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The photoxoni.:atxon chmcte.nstxc beha\nour of the ecated He uom hu been'
studied by usmg the parametnca.l approach a.nd the physical nature of the processes
is cleared up. Itis lhown that ln the exc.itod He photo:omuion the profiles of
the _Tesonance structures appear fa.r .enou.gh Irom the positions of autoionization
statec at energies comiparable lmndred t.unu of theu' natural widths. The mentioned
pecuhantlu in the recombma.tion- _of the He* ion into excited states have been
observed too. s

It is also shown that such ”extcnded" resonance stmcturu are well described by
"width® and "profile” functxons of the energy. The competition and interference of

phototransitions to open Ia.nd closed (autoionization resonance) channels are found

ko be due to the broadening and shift i the resonance structure profile formed:in
Rhe photopmoeuu with the excited He.-

The ways to reveal expenme.ntally ‘the influence of closed chmels in the reso-
;a.nce structure fomtlfa ‘the photoprccesses wnh excited He atoms are dnscussed

>ACS number(s): 32.80.Fb,32.90. + a, 32.70.Jz -
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‘experiments on Photoionization of aq excited helium atom. In thig respect, theoretical

- description of the excited He Photoionization problem is als needed to be developed. - .

e At praen_g, in rather accurate é,a.lculations_ 8, 9, 10, 12], a _i.vide xmmmum m the i &

e :_- crods section of the excited He Photoionization hag been revealed in the '.r?nsef of the
Photoelectron spectra ) 0.5 a. y. Excitation-of au-toionization resonances (AIR) with a
4 ki "_ﬁ}ée"proﬁle index-q [8, 9), [12)-[15] in the excited He Photoionization was noted as well.

! | S . The "broadening” -and "shift” phenomena in I_p:bﬁlu of dimensionless ch_a.ra.ctéri?tic's

- 4,

" -of the autoionization state (AIS), such as the a.ngular anisotropy coefficients ot'.-._the pho-
"+ toelectron in the excited He Photoionization [9] and the lecondary' photon [151_ iﬁ the
B < dielectronic mootr;bination: Het 4 e He*(1D) n+[H 3(2‘1.") — Hé(l'S) +1 |
have also been reported The latter phenomens have been obsetved [16, 17] in the pho-
toionization procesges of the heavier excited atoms too The a.ttemﬁf was unde-rtaken -[1 7]
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to de-cnbe the "broa.demng a.nd "ahxft" of the resonance proﬁlee by mt.roduang an ef- ¥ =

&

3 i fectwe mdth a.nd shift. Note that the pecuha.ntla ment:oned a.bove ma.n:feot themaelves'

moat strongly in the d-wzwe ( also x.D AIR) bra.nch of photOprocessee w:th the He(2‘P)' 3

In the present paper, the cha.mctenstxcs of photoxomza.txon of the exmted He atom

.- are ca.lculated The reoombmot:on cross section a.nd energ" dependence of the a.ngu.la.r i

well We demonstrate the role of the closed’ channe.l in formmg a long "extended" proﬁle"

of the resona.nce structure a.nd clea.r up the physical nature of these prooeases

In the seoond part of the pa.per, the theoretlcal formahsm.u expounded In the thn:d' o

:-':__-;md {ourth subsectzom, the eomputa.txona.l procedure end reuulte are oonsldered a.leo \‘.he" '

dm:umon is made.
II. THE THEORETICAL FORMALISM® - °

- We will consider the phoboionization from t_h_e_ He'.exc:ited et_a.te: __|_'__i1u';.-1;3,-L5 > asa
result of which the ion remains in its ground state 1s and the em.ltted e.'lectroo moves
away' wit.h the orbita.l quantum number 1. Here S-and.L Iue the spin and orbital quantum
numbers of the excited state and ni i are the principal and orbital quantum numbers :
Furthet, ln the calculation we w111 neglect a spin- orbxt mteract:on It is amta.ble to use
the LS representation in which the outgoing electron ig described by the concrete angular

momentum L, spin S and parity;
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Ill a-ccordanoe mth the d.\b.gona.hza.txon method [18, 19]. the cont.muum wave functxon =

!

3 '.open md cloaed chmnels, respectwely. Here I m,LSb is the ‘Wwave functlon of the m. 'th
| uola:ted aut.momza.tlon atate [18 20] l

Thefunct:onusEl LS>canbewnttenaa L ;o

g of t.he atom can bc repreoented as a mperpoutwn of the wave functmna IlsEl LS) p:. for

| laEl LS >-— i e"“cp,,(r,) fg;(r,))’;,,(r:) + (-—-1)3(1 = 2) : {5 (U;

'Hcre fg; (r) is the ra.du.l wave funct.xon, a.nd Sn the spm The scattermg pha.se is descnbed

",? by the fonomng formuh. - L f;"',_:-»- j P ok
ey h_ I. " & =:'I:+;¢;':.?..’. -'Jt-—“S(L‘I'l —ifk) e (2)
.;The supplementary pha.se 0: is due to tha d«matlona from the purc Cou]omb ﬁeld, qox.(r:) |
| is the ion ground state wave fnnctmn. 2 _ | b !
The total cross aectxon for the photonomzs.txon of the atom. from the mntml state i” ‘
with allowance for the mﬂuence ofthe first AT8 of e angular momentun L can be written
c'(E) Z"";L(E) - -,.' | o (a)"i‘
The partial cross section o, L(E) allowmg for thc first isolated g1z, resonance is detemnned |
Tk the e following formula: .. ?
»;‘.L( E) N a"("( E)+o ie) ;qugbfi)e.: ‘('E§E)]’ by (4).-
The partial cr.os: section {or the du-ect photot.ranmtwn to the open channel o 'M(E) s
defined by the follomng fonnuh s e
"" 52 |
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Here o w I ag are the fine structure oonsta.nt, photon frequency and. ghe Bohr radius,

-reupechvely, R‘:,(E) is the reduced matnx element - "' s e s Db,

R(E) =< 18EL s LS||D|[1sinsli's LiSi> xi-- voi 2 53 b7 (6) +

il s 3 sttt : ; Ol

SWEET T e e ‘D=Y"r X g “ s

is the dipole tra.nnition_o';.:era.lt.er'..' Pea

; -2(E E»;)/F.,_,L(E) :.;. (3)

. Twu(E)=2x |<1sEL:LS | Vaa | me LSS - . (9)
In formula (4) the f.inction- g\ 1(E) is detazmined as

<pLLS||D||13n. :L:S;>

qp;L( ) =

£ Note that in ) 'the ruonance a.ppronma,tlon [18 20] wxdely used for descnbmg the

photonomza.tlon from the atom ground state, the functions I',,,- (E) a.nd q,.,,:,(ﬁ in (4) and

(8) are constants determined at the AIS poutloqE;= 7, and Bescsiise Tha widih wad the__ ‘

profile index of the uz-th resonance ev}rve, mﬁ,ectively. S gk

- In the case'. of the isolated resonance one can write down the diﬁ'ereptial cross section

as [21]

53

- (10)
g m,LS l Vn | 1sEl: LS >< 1sEl: L||D||1.m.l. cIiS; > (10)
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The iwave functions of the He discrete excited states have been-computed by using the ".. -
wy- configuration Hartree-Fock method [23). Denote these functions by MCHF. In the .

CHF, the interaction of the following configurations is taked into account:.. .- .

: 1.923,13",'23’,_29’. fori 2'S term . |
1s2s,2535,2p3p,3d4d - for PS term
1-;'23'»'.;242?.2331’,2?33,2.1753'-' ' for 2'Pand2®P 'terrri;. B "'," (15) |
the c§ntmuum wave function the fu.nctxon | l.sEI LS > for the; duect p’hotot.r.a.nsltxon "

lenoted by PS a.nd the functxon of the ﬁnal atate is a.lso callcd PS for brevxty Thus, our

culat.xons have been performed in the structure model PS IMCHF The wave functmn

E R

the dxrect phototrana:tzon fg;(r) (1) was taken to be the solut:on of the ra.d:la.l

b

l.rodmger equatxon in the follomng ccntra.l pa.rametnc potentna.l[24]
V(a,r) = ,——{e""‘.': +agre” ™" +1} - .. (16)

"16), for the smglet state the parameters a,,"c'xz,aa ta.ke the values 8. 90663, 16.38067
9 82222 a.nd the values 33.46494, 7.91893 13. 27399 for the tnplet state, respect.wely

= functxon sa.tlsﬁes the following asymptotic and norma.hza.txon conditions :

fg;,(r) J—— sm(kr -— -—— —_ —ln(2kr) + 5:,), r — 0o, | ) (17)

< fou| fous >=8(E - EYouii o
==stimates and analysis show that the latter function (PS)a.nd the solution of the
—dinger equation in the poé.entia'l with allowance for the exchange term (Hartree-

| 55



s a8 the calcuhhonz [24] md our tect nhow, :t appea.rs quxte rehable in descnbmg differ!

it

Fock potential) in the combination with the' MCHF lead to very close results in a 1§ _

enough énergy xntenml On thc other ha.nd the function PS is very nmple, and mosead

o

-Q

The wave ﬁmchon of the AIS | p;,LS > has been computed by the d:agonahzata

" of the He atom Ha.mxltomnn in the closed channel subspace under the second threshl

. "’.S' AIS luve bee.n mixed oonﬁgura.tzom 2ms,2pnp,3.ens 3pnp,3dnd and 2snp,2pn.s,2p1

" for the 13P states as we.l.l as con.fguutmns 2pnp,2snd 2pnf for the 2D AIS, l'il@lil:’e‘itl"e

" (n<5). In the matrix dngona.lzatxon, the aonvergence was chec.ked by enlarging the bas
- d.unmon up to 20;:and’ our dat;, obtuned mth the Coulomb fu.m:t:on in the continuw

: -(ln place of the PS), lmve repmduced the estimates on the proﬁle index—q and wid!

"[18 19] up to three significant ﬁgurea
We mtroduoe also abbreviations for the ltmcture models in the calculations of oth
authors. ‘The Hylleraas-type variational function containing 56 parameters, is denoted b

56H and the function obtained by the close coupling method (8, 9] is denoted by CC.

—

~

-~ IV. THE RESULTS AND DISCUSSIONS

We have calculated the energy depéndence of the functions I, £(E) and ¢}, ,(E) {a
the He photoionization from the (2'°S) and (2'3P) states in a wide range of photoelectror

spcctru-m including the resonance region (Figs.1 and 2). Figs. 1 and 2 demonstrate tha

56 .

- - Al

"+ of the ionization by usmg the Cou]omb baala functxon with- the cha.rge Z--2 For t



“he functions I‘-,.-,_,L(E) and qj,,_;,(E) are a.lready not constants even in_ the vic:inity of.the -

!13 pos:t:onn, as. lt is demanded in mogdance with the resonance approznmat:on, but .

Sh- the contra.ry they chmge drutxca.lly i, a very large interval. It is also seen that t.he
Iunctnons %, L(E) take large absolut.e values as compued with the proﬁle- mdex \mlue (q
=2 75)[27] for the resonance exc:ted. in, the phot.onom.zatlon from the He ground state
(Fzg 2) So we find out tha.t. to deu:nbe the exc:ted He photo:omz&tlon ;t is nexessa.ry to
extend the para.metnc theory[lS} mtroducmg the wxdth and proﬁle functions of energy
Thu the is main quallta.twe dnt.mctmn between the descnptlons of the He ground sta.te

and excited ata.te phot.oxomza.txons \nf.h the use of the dugonahz-atlon method

-

s The partia.l cross section for the He photoionization from the 2'p state with exCitl‘-'iOﬁ' - '. .

of the lD AIS eva.lua.ted in f.he resona.noe appmnma.tmn (full hne) and mth the F,.,,,;,(E)

-and qu L(E) functxom (dotted h.ne ) are shown in an 3. The d.lfference between t.hese

eroaa sections are obv:oualy significant. At the same time, our_esf.lmaten on t.h_e ‘_tot‘a.l c:_oee oot
section-for the,photoiqnizntion He(2'2S) of the He(2'7P) atoms are mgood agreement .. .

‘with available calculations|8]-[12],[24, 25}, for exa'n:l_ple see Fig. 4. In Fig4, we also see a -

‘Wide minimum mentioned above.

Fxg 5 illustrates. that the partial cross sechom for the direct photo:ou:zat.xon of the

'excnted He atoms are- sma.ller tha.n the cross sectxon for the ground ntat.e appromma.t.ely

i,

‘one up to few orders of ma.gmtude Theae Toss led-:ons decrease very fast as increases
-the'photoelectron energy. Note that a pa.rtlcuhr fast falling down appears in the case of
the He(2‘P) + 9 = He*(1s) +'e.(.Ed_) process (Fip.s,.full line). . . | | |

In such conditions far enough from the AIS reg-ion the contribution of the'phototra.n-
sition to the closed resonace channel (formulae (13, i!k)) turned out to be netieea_b_le and

-
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it imount grows as iricreases the cneigy (Fig. '4; Tabl: 1).” As a result of the competitiot

i 'n:id-"iht&f&&de of the mputu'a'es'-af"th&e-‘ ﬁvb“photdtra‘nhitibﬁ' l;rmc'hes; the resonanc

e _ 3'-'st1-ucture a.ppea.n at duh.noeo wmpauble hundred txmes of natura.l mdths far f:rom th"-

'~ AIS region. It should be noted tha.t an ”extended" .stmcture is Ju.st the major physic2 |

" nature which leads to’ broade.mng and ahlﬂ; of monance ‘profile curves. (Figs. 3, 4 an<

" Tabl. 1) The mcnhoned efect mamfeata 1tself much atronger in the process Hc(2‘P) +1

= He*’(ll) + cas well. In tabl. 1 we see that the qua.ntxty 7 at epergy E=1 a.u. (at th

dutmou 6 1 and 8.24 eV from t.he ﬁrst ‘S-’ lD resonance poslt:ons) amounts to 75 6%

: for the 1S wave md 91.2 % for the ‘.D wave. The mtcrference ot' the tra.nsxt.lon amphtude
e % 7. the open. and closed chume.h may lead t.o the d:&'erem‘.e Aa' of the dxstmct slgns 2
" 'dl(ML 1) 3 o % _:;_' _:-'-; ,._; -,.'._:,“,_-‘ . -, & - 3 . ._ .. .

In the energy dependence of duncnnonlm qumtnttes, auc.h as the ooe.ﬂ'ic:ent of th
photoelectmn a.ngu]u' anisotropy S,, the clooed c.b,a.nnel mamfests itself much strong!

11

thln in the cross aectlon of the’ photoxomzatmn . Our ca.lculatxom show that in the cas
of jonization from the 2'P state a,t en'cr'gy- 0.9 'a';.? u.; the closed channel contributio
to the S, coeﬁc:mt amounts to 131, 7% F'gure 6 shows the energy dependence of th
coeﬁaent B, for phot.oxomzanon of t.he He(2'P) atom. The estimates obtained in th
resonance a.ppro:umtlon (full line 1) and w:th allowance for the energy dependence of th
resonance proﬁlc and width puuneters (curve 2) differ from eac.h other significantly. A
far enough distance f;o:r_x the resonance pos:tlon)the behaviours of the coefficient obtaine
with allowing fc;r the closed mc-ann;zc channel (t':l:mms 1,2, 4) and without it (line 3) an
compared. The curves 3 and 4 are the close coupliﬁg estamates [9](Jacobs, CC | 565
model). So we see that a rather strong appearance df the resonance profiles very far from

58



_ the resonance positionn (E(&.2) is due to tlie inﬂuenoe._of, the closed resonace channel ( let - .

ca.ll 1t. shortly the closed c.hannel e&'ect)

ol A TR ke 2 el LR N P
-...‘-..x -.--D'l- -“.-' -t e r F el el
- . . . :

—; The cloeed channel eﬁ'ect also appears m the chaxn.ctennt:ol of on-, electron recom:: g

_bmehon mto the He exc:ted ata.te wh:c.h is the mverse proceu of t.he exc:t.ed He pho- N 3

'tmomzatlon In ta.ble 2 the dependence ot' the closed cha.nnel oontnbutlon to the total . . .

_ photoreoomblna.t.lon cross sect:on upon the electron energy is gwen A stronger eﬂ'ect. i - -

. observed in the a.ngular anwotropy ooeﬁolent [15] ﬂ., of the eeoonda.ry photon :k in the E L et
photoreoombmatxon process H e“‘(l.s) + e % (H e(2‘P) — H e(l‘S) +‘7:) (Fig.7). In

‘ the nonresonant (E(l'}. L) region, the curve ﬁ, obta.lned by a.llowmg for t.he closed channel ;

(Fxg 7 dotted line 2) essentially d.tffers from the curve ca.lcu.la.ted \nthout taking it into

account (F:g 7 dashed line 3). Here, '’ lt. is easy to note a large difference between- the

curves evaluated in the resonance appro:ama.t:on (full line 1) and with allowance for the“

energy dependenoe of the resonance profile a.nd width functions (dotted line 2).
tha.t the profile curves of the cb‘__n_..rne_t.eqstxoo of the processes depend on the pmﬁ.le fnnctxon
_ (q,‘,‘._ L(P)) sign too. Thus, themu.lta of ou.._r_:_.inveg‘tiga.-tiona (F' igs. 1-7 and Taol;,-1-2) on
the whole demonstrate the faot.-that the resonance st.n-&ure formed in the phot.oprooees
) ,vnt.h the He(2' P) atom mamfats itselfc essentially, ,far enough from the.! D resonance
posxtxon, at energu- comparable hund:ed tunee of its natural mdth Under similar physi-
cal circumstances the resonnnoe__stmcturc \_mth a large, in absolute value, profile funct.lon
d.,.4(E) (Fig. 1) is formed.

- In generel, resonance structures formed ‘in the photoionization of heavier atoms from

loosely bound excited states might appear to be extended also in wide enough energy

59
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ORIy lemn mtﬂﬂtmg nnd expedient to" exp(ore expenmerita.lly t.he resonance prd-

“£43n ebavtonr sonsidered in tlm woik. ‘We thislk it obsemns the ﬂuomceﬂ“ of thie &

IS onda.ry emission followmg the photo- and d:elect:omc recombma.tzon of the H c"’ jon mif

“'be miore oonvement to reveal expmmehtally\the -"broademng’ and ~"ah:ft“ phenomenn'
““the cxc:ted a.tom photommzahon At prescnt dlrect measurements of an elemertary pl‘—

¥ =7 cess cross aectlon for the e.lectron- ion reaombma.tlou are performed[28] We would like!

~ draw- ;tbcntxon toa poss:bxhty to} measurc in pnnc:ple,*energy dcpendenc.es of the mdL-

-

md pmﬁle fu.nctmnt by using the polanzed tugets of He ltoms[S 6). -

... V. CONCLUSION.
RN *In this work, the photo:omzatmn -of the: e.xc:ted He'atom is studied. in‘a. wide rang
""‘1“ - of the' spectnun. Accotdxng to t.he dzugona.hutxom approu:h [18], the a.tozmc continuun

Ofructure has besn dsc:nbed by thc funct:on wluc.h is a superposition of tb.e funct.noz

poo ,for the direct phototra.lmtmn and of the 'L’ functxon for the closcd resonance channel

e -’I‘he initial state wave. functlons have been calculated by usmg the many-conﬁguratwt

: Hutree-Fock method.
Our estimates show that in the energy r‘ange:E) 05 au: where the: cross section:
of the Idit_'ect photoprocess from th-e He excited states m-s.l;lb;t.antia.lly small (Figs. 5)
-the resonance struture profiles noticeably manifest themselves (Figi. 3, 4, 6; Ta_.blﬂ- 1)

<. The competition and interference of the pho'totr#naition amplitudes to open and closex

60
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Fxg 1. Energy dependence of the parameter I‘,,,_,;,(E) F:gurea 1,2, 3 and 4 correspond to -
the He(2‘ P)+y = ue+us> + E(Bs); He(21P) 44 He*(19) + E(Ed\c, He@8)+y
-H(J,‘"(ls) + E(Ep, \HQ_(2’S)+7 —+HB*’(1¢)-+- é(Ep) proceesses, rupectwely In the bral :
% kets the AIS tcﬁ‘med in these prooesses are md:cated “The symbols show the expenmental- -

pomts:_- O,Xand A- Gelebart et al. (1976), rcf.[26], + - Kossmann et al. ‘(1988), ref.[27].

_-Fig 2. Energy dependence of the f.he pa.rameter . " L(;S') Figures1, 2, 3 and 4 w&&pond
to the same processes as Flg & The curves 1 a.nd 4 correspond to the values [— qu L(E)). k
Fig.3. ‘Cross section of the He;(2‘p] +7 —»HQ“(’D) —+1He,+(13) o E(d) process as a |
function of phatoclectmn encrgy 1 21is the estimates obtained in the resonance approxi- |
mation qr..(E) )= 471.9; 1 is the calcula.txon mth the functions Q,.,,L(E) and I‘,.,_,z,(E) L
=g T . | ‘
Fig.4. Total cross section o*(E) of the\Hz('?P) atom photoionization as a function of the
photoelectron energ'y. | |

Fig.5. The direct partial cross sections a'g'}(E) as a function of the energy in compaﬁson

with the cross section of the ground state photoionization (curve 0). Figures correspond

to the same processes as in Fig. 1. N
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A s

40 Figi6.- Energy dcpmdenoe of the angula.r anisotropy, coeﬁic:ent of the photoelectron Pe ("

~dn-the I'k(2‘P) + 7 He"'(la) te pmm takmg into. eeeount bozh the }!D ...nd W

*_resonances, is lhown ‘Here 1 is t.he mult. in the resonance lpproxlmahon 2-is ‘h'f
:
: calculahon with the functlone q“ L(E) a.nd I‘,.,,;,(E) I"a.r fmm the resonance resl°“' th

& beha.wours of the coeﬂicaent obtained- allowmg for the c.loeed channel 1nﬂuence (curvﬂ 2_

- 4) and without it ( line 3) are a-lﬁowmpnred. Thecurvee 3 and 4 are taken from reﬁls:

T - - e ,
FHS ,;-_(.. M= s Cox s 100
- c - Ll . -

Fig.7.. Energy dependence of the e.ngula.r mnnet:opy ooeﬁcnent of the seconda-ry photoe

i ".ﬂ-r(E'}( we ule this notahon m plu:.e oi ﬂg(E )) }fom the Hg(zxp) atom follovnng the re

s 'oombma.twn (Q +H.@) Curvee 1,2 md 3 oorrespond to the same a.ppro:oma.txons asi
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able I. Contributions of the first D and 1S closed channels to the partial cross section
: 2 (S T R T R i

of the HE(2'P) atom photoionization. In tabl: a~* mea.n.l ax10~*.

33 gy : - g -;Ef.f.'. s
E | o | A |n®)| o | Ao 0|
(au) | mb | Mb mb | Mb -
f 05 |37 |81 | 219 | 287 |26 | 93
0.6 |20 |68| 340 2077 | 2.7 | 13.4
0.7 | 1172|583 51.3 | 1.5 30| 19.4
08 |68 49| 128 [12 357 | 284 |
0.9 |43 (403|938 9.9 43| 434
10 | 28 |26 | o2 {82 | 622 | 756
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