )IH},IQ >z < |Hr]¢ > {1+Z E; 1} . (5)
where ‘ ' S
: E-E !
‘ g =2 ——H (6) ;
u o l'u :

In (5) ltlr isk the e‘lectron :.'Lntera’etion ‘operatorv witn the éheton. The profile
parameter qu(E) in (5) will be given later (see (18)). |

b. Formulae for the photoionization character:lstics.

We will conaider the photoionization of He excited state |1sn.S.L.M.5 as a
result of which the ion remains in its ground state (po and the emitted electron
moves away Wwith the wave number k.: Here Si L M are the spin and orbital also
magnetic quantum numbers and n, is the principal quantum number. Further, in the
calculatlon we will neglect a spln-orblt 1nteract10n It is su1tab1e to use the
LS representation in which the out301ng electron is descnbed by the concrete
angular momentum L, spin S and parity; so the continuum wave function in (1)
can be written down in the following form: ‘

ll)(_)(k sTT,) =‘Z Vol (f‘)lEL:[Sbb - : N

where Y (k) is the spherical function of the ejected electron angle.
The functlon IEL LSM> in (7) is written as :

ﬁ|1§EL;Lsu>v= 1Le"10 [(p (r,) £ (nz)Ym(r2)+(¥1)vs(1=2)]. (8

.

Here fEL(r) is the radial part of the function Fé_). The scattering phase is

described by the following formula:
8 =1, +0; , N =arg(1+1-i/k), (9)

where the scattering phaee GL is represented as

6L=T)L+OL. T)L=a.rg( L+1-i/k), (10)

and the supélementary phase OL is due to the deviations from the pure Coulomb

field. We also use the notation Q"l: fLLsM>.

In the case of the isolated resonance, using formula (5) and taking_ into -

account (7) one can write down the differential cross section asczA]
do (o}
_— [1+ [3 P (oose)] s (11)

daQ 41

where P (C0OSB) is the Legendre polynom1a1 8 is the angle of the outgoing

photoelectron; ﬁz is the angular anisotropy coefficient. The total cross section

for the direct photoionization of the atom leaving the ion in its ground state

(1s8) is written down as

G(B)=po.. (12)
L
The partial cross section is defined by the followmg formula:
(q + £ ) : .
o, (R) = o‘°’<m+o‘°)(z)[—£“—ﬂ— - ] (13)
L L L 14 €2 , v
) i "

The partial cross section for the direct phototransition into the open chamnnel

" 0{? ia defined by the following formula:
22
4% (mla :
ol — g |2 (14)
3(2L+1)

Here «, ©u a_ are the fine structure constant, photon frequency and the Bohr

0
radius, respectively; RL is the reduced matrix element

=1EL:LS [, L5, ,, (15)

whore D=)r. ‘(15a)

is the dipole transition operator. Let us introduce the quantity 1)



LS

characterizing the ratio of “the closed channel contribution to the partial ‘cross
section of the phototransition into the open channel

OL o -
CIE) = ——— 100 %, P(18) |
- oD@ o
where L . .
fo= o (B) - 0@ . (17)

In formulae (13) the pa.rametér qQ ' is determined as

' M
‘ <SLIDllten L. :L.S,> ‘
%E:) : psLfipliten L, 15 ' a8
<siv 12 |18ESL: LS)<1aESL:[S"DI|15niLiS:L:.LS> :

Note that in the resonance approximation the parametera r (E) and Q

u M

determined at the AIS position E=E,, and descrlbe the w1dth and the ‘profile of

I
, the j-th z-eaonance curve, respectlvely.
When the initial state of the atom and incoming photon are unpolarizea for fhé

isolated closed chamnel, the coefficient of the angular anisotropy ﬁz can be

représented aa[15’24]:
. R o
132= _A%ﬂ&_t_c_ ] (19)
XET+ YE +z . .
where i ;
=f) SILLLIRR . -C08(6,-5, ), (20)
JLL”
B= 2f2 S(LLHLLM)%RLu[qLu(OOS(GLL GL)+sin(5l" —GL)], (21)
. L . H
Cv= A—2£2 S(LL LLH) RLRL [COS(GL;‘ GL); 9 usln(G -6 )]
(22)
o - +(1+qL S(L”L”L”Lu),
X=)R . T=2R 5 z=x%R (1-d2) (23)
. L 5 N RLM RLM lu ’
where

-

S(L'LIL") = L (—1)L+L'[LL‘]<L0L‘0|20> x4l L Lib (g
16 2

f=3-1k , d e’ 21 is Wigner's 6j symbol.

(E) are -

The formula (19) shows that far from the closed channel (€~—1i®) where if.s
influence is negligible  the asymmetry coefficient 132 tends to A/X.

In the ca.sé’ of several overlapping closed channels with angular momentum Lj
(j=1,..,N) the formula for the ]32 coeffic.;ient turns out into a more.cumbersome
ne[15’24]1 Below - we shall\ write down it for a particular case of two closed

(autoionization) 1S and 1D channels for the photoionization-of the He(21P) atom.

v e s o p2
2|:(80t32+1)cosA—(E:2 Eo)slnA ](;02ROR2 D2°R2/ 2
-

B, (E)=-2
2 2 2
ROD oot R2D2° .
(25)
where

A-G-G » Co=(a g )(q2+8 ), D

- 2.2 . i
o 2 ‘(qifai) (83.+1), i and, j=0,2.

Further, in our investigationa the cross section‘of dielectronic recombination,’
which ié the inverse process with respect to the photoionization, will be used.
The total dielectronic recombination cross section 0"(E) can be obtained from
the photoionization cross section (12) and (13) by using the ao-called‘ “time
inverse” theorem . \ | .
) = o, . (26)

where q and r are the photon and electron momenta, respectively. It ought to be
stressed that to calculate the ﬁz coefficient fgr the secondary photon in the

dielectronic recombination He'(1s)+ e » He**(2p° 'D) = ¥+ (He(2'P) = He(2's) +

Y ) the fomulae have been used from our work[15] N
‘III. THE COMPUTATIONAL MODEL
Lt;t us introduce the abbreviation F|I for the structure model which is the
combination of the ,wave functions of atomic initial I and final F states.
The wave functions,of the He discrete excited states have been computed by
using the many- configuration Hartree-Fock method[m? ‘Denote these functions as

MCHF. In the MCHF, the interaction of the following configurations' is taken into

. account:

1828, 182, 28°, 2p° - for 2's term, :

for 275 term, 2n
1
for 2P and 23P terms.

7

1s2s, 283s, 2p3p, 3d4d
182p, 282p, 283p, 2p3s, 2p3d



In the contimmm wlave functf.ion (1), the function Qo ;for -the . direct
phototransition is denoted by PS and the function of the final state. is also
_ called PS .for brevity. Thus, our calculations have been .performed in the
structure model PS|MCHF.. Tk}e wave funct‘ion' for the direct 'phototra.nﬂitioﬁ fEL(r)
'in (7,8) was taken to be the solution of the radial Schridinger equation in’ the
followihg central parametric pot',ent'ml[M:|
,'V(d.rr’v)=_— i—-[e—(x r;- a re_a:"r ] (28)

In (28).11} the c;se of a singlet state the paremeters' <x1,<x2,c(3 take the values
8.90663, 16.38067 and 9’.82222, and the values 33.46494, 7.91893 and 3.27399 for
the triplet state, respectiVéi/}r.' .This function satisfies the following

asymptotic and mmlizgtion conditions :

fEL(r)~V—--'Sln(kr———-—1n(2kr)+6),!‘*m,-'(ZQ)
gy Jigep> = ORI - | (292)

[2) show that the latter function (PS) and the

Our esti:;a'tior;é and analysis
sqli.xtion of the SchrOdinger equation in the potential with allowance for the
exchange term (Hartree-Fock potential) in the combination with'the MCHF lead to
very close results ,in a large enough energy ihtewal. On the other hand, the

€141 and our test

funct‘:i.on PS is very s'imple,v and moreo;rer, as the calculations
show, it appears qu:lte\ reliable in describing difiqrent photoprocesaea.

The \tém I;ILSM> of the final statefwa% funqtion has been ccxni:u'c,edcz:I by
the diagonaliz&fion of the atomic Hamiltonian in ‘the closed channel subsx;ace
using the Coulomb basis function with the charge Z=2. For the 1’38 states in the
contimmm there :have been mixed configt:;‘ationavana,2pnp,35na,3pn§}3§ind and
2snp,2pns,2pnd for the 1’:‘P states as well as 2pnp,23nd,2ph£ configurations for
the 1’3D, states,.‘ respectively (n<5). In the matrix diagonalzatioﬁ, the
convergence was checked by enlarging the basis dimension up to 20, and our data,

obtained with the Coulomb function in the contimrm (in place of the PS), have

g

i

20,211 up to three

reproduced the estimates on the profile index-q and width
significant figures.

We introduce also abbreviations for the structure models in the
calculations of other authors. The Hylleraas-type va;-iational function
containing 56 parameters, is denoted by 56H, aﬁd the frozen core Hartree-Fock

£, 13] and the function obtained by the close coupling rnet.l'lod[s’g:I are

function
denoted by FCHF and CC, respectively.
IV THE RESULTS AND DISCUSSIONS

21 that ‘in the photoelectron energy range E<0.5 a.u.

Our calculations show
the closed channel contributions in the characteristice of the excited He
photoionization are negligible. But at energies E>0.5 a.u.the square of the
absolute value of the coefficient bu(E) in (1) charactrerizing the probability to
find the electron in the closed channel U appears to be noticeable (Fig.1).

The appearan¢e of the closed channel in the direct photoprocess with the
excited He is illustrated in Figs.2-6 and TAbls.],—S. Figure 2‘depicts the cross
sections which we have evaluated allowing for only the open channel for the

photoionization He(2'’%5) and He(2!’
' ' [2,8-12]

31'-‘) atoms. The cross sections obtained in
different quite reliable calculations » in which boi'.h the open and closed
channels have been taken into account except the aorks[13’14], are represented
in Fig.3. It is seen that at E>0.5 a.u.wii’.h increasing electron energy the crossa
section of the direct phototransition-decreases (Figs.2 and 3) and a particular
quick falling down appears in the case of the He(2'P)#y = He'(18)+e(Ed) process
(Figs.2 and 3b). At the same time, in the direct photoionization cross section
the contribution of the phototransition via the closgd channel (formula (16))
turned out to be noticeable and its amount g'rowa"“ with increased energy
(Figs.3b,c and Tabl.l). »

The competition and mterference of "the amplitudes of these two
phototransition branches are due- to the peculiarihes in the energy dependence .

of different characteristics of the photoproceas (F1gs 3,4 and Tabls.1,2). In

the considered energy range, the influence of the closed channel is noticeable



Tabl.l. THe contributions of the first 'D and 'S closed
channels to the partial cross section of the He( 21P) atom

vhotoionization. In the tabl. a_b means axlO_b

ErE o A w® FE o, A 0%
au eV Mb Mb eV Mb Mb

5 .15 3772 -8.173 219 .23 2,872 2.673 9.3
.6 .14 2072 -6.873 340 .22 2,072 2775 13.4
713 1172 5873 51.3 .21 1572 3.003 19.4
8 .12 6873 -4.973 72.8 .20 1.275 3.5 28.4
9 .11 4373 -4.073 938 .19 9.973 4.377 43.4
1.0 .10 2.875 -2.603 912 .19 8.2 6.270 75.6
1.1 .09 1.87° 1.4 0.2

Tabl.2. The contributions of the sekcond 1D and 1S closed
channels to the partial cross section of the He( 21P). atom

.photoionization. In the tabl. a‘-b’ means aJth'_b

1

1

. D B . 'S
E F@® 0, A n% KE) 0, A5 %)
au eV Mb  Mb eV M M
5 .02 3.75 2.6 0.7 .013 2.872 7.6:: 2.7
6031 2,075 2275 1.1 .012 2.05 7.275 3.6
70,029 1175 1977 17 019 1.572 7.7y 4.7
8. .027 6.813 1.877 2.6 8.83 1.275 7.375 6.1
.9 026 4.373 1.7 4.0 T.7°5 9.973 8.0% 8.1
1.0 .024 2.875 1.875 6.3 6.87° 8.2 9.17* 11.1
1.1 .023 1.87° 187 10.2

Tabl.3. The contributions of the
closed channel to the total cross
section | of the recombination
He'(1s)+e = He(2'P) + ¥,

in all cases except for the photoprocess He(23P)+‘[ > He+(ls)+e (Fig.3). We see
that most strongly this effect manifests itseylf‘ in the process He(21P)+‘[ =
He+(15)+e (Fig;Sc). Tabls. 17 and 2 demonstrate the partial cross section
contribution of the photoionization from the 21P state for the S é.nd D ﬁaves
which is dueth the influence of the closed channel (AC, formula (17)) and its
amount 1 in per cent with respect to the cross section of the direct
phototransition into thé\ open channel at different photoelectrdh energies. The
quantity 1) at energy E=1¥a.m (at the distances 6._1 and 8.24 eV from the first
1S 7] 1D resonance positions) amounts to 75.6 % for the 1S wave and 91.2 ¥ for

the 1D wave (Tabl.1).

Fig.1l. Probability for the electron (d-wa\.re) to bek in the closed channel

ib d(E) |2'as a function of the photoelectron energy

é S _._fl' R
a g
? .Y
§ 2
i ‘ -, 11 21 31 41
.0.54 10.76 O'L(I)'.QB .20 E, ’eV .

E o100 A nw

au_ M>  Mb
.4 0.20 -0.007 6.1
.5 0.12 -0.005 7.8
.6 0.08 -0.004 10.0
.7 0.06 -0.003 11.0
.8 -0.05 -0.001 5.2
.9 0.04 0.0003 2.1
1.0 0.05.. 0.004 32.7
1.1 0.08 0013 154.0
10

Fig.2. Eneigy dependence ‘of the parfial cross sect}iohs OL(E). Figures 1,2, 3
and 4 correspond to He(2'P) + 7= He'(1s) + e(Es), He(2'P) + ¥ = He'(1s) + e(Ed)
and He(2'S) + Yo He'(ls) + e(Ep) He(238) + ¥ = He'(ls) + e(Ep)  processes,

respectively

11



a) He( 152s:2'S)+y=He*(1s)+e b) He(1525:2°S)+y=He"(1s)+e

4 @ -~Aymar and Crance(1880),PSIPS

246 " ® ~Aymar and Crance(1980),PSIPS
+- g;ﬂ et "é‘?""’{%@”s H + ~Bell et al.(1973),FCHFI56H
¥ ~Chang an ang(1991) -
S ---- Jacobs(1974),CCI56H ---~ Jacobs(1974),CCIS6H
S 2.0
% 3 — — Stewart(1974),PRT { — — Stewart(1979),PRT

present calcul.PSIMCHF present cacul. . PSIMCHF

S g g g

o

® -Aymar and Crance(1980), PSIPS% 2.0 -Aymar and Crance(1980),PSIPS :'
el 4 ---- Jacobs(1974),CCI56H ~ 1 :
= 0.81. Fresent cal():ul.PSIMCHF f1s 4 VT f;ggﬁ;‘(tlgf;i‘;‘gcﬁ’géﬁc“}‘g
o z z
11.0 - E
10.5 | z
} T e (0,0 ——e—r : =
0.09 0.36 0.62 0.89 1.15 0.1 0.4 0.7 1.0

E atl. ‘ E au.

Fig.3. Total cross sections of the He(21’;5) and He(21’3P) atom photoionization

as a function of the photoelectron energy

As we gee, . at energiee 0.5¢E<1 a.u. for the d wave the difference AC has
negative but at 1.1 a.u. poaltive signs whersas for the S wave the d1fference Ao
is positive (Tabl.l). So the 1nterference of the terms of the traneitlon
amphtudea to the open and via the closed chan.nele may lead to the difference Ao

of the distinct signs dependmg on the transition nature (Tabl.1).
~ For the same partial phototransition there strongly manifests itself fhe

closed channel, corresponding to the level, for which the quantity I, (E) has

i

12

ﬁ

relatively large values. When T',, i small, the effect - turns out to be weaker.

]
This is well seen from the contributions of the first (Tabl.l) -and second:
(Tabl.2) b and 's closed channels in the energy dependence of the quantities AC
and l'u for the ionization of the He(21P) atom. The physical meaning of this
phenomenon is probably that the greater the quantity l'u* the more intensive is
entering of an electron intotheclosedchdnnel and alao its leaving off the open
channel through the interelectron correlation.

In the energy dependence of dimensionleee quantities, such as the
coefficiept of the photoelectron angular anisotropy ﬂz (( 19'), further denote it
as ﬁ ), the closed channel manifests iteelf much stronger than in the cross
sectmn of the photo:lomzation. Our calculations show that in the case of

1omzat1on from the 2 P etate at energ'y 0.9 a.u,, the closed channel contnbutmn

to the ﬁ coeff:lc:lent amounte to 131.7% and in the total cross asection 1t is
equal to 2.1%. Figure 4 shows the energy dependence of the coefficient ﬁe for
photoionization of the He(21P) atom in comparison with the estimates[gl obtained
in the close coupling method in combination with the 56 parametric var:’tational
function (the CC|56H model, curve 4). In the case of ionization of the He(21P)
atom, we see that in the far enough fegion from the resohgnee poaition (E<Eu)
the behaviours of the ﬁe coefficient evaluated with allowing for the closed
channel (curve 2) and without it (dashed line 3) differ significantly from each
other. This strong difference in the behaviour as a rule is esaentially due to
changing of the d wave branch (Tabl.1). -

The closed channel also appears in ’ the characteristica of the
photorecombination which is the inve:.'se process of the photoionization at
energies below the resonance region. In table 3, the dependence of the closed
channel contribution to the photorecombination cross section upon the electron
energy is given. The effect ,15 stronger in the angular ~anisotropy
coefficient“sl ﬁ‘, ( we use ﬁr in place of ﬁé) of the secondary photon }’2 ‘in the’

photorecombination process: He+(15)+ e » Y.+ ( He(21P) > He(21S) + ¥,) (Fig.5).
1 2

13
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Fig.4. Energy dependence of the angular anisotropy coefficient of the

photoelectron ﬁe(E) in the He(21’3P)+ i= He+(le)+e process

1.5 1
1.0 1

[H]
QQ.0.5 A

0.0 -

-0.5

Fig. 5 Energy dependence of the angular an1sotropy coefficient of the eecondary

photons ﬁf(E) from the He(2 p) atom followmg the recombination (e + He )

He (1s)+e(Ed)

E- He(2'P)+7=He"('D)=
3

O'L(E
— —
= o
LT
™)

i
(=10

0 . 10 20 30
E,eV

Fig.6. Cross section of He(21P) + ¥ = He“(1D) > He+(le) + e(d) process as a

function of thye emitted electron energy E. 2 is the estimates obtained in the

resonance approximation. 1 is the calculation allowing for the closed chammel
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Fig.7. Energy dependence of - the quantity ruL(Eb); figures 1 ,2,” 3 and 4

correspond to the same processes as in Fig.2

1 00-

0 P
10-3 T T T 10 £ T T T
It 21 31 41 1 11 21 31 41
- E, eV & E, eV
Fig.8. Energy dependence of the quantity q (E ). Fignres 1, 2, 3 and 4

correspond to the same processes as in fig.2. The curves 1 and 3 correspond to

the values -q (E )

In the nonreeonant (E<Eu) region, the curve ﬁr obtamed by allowing for the .
closed channel (Fig.4, dashed 1line 2) noticeably d1ffers from the curve
calculated w1thout taking it into account (Fig 4, deshed line 3).

Now we proceed to cons1der the features of the resonance structure formed
under the above-mentioned phys1cal conditions for the photoprocesses. The
prof1le behaviour of the AIS fomed in the photoprocesses with the exc1ted He is
shown in F1gs 3,4 and 6. For the photoprocess, whose d1rect tre.ns1t1on cross
sect1on decreasee very quickly with energy (Fig.2, lme 2), the resonant branch
turns out to be dommant over the direct photo1on1zat1on. For a rather emall
width ]"l these photoprocesses leadv to the formmg of the _resonance etmcture

w1th a large value of the prof1le 1ndex[2]

(f1g 8, line 2 formula 18). We see
that this pattern is clearly seen from the first D AIS excited from the Helium

2 P state (Fig.9).

15



Fig.9. Energy dependence

———

of the quantities q;L(E )

100 ¢ o E E.) for the He(2'P)
= £ . E and l'm‘( b) or t! e(
&) ) !+ ¥ = He*™ (D) = He'(1s) + e(Ed) proceas
10 / f
~—~ Z/ :
=, :
T :
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An important feature of the photoprocess with the excited He, as our
results show, is that the profile curves of the characteristics of the processes
depend not only on the qua.ntities l;ﬂ and qu but on the q—index aign too: for
the positive q the resonance is displaced far beyond its own width ( D AlS,
Figs.4,5,6) to the left and for q<C some shift occurs to the right. Fig.6 shows
the cross section of photOionization from He 2 P state calculated in the
resonance approxmation (qu and l'u are constants. solid line) and with allowance
for closed channels (qH(E) and l'u(E) are functions of E, dashed line). The croas
section of the phototransition exciting the D AIS in the reaonance
approximation at the dista.nce =19 eV from its position Ell has the “zero"
minimum, whereas the calculations including the closed channel reach their local
minimum at the distance 9 3 eV. Siuular pictures are also observed in the
snergy dependence of the angular anisotropy coefficients of the photoelectron ﬂ
and the secondary photon ﬁl’ in dielectronic recombination (Fige.4 and 5). It
should be noted that in the case of the resonance approximation, the peak
corresponding to the B AIS disappears washing off to the right far enough
beyond the resonance range (Figs.4 and 5, solid lines). At the same time, in the

calculations allowing ~for‘the closed channel the peaks of the 1D resonance in

16

the coefficients ﬂ'e and ﬁl’ appear at their own positions (Figs.4 and 5, dashed
lines).‘ 'l"tms, the results of our inyestigations (Fiés.' 2-9»:and"Tabl.1-3) on 'the‘
whole demonstrate the fact that at the photoelectron energies [E>0,5 a.u.,where'
the croas’ section of the direc/t phototransition ‘is substantially small, the
closed channel contribution to the characteristics of the photoprocess with the
He(21P) atom becomes noticeable. ‘ k

In similar physical conditions, the interference and‘competition of these.
branches _ define” the peculiarities ' in the energy dependence of
characteristics ‘of the photoprocess, especially of the ‘dimensionless 'q'uantities
such as the coefficients ﬁe and ﬁl’ (Figs.4 , 5 and 6) and lead to the formation .
of the AIS with a large, in absolute value, profile lindex. q (Figs.8 and 9).

Our “investigations, we think, clear up the physical nature of the known
problems such as a resonance form in the d-wave and phenomenon of the shift and

1D AIS[15 »16]

broadening of the in the photoprocess Hlth excited He ( Figs. 4 and

16l arising in their description in the resona.nce

5) and other heavier atoms
approximation. In this reéard, it seems to us that in: the case of the ( 2p ) p
AIS the automatical continuation of the resonance approximation into the energy

range at distances (below) from the resona.nce position Eﬂ’ exceeding hundred

times \its own width (E -R>>F(Eu)), contradicts the energy conservation law

U

because in this situation the 1D resomce is deeply located in the closed

channel. :Moreover. at these energies the closed channel natnrally manifests‘
itself as a virtually excited ' "resonance” in the open channel region (Fig 9) which k
leads to the peculiarities in the characteristics of the photoprocess with the
He(2'P) atom. ;

We think that observing of the fluoreacence of the secondery emissionv\
following the photo-and dielectronic recombination has some priority in- the
sense of being experimentally realized as compared to the direct measuring of

the excited He photoionization characteristics.

17
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A task of prime importance in our opinion is the experimentaly study of the

closed channel appearance and peculiarities of the resonance structure formation

in photoprocesses with the excited He by measuring the,ene’rgy dependence of the:

angular anisotropy coefficients for the secondary photons ‘{2_ in the‘ process

"He'(1s)+ e > He**(2p°
including the resonance region.
V- CONCLUSION

In this work, the closed channel appearance and the peculiarities of the
AIR stmcture , format:lon in the photoprocesses with the excited He .are
inveetiyéatedl in a wide range of the epectrnm. The atomic contimmum structure 'has
been described by the fnnct:lon which is the superposition of the Schrﬁdinger
equation with the effective central poi:em',:lc‘s.lrM_:I for therdirect,’p}/xotofransition
and of the * L2-function for the closed channel (and reeonance branch) in' the
diagonalization v (203
calculated us1ng the many-—conf1gurat1on Hartree Fock method Such an approach to
the problem allows one to separate exphcltly the contrlblxtlone of the cloaed
and open channels to the character15t1cs o»f the photoprocess.

Qur investigations show that in the energy range E>0,5 a.u.where the cross

sections of the direct p}\xotoprocess'from the‘ He excited states are eubstantially

small (Fiés 2 and 3), the closed channele noticeably manifeet themeelvea‘

( F1ge 3“5, Tabls. 1 3). At the energy E=1 a.u., the contributions via the closed

channele to the cross eect1on of the photo1on1zat1on from the He 2_P etate

at the distance 6.1 and 8.2 eV from the pos1t1ons of the first 1S and 1D

'

resonance levels amount to 75,6 and 91,2% with respect to the correapondmgr

partml cross eections w1thout the closed channels taken into account.

It is found that the contribution of the closed channel in. the ionization

cross eection etrongly depende ‘upon the value of the probablhty of the electron )

transition (T, (E)) from the closed channel to the open channel via the electron

u

correlation (Tabls.1,2). The larger this probability I (E), the stronger the

u
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D) » ¥+ (Ho(2'P) = He(2'5) + ¥,) at energies E> 0,5 a.u.

approximation . The initial state wave functione have been _-

’

contribution of the closed chammel to the photoionization cross section. In the
energy range E Eﬂ’ the smallness of direct phototransition cross section
serves as one of the main reasons which lead to forming of the AIS with a large,
in absolute value, profile index q (Figs.2 and 8). ’ ’

The compet\it'ion and interference of the direct phototransition amplitudes
into the. open and through the closed thannels determine the substantial
peculiarities in the energy dependence of the dimensionless characteristics such
as angular anisotropy coefficients of the photoelectron Be and the secondary
photon in the photo- and dielectronic’ recombination ﬂ{ (Flge.tl and 5). In
similar physical conditions there occurs a remarkable shift and broadening of :
the 1D AIS profile in the photoprocess characteristics (Figs.4, 5 and 6).

We thlnk that modern experimental equipment used to investigate the
recombination. characteristice is able to reveal the closed channel. appearance
and peculiaritiee of the 1D AIR profile by meaeurlng the angular -anisotropy.
coeff?.cient of the secondary photon in the photo- and dielectronic recombination

*x 1

He+(15)‘ + e =>He ( D) 4 ‘{1 + (He(2 P) = He(1l S) + ‘{2) in a wide spectrum range.

. The 'peculiarities of the closed channel appearance and - the AIR structure

’ in heavier atoms. Thus, clarificatlon of these problems may

formation in the photoprocesses with tne excited He may play an important role
be of major’
significance for atomic physics.

We uould like to thank Professor V.V.Balashov from the Instz.tute of Nuclear
Physics, Moscow State Unwerszty for his continuous interest and support and

usejul discussions.

: Appendix A \
‘Following “Balashov et alEZOJ we shall represent the He contimmm wave

function under n=2 threshold as

Uglror)= ALG(r )X (E,r SIEDRY I (4.1)
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Here, the function Xo('E,r’) describes electron motion in the‘He+( 1S) ijon field.
Known functions Qu are obtained by the unitary transformation Qiagonalizing the

He hamiltonian in the subspace of closed chamnels which are constituted by the
' £201

states of the two- electron excitation

9F A3 cynmIg (r )P, (), (4.2)
n.m

and satisfy the property: -

_QH‘HN’H'): EHGW' (A.‘3)

where }?I is He hamiltonian, (pn(r) is the He+(1S); jon wave function: A is the
operator of antisymmetrization. It is obvious that the functions Qu in (A.1)
satisfy the foildwing condition
‘<°u' 9,> = 0. (A.4)
To find the ‘function tlJE in (A.1) it is needed to"calculate the function

XO(E,r‘) and coefficienta bu satisfying the equationsa:

“E )= 1A V A.5
b (BB )=l [VIATQ X (E11>, (4.5)

(H-EX (B) ==/ > R | . (4.8)
M _ )
Here, the hamiltonian ;lo for the ejected electron is written as

. 1 ‘ . »
HR(B.2)=(- 5 B L +<@ IVIg K (E.x™ ) (r <@ VIR >, (AT
r : B . B
where v =1/r-r} . i (A.8)
Using the Green function one may. represent the solution of the inhomogeneous

equation (A4.6) in the following form:

_ (=) 1
X=F "+ ) b, o <, IV1e, >, (A.9)
M [=}

Here Fé—) is the solution of the. equation (H - E)X,70 satisfying' the incoming
boundary conditions in the asymptotic region. Substituting (4.9) into (A4.5) and

using the following identitiea -

o ——E(_f_ = - 180 - Hy), (4.10)

(=] 0

I | A ' A

we may get a system of algebraical equations: for bu. In this system, ignoring the

indirect coupling between the KU and Ku‘ clyosed channels through the direct

phototransition (20]

, One may gét ”aeparate equations which can result in the

following expression for bﬂ '
<0 |V|¢o> ‘

b (E-E,) = —H4—2O L (A.12)

T g i ;
E-Bp5ly

where 4 ry(®) = 2a:|<¢o|V|¢u>|2 (A.13)

is the probability for-the electron to leave-the channel U via an electrostatic
interaction V. Note that to obtain (A.11) we ignore the - contribution of the
first term in (A.‘IO) for the princ}.pal value »integral. By introducing (9) into
(1) and taking into account-the relations (10,11) and (12) the continuum wave

function of the helium can be written as

Y BN o i (-)4 .
by =al+Zby 0, 0 A0 F )3, (A.14)
where : T C
i Z ru v
a(By=1- 3 — . “(A.15)
A2u. EEul/Zruv‘"
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