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Photodetachment of the 52s2p *P state of He™ from threshold to 100 eV
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Calculations of cross sections and photoelectron angular distributions from the photodetachment of the
1s2s2p *P metastable state of Hehave been performed from threshold to 100 eV using multiconfiguration
Hartree-Fock wave functions for discrete states and coupling continuum channels with closed channels to
include resonances. Ejection of each electron was considered and ejection plus excitation was included in
connection with & photoabsorption. ThesPp? and 22p? *P resonances were found in good agreement with
recent experiments and calculations; the reason that the former lies abowettireshold while the latter lies
below the & threshold is discussed. The nonresongmicPoss section is in excellent agreement with experi-
ments and other calculations. The 2sults, in which Cooper minima are predicted, are not in agreement with
a similar calculation, particularly for thé parameter. Thed.cross section shows a large maximum just above
threshold, much larger than the tross section in neutral He, and at somewhat higher energy the cross section
is dominated by & detachment plus excitation to theg@p+3s2p) 3P and 33p P autoionizing states of
He.[S1050-294{@7)06801-1

PACS numbe(s): 32.80.Gc, 32.80.Hd, 32.80.Dz

[. INTRODUCTION sidered correlation in the various initial and final discrete
states via multiconfiguration Hartree-Fo¢MCHF) wave

The absorption of photons by atoms and ions is a fundafunctions[23], as well as coupling between open and closed
mental process of nature as well as being of applied imporchannels which are responsible for resonances; we have ex-
tance in many other areas of physics and techno[dgy cluded Coupling between open channels here. This means
Consequently, over the past three decades, a great deal HA8t interactions are omitted which can substantially alter the
been done in this area and much of the general phenonmgtoss sections of weak channels degenerate with strong ones.
nology of the photoionization of neutral atoms and positiveBut this limitation will not affect strong channels apprecia-
ions is known[2-5]. In these cases, the influence of corre-bly. In addition, we have included not only ejection of each
lation is important but not generally dominant. The situationof the electrons, but also investigated a large energy range,
is otherwise for negative ions where correlation is muchffom threshold to a photon energy of 100 eV. Since our
more important. Thus photodetachment of negative ions is alfiterest is a study over a broad energy range, we have omit-
excellent “|aboratory” in which to emphasize the effects of ted from the calculation valence shell detachment p|US exci-
correlation. tation; this omission should not be important except in the

In this paper, an investigation of the photodetachment ofmall photon energy region from about 3—-5 eV.
the 1s2s2p “P state of He is presented. We have consid-  In Sec. II, a discussion of the theory and our theoretical
ered detachment of the outes and 2p electrons, as well as, Methodology is presented. In Sec. Ill, our results are pre-
the inner X in order to get some feeling for how the effects sented, discussed, and compared with other theoretical and
of correlation might differ in outer vs inner shells. This state@xperimental work. Section IV presents a summary and con-
of He™ was chosen for several reasons. Tjre5/2 fine-  clusions.
structure component is metastable, with a lifetime of the or-

der of 0.5 mg6], so it lives long enough to be amenable for Il. THEORY AND CALCULATIONAL DETAILS
experimental investigation. Second, there have been a num- o ]
ber of recent experimentar—13 and theoretica[14—22 Within the framework of the electric dipole approxima-

investigations of this photodetachment process and the res§on, Which is excellent for low-energy photoabsorption pro-

nances associated with it. Third, and most important, th&€€sses, the cross section for a transition from initial State

1s2s2p “P state of Hé is a very highly correlated system:; final statef via absorption of a photon of enerdgw, is given

without introducing correlation the system is not bound.by [2]

Thus, correlation is not a small perturbation on the system, it )

primary interest is how the various aspects of correlation 91T Tgc ‘//f>

translate into the behavior of dynamical observables, photo-

detachment cross sections, and photoelectron angular distihereg; is the multiplicity of the initial statec is the speed
over final, and averaging over initial, magnetic substates is

implied. Equation(1) is given in the so-called length formu-

*Present address: Department of Physics, Myong-Ji Universitylation; alternate forms of the transition matrix elemgnf],

Yong-In, Kyungki 449-738, Korea. known as velocity or acceleration forms, which yield identi-
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>

2
is a dominant determinant of the behavior of the system. Our 47w . < "

I
bution asymmetryg, parameters. To that end we have con-of light, ande is the photon polarization. In Eql) summing
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TABLE I. MCHF expansion coefficients for thes2s2p *P figuration, only 23p (0.0190 has a coefficient>0.005.

State of He. Thus our purely theoretical binding energy of the

- : — 1s2s2p P state of HE is 75.5 meV which compares rea-
Configuration Coefficient sonably with the best experimental value] of 77.67+0.12
1s2s2p 0.861 622 2 meV. Similarly, the 52p 3S state is nearly HF, with slight
1s2s3p 0.447 856 7 admixtures of 33p and 203d and nothing else with coeffi-
1s3s2p —0.122 045 4 cient >0.005. We obtained an energy 62.133 09 a.u., in
1s2p3d —0.168 642 9 excellent agreement with2.133 17 a.u. of experimefi29].
1s3s3p 0.082 403 6 The doubly excited triplet final states of He present more
1s2s4p —0.047 438 8 of a problem because there are no experimental values with
1s2s5p —0.059 389 8 which to compare them; nevertheless accurate theoretical
1s3s5p —0.013786 9 values exis{30]. For the Z2p 3P state of He, our MCHF
1s3d5p —0.0132975 calculation, including all configurations up to=5, and in-

suring orthogonality to lower states of the same symmetry,

shows noticeable admixtures witts2p, 2p3s, and 204d,

cal results for exact wave functions, exist and these are useidl with coefficients>0.1. The energy obtained wa<.7601

ful as indicators of the quality of the wave functions em-a.u., in rather good agreement with the best theoretical value

ployed. The wave functions themselves are discussed belowf —0.7614 a.u. [30]. The MCHF results for the
The differential cross section for photodetachment or2s3p+3s2p) 3P states of He show, in addition to the com-

photoionization in the dipole approximation is given [[2p] plete mixing of 23p and 2p3s configurations, reasonable

doe o strong mixing with &2p, 2p3d, and 24d as well. Our

— 12T 1148, Py(cos)], (2)  energies of—0.5840 a.u. and-0.5762 a.u. compare well

dQ} 4w with the best theoretical numbers0.5849 a.u. and-0.5790

where @ is the angle between the photon polarization and®Y- respectively30]. FlnaIIy., for thg 33p 3.P.state, 33p
photoelectron directionP,(x)=(3x2—1)/2, andg;; is the and 3p3d are strongly admixed with goefﬁments 0.92 and
photoelectron angular distribution asymmetry parameter; it9-38; re§p¢0t|vely, \{Vlth_ﬂ4p (0..03) being the oply other
detailed formulation is given elsewhdi26]. Suffice itto say non-negligible contribution, giving-0.3499 a.u., in excel-
that it depends upon the matrix elements and their phases fé#nt agreement with the-0.3508 a.u. of previous theory
the various channels leading to a given final core state.  [31]. In summary, the bound-state energies, and thereby, the
The wave functions for the all bound states, and quasithresholds used in the calculation are rather accurate; this
bound resonance states, employed in this work were obtainettiggests that the bound-state wave functions are also of sig-
using multiconfiguration Hartree-FodMCHF) wave func-  nificant accuracy.
tions[27]; linear combinations of determinent@ingle con- Final continuum states in the nonresonant region are taken
figuration wave functions comprised of antisymmetrized single channel HF, but in the MCHF field of the core ob-
products of single-particle orbitals, where the radial parts otained using our own cod¢82]. This procedure, neglecting
each single-particle orbital is varied along with the coeffi-interchannel coupling, is justified as long as we are scrutiniz-
cient of each configuration. Hein the 1s2s2p *P state is a  ing the total cross section, which is dominated in each energy
particularly highly correlated system, in that it is not evenrange by a single channel of each symmetry. Thus, while
bound at the HF level of approximation. As an indicator ofinterchannel coupling can have a significant effect on weak
the accuracy of the bound-state wave functions employed;hannels degenerate with strong ones, it has only minor in-
the ground state can be scrutinized. The principal terms ifluence upon the dominant channels. In the vicinity of a reso-
the MCHF wave function, i.e., the terms with the largestnance, however, there is then more than one strong channel,
coefficients, are shown in Table I. It is clear form this tableso the interaction between the resonance and the continuum
that, although the 42s2p configuration is the most impor- channel must be included.
tant, others are important as well, notabl§2$3p, 1s2p3s, Two resonances,sPp? *P and 22p? *P, were included
and 1s2p3d. It should be noted that, except for the orbitalsin this calculation; they are represented by MCJ2F] wave
included in the main configuration, the other orbitals are corfunctions of 95 and 57 configurations, respectively. The
relation orbitals and are not necessarily related to the “physiformer contained all terms with coefficients10 > up to
cal” orbitals of the same designation. We used a total of 1621=4, and the latter up to=5. While the main configura-
configurations in the energy calculation and obtainedion dominated in both cases, much correlation still exists.
—2.177 991 7 a.u. for the total energy of the2s2p “P Using these discrete wave functions, along with the con-
state of HE. This compares with the best previous theoreti-tinuum wave functions of the same symmetidescribed
cal value[28] of —2.178 077 6 a.u., a difference of about 2 above, a Fano continuum configuration interaction calcula-
meV. tion [33] was performed and the resulting final-state wave
The 1s2s 3S state of neutral He is well described even atfunction is used to obtain the dipole matrix element, again
the HF level. We used a MCHF function including all con- using our own codes. Implicit in this resonance calculation,
figurations up ton=3 (going to highem gave nothing ap- the width of each resonance is obtained. The agreement of
preciablg, and obtained an energy 6f2.175 218 3 a.u., a our resonance results with experiments and other calcula-
difference of only about 0.3 meV from the experimentaltions, discussed below, suggests that our calculation treats
value of —2.175 229 4 a.u[29]. Aside from the main con- the resonances reasonably accurately.
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partial photodetachment cross sections in e dipole-length () continuum states in He
and dipole-velocity ¥) formulations.

M(*S) = a1(1s;2s;2p; *P|D|1s;2ses *S)

This methodology, where initial and final states are calcu- 4 4
lated variationally and independently from one another, has +ay(1s253p; “P|D[1si2ses °S),  (3)
an important advantage; most states can be well described by
a small number of terms in the MCHF expansion so that théind
physics included in the calculation, in both initial and final
states, is relatively easy to pick out. This, in turn, leads to a M(“D)=a;(1s:2s;2p; *P|D|1s2s¢ed “D)
relatively small number of combinations of initial and final 2 2
configurations contributing to the dipole matrix element, so +a(1525,3p; “P|D|1s:2s;ed *D),  (4)
that the effects are various terms in the wave function on the ) .
photoionization process can be sorted out. On the negati¥hereD represents the dipole operator, the subsciigtad
side, however, the lack of orthogonality between the single-f emphasize that the initial- and final-state orbitals are dif-
particle wave functions in the initial and final states leads td€rent, i-e., core relaxation is included, and thgare the
greater complexity in the calculation of each term in theMCHF mixing coefficients of the initial statérom Table ),
dipole matrix element. a;=0.861 62 andw,=0.447 86. Thus, aside from overlap

and angular factors, these matrix elements are determined
from the single-particle matrix elements between the discrete

Ill. RESULTS AND DISCUSSION orbitals 2, and 3p;, and the continuunzs and ed. The
matrix elements depend, therefore, upon the details of she
anded continuum wave functions.

Continuum wave functions can be characterized by their

Using the methodology described above, the @oss phase shifts; these are shown in Fig. 2 where it is seen that
section, leading to thesPs S state of He was calculated; &, is 27 at threshold and decreases with increasing energy,
this cross section is the sum of the2k2p *P—1s2ses *S  while &, is zero at threshold and increases slowly with en-
and 1s2sed “D partial cross sections which are shown indi- ergy. Thus, thess is very penetrating, at low energies, into
vidually in Fig. 1, where it is seen that both partial crossthe region of space occupied by the initial state, whilegtie
sections vanish at thresholevhich photodetachment cross is not. Furthermore, the amplitude of thke in the inner
sections must they behave rather differently otherwise. The region increases as'?, while for theed, the dependence is
p—s, %S, cross section increases very rapidly from thresh% this is due to the existence of the centrifugal barrier in
old to its maximum of about 100 Mb around 0.0005 Rythe ed case which makes the penetrationeaf into the in-
above threshold, and then rapidly decreases with increasirtgrior region require more energy thars. This is why
energy. Thep—d, *D, cross section also has a maximum of M(*S) increases much more rapidly from threshold than
about 100 Mb, but this maximum is seen to be considerably (“D), thereby reaching its maximum value much closer to
further above threshold than in tH& case, and the decline threshold.
from the maximum, with increasing energy, is also seen to At energies much above the maximumnh(*S), the es
be much more gradual. penetrates enough so that its oscillations in the inner region

To understand this behavior, we first note that althougtcause cancellation, thus the decrease. The same general be-
we employed MCHF wave functions in the calculation, thehavior occurs foM (“D), but the maximum occurs at much
dipole matrix elements for [2 detachment are dominated by higher energy, as discussed, and the falloff from the maxi-
contributions from two initial state and one final-state con-mum, with increasing energy, occurs much more slowly than
figuration, i.e., to a reasonably good approximation, the main the *S case, owing to the centrifugal barrier which causes
trix elements can be characterized as the ed to penetrate more slowly than tlke with energy.

A. Photodetachment of the 2 electron:
The 1s2s 3S He channel
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FIG. 3. Total Is2s2p “P—1s2s 3S photodetachment cross FIG. 4. Photoelectron angular distribution asymmetry param-
section, the sum o&(*S) and o(“D), in dipole-length [) and  eter, s, for the 1s2s2p 4pP—1s2s 3S photodetachment process in
dipole-velocity /) formulations. The points with error bars are the dipole-length () and dipole-velocity ¥) formulations. The experi-
experimental results of Ref§7] and[11], while the low-energy mental points are from Reff11] and[12].
point is the experimental result of R¢8].

whereR, =M (*S) andR,4=M (*D). Looking at Fig. 4, itis
In Fig. 1 both length and velocity results for(*S) and ~ seen thaj3(2p) is zero at threshold, drops down tel just
o(*D) are shown. The rather good agreement between thengbove threshold, then increases steadily to a value of about
within 15% over the entire energy range, suggests that thé.6, followed by a slow steady decline. To understand this
wave functions, discrete and continuum, employed in thig€havior, note that it has been found that, very near thresh-
calculation are reasonably accurate. old, R,s>R, 4. Defining n=R,4/R,s, andA = 6,4~ 6,5, EQ.
The total s2s2p *P— 1s2s 3S cross section, the sum of (5) becomes,
a(*S) and o(*D), is shown in Fig. 3, where théS and
4D maxima are seen. Also shown are the experimental re- 2 12— A7 COSA
sults[7,8,11] which are in good agreement with the calcula- B(2p)= %
tions. Not shown in the figure are the earlier theoretical re- 1+29
sults[18] which are also in substantial agreement with the
present results. Thus, agreement with the experiment, agree- . 32 2
ment between length and velocity, and agreement with othe{%satd'siussled aboy_e, near threshBlg~e N’_R*?SNS » SO
: > n~e. In addition, near thresholdA~—2s, so that
calculations all point to the accuracy of the present reSUItS'cosA~1 Then, Eq.(6) shows that for small enough photo-
The double maxima in the2cross section is more gen- ' » B9 gn p

eral than just the present Hease. Foall negative ions with Sﬁggogsfger%z{cﬁgpz);g ‘:;] dwfgcéz ?Qoivc\ills tr:]:t zlattizgn\;vith
outer np electrons, thess continuum wave will be more P ' 9 pidly neg

penetrating than the correspondind. Thus, we predict that Increasinge. With fl_thher INcreases 1e, two things oceur,

; . : R.q increases rapidly, relative t®., and A begins to
a photodetachment cross section with a two maxima, a shargﬂ|ar| e sianificantly from the threshold value si .
€S maximum close to threshold, and a broaddrmaximum ge si9 y %q

at higher energy, will generally occur for negative ions with creases and, decreases, as seen in Fig. 2. Thus, &os

outer np subshells, although depending upon the relativedecreases from unity and the term is ng longer negligible

strengths and separation of the maxima, the total may sholy Eq. (6). The increase of the positive” term, combined

up as a maximum with a shoulder. This prediction is born With the decrease of the negative second term c3a62p)
P ' P o increase from-1 with increasing:. EventuallyR,4 domi-

out in the limited number of extant casg3}]. More gener- . .
ally, for exactly the same reasons as thephotodetachment nates, as d|§cusseq above, gnd the&dm_ m changes sign.
These combine to increase B(2p) to its maximum value

case, we expect the double maxima to occur for the phOtoéf about 1.6 in the vicinity of 4 eV. At this maximum value
detachment of all outer subshells with nonzero orbital angu-_ “°~" "7 . Y ; . :
lar momentum. cosA~—1. With further increase in energy, dvsncreases

The photoelectron angular distribution asymmetry param-SO that the second term in E(B) is less positive, and a

eter, 3, is shown in Fig. 4 in both length and velocity for- gra:ll;zl gr?:vrviaisrf If(zgf)aigsgf St.arimental results from sev-
mulations which are in excellent agreement. For this case, at 9. P

the MICHE level of approximation educes to the Cooper- & (SHEHIE B 028 Brau Lt o e come strietore in
Zare formula[26], ' PP

the experimental curve at about 2.25 eV. We can find no
theoretical evidence of any sort of structure in this region.
OR2,— 4R, R,y COL 8,4~ 5,2) Prgllmlnary !ndlcat|ops from a mquphannELmatn).( calcu-
B(2p)= > > , (5) lation [35] gives no indication of this structure either. Fur-
Rist2RGq thermore, our results are in excellent agreement with a pre-

(6)
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vious MCHF calculatiorf18] which also shows no structure 6, where it is seen that thts and *D are very similar; both
in this region. Thus it is felt that the measurements should bstart at a value ofr at threshold and dropping monotonically

reconsidered. with increasing energy. But théS phase shift remains a bit
larger than the’D above threshold. The situation f4P is
B. Photodetachment of the 2 electron: rather different owing to the resonances just above threshold
The 1s2p 3P He channel and around 38 eV. These resonances cause’Fhghase

_ . ) shift to have a value ofi/2 at threshold, and a rapid increase
In thf case, the4 cross sectlgn is the sum of thgom threshold, along with the structure at about 38 eV.

1s2s2p "P—1s2pep °S, “P, and "D partial cross sec- agjde from the resonance effects, the phase shift is seen

tions, each of which is shown in Fig. 5. Here it is seen thalg pe rather similar to the other two. Thus, away from the

all three of the partial cross SEC“O”S have Cooper minimggonances, all three continuum waves are rather similar so
just above threshold. TheS and “D channels have maxima hat the radial parts of the matrix elements are also rather

just below the Cooper minima of about 4 Mb and 8 Mb, gimjjar. Since the square of the angular integrals are in a ratio
respectively, and falloff monotonically above the thresholdys 1-3-5 in order to ascending, the cross sections should
region. The“P channel is decidedly different; there is a very 5i5q reflect that ratio; Fig. 5 confirms that indeed they do,
strong resonance just above threshold, and another at aboylay from the resonances.

38 eV. The fundamental difference between ffRechannel,

on the one hand, and thtS and “D on the other, is the g

. 24 24 i
existence of the 42p” "P and Z2p P autodetaching  there are none below thes2letachment channel. The reso-
states; they have no analogues wfth or “D symmetries. npance that lies just above threshold is the2p? *P reso-

Thus, the*P partial cross section is qualitatively, as well as nance that has been studied in some detail, both theoretically
quantitatively, different from théS and *D channels; how-

ever, away from the resonances, it is seen from Figs. 5 that
all three channels are, in fact, quite similar. Note further that
length and velocity are in relatively good agreement.

As in the case of @ ejection, the behavior of these partial
cross sections is determined primarily by a small number o
terms in the corresponding matrix element. As a matter o
fact, if we ignore the*P resonances for the moment, the
dominant term in all three matrix elements can be character-
ized as

Since we are dealing with a negative ion, there is no ne-
ssity for Rydberg resonances below each threshold. In fact,

3.5 T T T T

f
f

Phase Shift (Radians)

M(*L)=ai(1s252p; “P|D|1s2psep ‘L),  (7)

whereL=S, P, andD. Only this term is important because
(2pi|2p;) is 0.99, while(3p;|2p;) is only —0.038. Thus, oo . . L .
aside from overlap and angular factors, these matrix ele- "o 10 20 30 40 50
ments are essentially the single-particle matrix elements be- Photon Energy (eV)

tween Z; the variouse p corresponding to the three different

final-state angular-momentum couplings. The phase shifts, FIG. 6. Phase shifts for thes2pep *S, *P, and “D final con-
which characterize the continuum waves, are shown in Figtinuum states in He.
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state of He in dipole-length () and dipole-velocity ) formula-  eter, B, for the 1s2s2p *P—1s2p 3P photodetachment process in
tions. The experimental points are from REf] [solid dotd, Ref.  dipole-length () and dipole-velocity ¥) formulations.
[10] [open circle and Ref[11] [solid squarek

[14-19 and experimentallf8—10,13. Since it lies above subtle. To begin with, the addition of ap2electron to the

3
the 2s threshold it is called a shape resonance. We find th 152p "P state of He leaves theslpretty much unchanged,

resonance at a photon energy of 1.234 eV, just 12.37 me@m the 2 much more d?ffuse, OWiQ%tO the mutuail scrgening
above the 2 threshold, and a width of 9.48 meV. These of the two 2p electrons in the 82p” °P state of HE. Aside

results compare favorably with earlier theoretical wdrkg—  [F0m exchange, this leads to and increase in binding due to
18] and, more importantly, with the latest high-resolutionthe binding of t_he extra |2 electron, but a decrease because
measurement of this resonarfdg] which found it at 10.80 each of the diffuse @ electrons has a smaller screened
meV above the & threshold with a width of 7.16 meV. The nuclear binding along with the mutual repulsion of the 2
higher-energy resonance is tha2d? *P resonance. The electrons. MCHF calculations show that these effects nearly
resonance position found, htr=37.683 eV, is in excellent cancel. ThUS, the difference in binding energies between
agreement with previous theoretical results of 37.671 eWLs2p *P and 1s2p® *P results from the difference inst-
[20,21] and 37.672 e\J22]. The width found]'=9.22 eV, is  2p exchange interactions. In both cases exchange is attrac-
also in reasonable agreement with previous values of 10.dve, but it is significantly larger in the s2p 3P state be-
eV [20,2]] and 9.87 e[22]. Furthermore, we find an oscil- cause the overlap of thesland 2o orbitals is much greater
lator strength in this resonance transition of 0.109 in thethere than in the 42p? P case where the |2 orbitals are
length formulation and 0.106 in velocity, which comparesmuch more diffuse; this despite the fact that there are two 2
favorably with the previous value of 0.14@2]. Unfortu- electrons in the latter case.
nately, there is no experimental scrutiny of this resonance as
yet.

This resonance is an example of a hollow negative-ion 20
state since it contains all=2 electrons with an empty=1
shell; these states in neutral atoms, particularly Li, have been 15
the subject of much recent scrutifi$6]. In the photoioniza-
tion of ground-state neutral atoms, however, they tend to be 1.0 F
small blips on a large nonresonant backgroyBé]. The
2s2p? resonance in He on the other hand, dominates the Qosf!f
photodetachment cross section, as seen in Figs. 5. The reason i
for this difference is that the sPs2p— 2s2p? transition in

He™ is a one-electron transition and, thereby, quite strong. In .
studies of the photoionization of ground-state atoms, on the
other hand, these hollow states can be reached only by two- oS
electron transitions. }
Of particular interest in connection with these resonances 9 5 " . s . 7
is that the 22p? “P lies 1.034 eVbelowthe 1s detachment Photon Energy (V)
threshold; a Rydberg resonance. The corresponding reso-
nance in the vicinity of the 2 detachment threshold, FIG. 9. Photoelectron angular distribution asymmetry param-

1s2p® *P, was seen to li@bovethe 2s threshold, a shape eter, 3, for the 1s2s2p “P— 1s2p 3P photodetachment process in
resonance. The difference in the character of the two resatipole-length () and dipole-velocity ¥) formulations. The experi-

nances, i.e., why thes2p 3P state of He has a significant mental points are from Ref§l1] and[12] and the dotted-dashed
electron affinity while the §2p 3p state does not, is quite curve is the theoretical result of Ré{.8].
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For the addition of a @ electron to the 82p 3P state of A comparison between the calculation and available ex-
He to form the 22p? *P state of HE, the situation is simi- periment[7,10,11 is shown in Fig. 7. Above the opening of
lar to the previous case, with one important exception; her¢he 1s2p 3P channel, only the total photodetachment cross
both electrons of the2p 3P state of He expand because of section has been measured, so it is the total cross section
the mutual screening of all three=3 electrons. Without shown in Fig. 7. From this comparison, it is seen that agree-
exchange, the energies of the two states would be remarkabigent is quite good overall, for both the resonant and the
similar, as in the previous case, because of the approximatenresonant cross section, except for the region around 2.5
cancellation between the addition of the attractive force oreV, where experiment indicates some structure that we,
the added electron combined with the decrease in nuclealong with previous calculationgl5-18, do not predict.
attraction due to the increased size of the orbitals and th&he overall agreement with experiment, however, gives us
mutual repulsion of the electrons. Since all electrons in botttonfidence that the calculated results will be of similar accu-
states aren= 2, however, the 2 and 2 orbitals occupy the racy in energy regions where no experiment exists to check
same region of space in both the2p 3P state of He and them.
the 2s2p? P state of He, although this region is more Owing to the resonances and the Cooper minima, the pho-
diffuse in He . Thus, the 2—2p exchange interaction are toelectron angular distribution asymmetry paramegrex-
large(and attractivein both states; the fact that there are two hibits considerable structure, as seen in Fig. 8; there is con-
2p electrons in the 82p? *P state causes the Hattractive  siderable structure in the threshold region as well as in the 38
exchange interaction to be much larger than in te2@3p eV region. Away from these two energy regiond(2s)
state of He, thereby causing binding relative to tisg2 3P tends to 2. To understand this behavior, it is helpful to scru-
state of neutral He and makes the2p? “P discrete state a tinize the expression fo8(2s), which can be derived using
Rydberg(Feshbachresonance. the angular-momentum transfer analy<§]

B(28)= 3R2+ 7R3+ 18R;R,C09 8, — 8,) + 8R,R,c0Y 8,— &)
2R§+6RI+10R5 *

®

whereR, =M (*L) and§, is the associated phase shift. From minima. At a photon energy of 5 eV, for example, the 4D

this expression it is clear that if all of the matrix elementscross section is about an order of magnitude larger than the
and phase shifts are equgl(2s)=2. In the regions of the 2s, as can be seen from comparison of Figs. 1 and 5; a
resonances, there are dramatic variationRjnand §;, as  Similar dominance, but not quite so pronounced, exists in the
was seen above. In addition, in the threshold region there aréS channel as well. Thus, owing to a degenerate channel of
extra variations associated with the Cooper minima in eaciuch larger strength, it is quite likely that the Cooper
of the matrix elements; the minima being at slightly differentMinima in the 2 *D and *S channels are significantly al-
energies leads to a value @i(2s) of —1 somewhere be- tered(or negategiby interchannel coupling. Th&P channel,
tween the minimd26], just as seen in Fig. 8. Looking at the ©N the other hand, is not degenerate with any other channel,

threshold region in more detail in Fig. 9, it is seen that therd!°r iS there any strong channel close by. Thus it is unlikely

is some difference between length and velocity predictionstat there would be a significant change in the Cooper mini-

primarily due to slight differences in the location of the Coo- vn\ch:rrE ilrr:cﬂjuc;nCh?r?tZ?cI:r:/;r:gﬁecr:gtamel ;ﬁéj'[\),lggﬁgeslggmg
per minima in the two formulations. Owing to the resonance g Intercn piing :
R, dominates at threshold: E¢B) shows thaig(2s) = 0.5 in ‘tachment. plus _exc!tat|o[85] bears out these |dee}s.

2 ; ' ; T ' In addition, in Fig. 9 are the results of a previous MCHF
such a circumstance, and that is seen in Fig. 9. Above th

threshold I ch Is h iabl lit alculation[18] which should closely resemble our results.
reshold resonance, ail channels have appreciable amplituqg,qo yigrarence is, however, seen to be very great. We have
and B tends towards 2, until the effects of the Cooper

o . tried to reproduce this calculation but were unable to get the
minima cause the pronounced dip, as seen, followed by

8ame resullts.
gradual rise back to 2 as the effect of the minima diminishes.

Also shown in Fig. 9 are the experimental res|ilt&,12]
which are not in very good agreement with our results; the
experimental results appear to be shifted to the right from For the “main” 1s photodetachment channel leading to
ours, possibly indicating at least one of the theoretical Coothe 2s2p 3P autoionizing state of the He atom, the possible
per minima is at too low an energy. As a matter of fact,transitions are 42s2p *P—2s2pep *S, *P, and “D, ex-
omission of interchannel coupling could have a significantactly the same as for thes2photodetachment discussed
effect on 8(2s), since the location of Cooper minima are above with 5 and X interchanged. The total cross section
extremely sensitive to interchannel coupling. In this case, théor this “main” channel, the sum of the three partial cross
4D and *S channels arising from 2detachment are degen- sections, is shown in Fig. 10 where a rise from threshold to a
erate with those from R detachment. Furthermore, thgg2 maximum of about 30 Mb, followed by a monotone de-
channel cross sections are considerable larger than the carease, is seen; no structure appears in this cross section. The
responding 2 cross sections in the vicinity of the Cooper dynamics of each of the transitions making up this cross

C. Photodetachment of the % electron
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in which the energy dependence comes from {Bp;|ep)

and(3p;|ep) terms. While both terms are important in the

matrix element, the term associated with Ejl) is actually

the larger of the two by a factor of 2 in the threshold region,

despite the fact that the weight of the other term is greater by

a factor of 2. This is becaug@p;|sp) has a maximum value

of about 1.04, whilg3p;|ep) reaches 4.87. Note that these

terms are negligible in thes2detachment case since relax-

ation is unimportant there so that tle orbital is nearly

orthogonal to the @; and 3p; orbitals. Thus, the sharp maxi-

mum in the threshold region is a result of core relaxation; a

h relaxation spike.

_ ] Above threshold, thesp orbital moves in very rapidly

) S S S s st — with energy so that the overlap@p;|ep) and(3p;|ep), in

3 40 45 50 turn, diminish very rapidly, leading to the steep decline of
Photon Energy (V) the cross section shown in Fig. 10; this rapid dropoff is very

uncharacteristic of photoabsorption by &lectrons[3]. A

few eV above the 4 threshold, these terni&qgs.(10), (11)]

are no longer the dominant part of the matrix elements; here

the major contribution arises from terms of the form

(73
o
LI
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N
w
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FIG. 10. Photodetachment cross section for the2sPp
4P—2s2p %P “main” channel in dipole-length ) and dipole-
velocity (V) formulations.

section is essentially the same; thus, the partial cross sections
for the 4S, *P, and “D transitions are almost exactly 1/9,
3/9, and 5/9 of the total. . . .
The striking feature of this cross section is its maximum'hich makes the 4 cross section anomalously small owing
value. Since photodetachment cross sectinnstbe zero at  1© the relaxation effect on the overlaps7]. But if the
threshold[1], a maximum above threshold is inevitable. But, St€ngth of the & “main” cross section is diminished by
although the & orbital in this He state is virtually un- OVerlap (relaxation effects, this missing strength must go
screened and quite similar to the 6f He", the maximum in  INt0 detachment plus excitation. -
the 1s photodetachment cross section of about 30 Mb is To investigate this point, satglllte processes consisting
much larger than is ever seen foonresonantls photoion-  ©f the Is photodetachment leaving the He in more highly
ization of He" or any neutral atom; He has the highest at€Xcitéd autoionizing &p °P state have been considered,
about 7 Mb at the ionization thresho@]. Also seen is a 1-€- detachment of theslelectron along with e_XC|tat|on of
much more rapid falloff with energy, as compared to neutra®€ O both of the outer _electron_s. The “satellite” processes
atoms[3]. Thus, the maximum in the photodetachment crosgVhere the He atom is left in the nearly degenerate
section just above threshold is more than a factor or fout2S3P=3S2p} P states, also termed 23+) °P, were in-
larger than the largestslphotoionization cross section for Vestigated. In these cases, the state designation is written in
any atom in the periodic table. To understand this behaviofthiS Way to emphasize that the excited state of He is roughly
note that the dominant terms in the matrix element for eacfg 90-50 admixture of the two configurations. There are two

(2si|2s1)(2pi|2p1)(1si|Dlep), (12

transition in this “main” 1s cross section are given by such admixtures and the+” designates the state where the
coefficients of the two terms have the same sign, while in the
M(*L)=a1(1s;2s,2p; *P|D|2s:2psep *L) “ —” case, the coefficients are of the opposite sign. The tran-

sitions 1s2s2p *P—(23sp=)ep *S, *P, and *D, were
considered and the results for the total channel cross sec-
tions, summed in each case over the three multiplets, are
which is rather different from the 2case. There are other shown in Fig. 11. Here we see a sharp spike just below 44
major differences from 2 detachment in that the removal of eV, which corresponds to the transition to the-* state,

the inner shell  electron causes significant relaxation of theand a much broader, though not quite as high, maximum
final state 3; and, particularly, the g; orbitals with respect with far more oscillator strength, resulting from the final
to their initial-state counterpar{87]. Owing to this relax- “ +" state. This is rather different from the strength of the
ation, (2p;|2p;) is 0.856, and thesp orbital, which is or- analogous singlet states in photoabsorption from the ground
thogonal to 3,;, has a significant overlap with@2 and 3p; state of He where, owing to cancellation, the-* oscillator

in the threshold region. Thus the major contributions to thestrength is roughly two orders of magnitude larger than the

+ ay(1s;25,3p; *P|D|2s:2psep L),  (9)

matrix elements in the threshold region arise from terms pro* —" [38].
portional to To understand this, note that since the wave functions for
the (sp233i) 3P states are considerably more complex than
(2s1|25¢)(2pi|ep)(1si|D|2p;) (100  the 22p °P wave function, with two primary terms as dis-

cussed above, which leads to significant cancellation among
various contributions to the dipole matrix elements. The
weights of the 23p and ¥2p of the final 3P states are,
respectively, about 0.67 and 0.68 for the+* state, and
(2si|2s)(3pilep)(1si|D|2py) (11)  —0.54 and 0.69 for the “” state, and we shall refer to

and
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FIG. 11. Photodetachment cross section for the2sPp FIG. 12. Photodetachment cross section for the2sPp

4P (23sp+) %P [dotg and 1s2s2p “P—(23sp—) °P [dotted- *P—3s3p 3P detachment plus excitation satellite channel in
dashed detachment plus excitation satellite channel in dipole-dipole-length {) and dipole-velocity ) formulations.
length formulation. The sum of these two cross sections is also

shown in dipole-lengthl() and dipole-velocity V) formulations.  gests that transitions leaving the He atom in higher excited
. . states in this series, (Bp=)ep with n>3, will not be very
these coefflments.ay?;l and gB,, respectively. !\l_ear threshold, important because thes; and np; orbitals do not overlap
there are six dominant terms for each transitit®, ©,D) for  he initial-state orbitals very well. These arguments also sug-
both “+” and " —" cases and all includg2p;|sp) and gest that transitions leaving He in the3p 3P state will be

(3pi|ep) overlaps which, as discussed above, are nonzergt some importance. To leave He in this state the possible
only because of relaxation and maximize just above threshy;nsitions are 42s2p “P—3s3psp *S, *P, and “D; the

old. These terms are of varying signs, leading to much cansz5|culated cross sections. summed of®r 4P, and*D are
cellation in the dipole matrix elements. Owing to the fact thatgpq\wn in Fig. 12, where a{threshold spike is'seen followed a

(2si|2s¢)=0.847, while(2s;|3s;)=—0.462, the “+" di- slight dip before the eventual falloff with increasing energy.

pole matrix element experiences almost total cancellatiofpq height of the spike is about 0.3 Mb and above the spike
here because, as seen above, the coefficients of the two maﬁ’i‘é cross section has a maximum of only about 0.1 Mb.,

terms in the final-state expansiqfy, and,, are of the same  ajthough the shape of thissBp cross section is similar to

sign. For the same reasons, the-™ dipole matrix element o sum of the 28p=+ results[Fig. 11], the explanation for
exhibits far less cancellation, leading to the relaxation spikgp,q shape is rather similar ts2p. Near threshold the domi-

seen just above threshold. nant contributions to the dipole matrix element are terms just

Away from threshold, since the2p;|ep) and (3pilep) ke Egs.(10) and(11) for 2s2p with 2s; and 2p; replaced
overlaps fall off very rapidly, the situation is different. Here by 3s; and 3, respectively

the dominant terms involve only overlaps between initial and

final discrete states which are not small owing to the signifi-

cant relaxation to the removal of thes Electron. Further- (2si[3s)(2pilep)(1si|D|3py) (13

more, in all important terms but one, they are of the same

sign, so that here the cancellation of terms occurs in thgngd

* =" matrix element, not in the “+”. This is evident in Fig.

11 where it is seen that, away from threshold, the*‘cross

section dominates the~". The increase of the %" cross (2si[3s1)(3pilep)(1si|D|3py) (14)

section from threshold, and subsequent falloff from the

maximum, simply reflect the behavior ¢is;|D|ep). The in which the energy dependence is again seen to come en-

largeness of these detachment plus excitation cross sectionggly from the (2p;|ep) and (3p;|ep) terms. But the

compared to the “main” transition, is a result of the size of (2p;|3p;) overlap of the 33p transition is more than a fac-

the (2s;|3s;) and (2p;|3p;) overlaps relative tq2sj|2s;)  tor of 2 smaller than the(2p;|2p;) of the 2s2p, the

and(2p;|2p;), respectively; they are all of the same order of (1s;|D|3p;) matrix element is about a factor of 2.5 smaller

magnitude owing to the “collapse” of the final-state orbitals than the corresponding1s;|D|2p;), the (2p;|ep) and

in response to the removal of the &lectron. Quantitatively, (3p;|ep) are smaller for 83p than for x2p final states

(r) for the initial staten=2 orbitals is about 5, (Bohr  owing to the differences in thp in the two cases, and some

radii), while the final statm=2 andn=23 orbitals are less further cancellation exists in thes3p case owing to the

than 3a, and about %, respectively; the initial state=2  contribution of the $3s3p term in the initial-state expan-

orbitals occupy a region of space intermediate between thsion, a term which is much less important fas2p. All of

final staten=2 andn=3 orbitals. these effects combine to make the matrix element and order
This understanding of relaxation effects in the of magnitude smaller in thes3p case, as compared to the

1s2s2p *P—(23sp*)ep *S, “P, and “D transitions sug- 2s2p, so that the cross section is down by a factor of 100,
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FIG. 13. Total k photodetachment cross section, summed over FIG. 14. Total photodetachment cross section for tk8s2p
“main” and satellite channels, in dipole-lengti_Y and dipole- “P state of He in dipole-length () and dipole-velocity formula-
velocity (V) formulations. tions.

0.3 Mb as opposed to 30 Mb as seen in Figs. 12 and 10The oscnlat(_)r strength in thes2p threshold relation peak
respectively. Away from threshold, the dominant term is thedP. the opening of the (ZpE) channels is 0.21, a factor of
analogue of Eq(12), 2_Iarger than the 0.11 oscillator strength of the_ resonance
lying just below the % detachment threshold. This empha-
sizes the difference in physical origin of the two peaks. The
(2si[3s:)(2pi[3p1){1si|D|ep), 19 iotal in the 22p channel to 100 eV is found to be 0.40. For
the other & channels considered, the oscillator strengths to
f}00 eV of (23p—), (23sp+), and F3p are 0.015, 0.20,
and 0.034, respectively. The totas bscillator strength, up

to 100 eV, including the 4—2p resonance transition, is,
(2pi|2py) relevant to 22p [Eq. (12)] so that the cross sec- thus, 0.76. We estimate that the tscillator strength lying

tion is about an order of r'nagnit'ude' smaller, as seen. Thg facqlbove 100 eV is 0.15, giving an approximate tbtal oscil-

that the threshold relaxation spike is two orders of magnitudey;q, strength of a bit over 0.9, well within the expectation of

smaller in the 33p case, as opposed to theZb means that e one-electron sum rule.

it loses its strength much closer to threshold when the term Finally, note that for each of theses photodetachment

proportional to Eq(15) is still rising. This leads to the small channels thé'S, P, and *D matrix elements differ only by

dip between the two maxima fors3p which is not seen for  geometric (angular-momentuinfactors, not by dynamics;

2s2p owing to the strength of the threshold relaxation spike.the phase shifts of each of tHts, *P, and *D continuum
The total Is cross section, summed over the various finalwaves within a given channel are almost exactly the same.

states considered, is given in Fig. 13. It is evident that neaAs a result, the photoelectron angular distribution asymmetry

the 1s detachment threshold, thes2p 3P channel relax- parameterp, is equal to 226], independent of energy, ob-

ation spike dominates theslphotodetachment cross section. viating any reason to discuss it further.

Above the satellite threshold, this is clearly no longer the

case; the satellite cross section dominate the tataletach- D. Total cross section

ment at the higher energies. In fact, above about 55 eV, the The total cross section for photodetachment of the

“main” 2 s2p °P channel amounts to only about 1/3 of the 1s2s2p *P state of Hé is shown in Fig. 14 for complete-

1s cross section, while the (2p+) °P channel is about  ness where the relative magnitudes of the various features
1/2, and the 83p °P is most of the rest; the (8p—) °P  giscussed above for the individual channels are clearly evi-
contribution is quite small everywhere except at the threshgyant. Except for the 3—5 eV region, as noted earlier, where
old relaxation spike. These ratios remain just about constanfyjence shell detachment plus excitati@ong with the as-
over the entire higher-energy range that we have investisgciated resonandebas not been considered, it is believed
gated, and should continue asymptotically at the same valt this cross section should be reasonably accurate. The
ues. Thus, away from the threshold relaxation spike in thqa| oscillator strength to 100 eV is found to be 2.61; when
“main” 2 s2p P channel, the & photodetachment cross e add the estimated oscillator strength above 100 eV of
section is dominated by detachment plus excitation owing tq) 15 a5 discussed above, we find a total above the first pho-

the relaxation effects of the removal of the &lectron. todetachment threshold of 2.76. It is likely that the remaining
It is of interest to look at where thesloscillator strength 5 24 jies in the discrete @ excitations.

goes. While the sum rule governing the total photoabsorption
of the atom, the sum of all of the oscillator strength discrete
and continuum equals the number of electr@thsee in this
case is essentially exacf3], it is also generallyapproxi- Multiconfiguration Hartree-FockMCHF) calculations of
matelytrue subshell by subshell, at least to within 10—20 %.the photodetachment of thesds2p *P metastable state of

where Z; and 2; replaced by 3; and 3p;, respectively. In
this case, the product of the overlaps, in this term is about
factor of 3 smaller than the product df2s;|2s;) and

IV. CONCLUDING REMARKS
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He™ have been presented from the detachment threshold toteansition; transitions to other hollow states will also be sig-
photon energy of 100 eV. In addition, resonance phenomenaificantly larger than their counterparts in ground state
were included by explicitly introducing interchannel cou- photoionization of Li owing to the fact that in the Hease,
pling. For the valence shell photodetachment, general agred¢he initial state contains two valence electrons.

ment was found with previous work, both experimental and In addition, it is useful to note that both the “main”sl
theoretical. Some differences with experiment, likely due todetachment, and the various detachments plus excitation,
neglecting interchannel coupling of weak open channels ddeave the He atom in an autoionizing state. Thus, the result-
generate with strong ones were pointed out. Work includingng autoionizing lines can be used as signatures to distin-
this coupling is in progresg35]. guish the processes experimentally. In addition, these are

The primary focus of this work, however, was the photo-triplet autoionizing states which cannot be reached from the
detachment of the d electron where it was found that the singlet ground state of He by photoabsorption. Thus the pos-
relaxation of the core, in response tg &lectron removal, sibility of studying the triplet manifold experimentally in a
causes a variety of phenomena including threshold relaxatiofcleaner” and more unambiguous manner than via electron
spikes at the onset of thesldetachment channels, a huge scattering.
nonresonantLs cross section, and the dominance of detach- Finally, the relaxation effects in sl photodetachment
ment plus excitation from a little way above the dletach-  should not be limited to He While the details of the cross
ment threshold to very high energy. We note, however, thasections will surely differ, the physical interactions which
the omission of interchannel coupling between continuurmead to the % results in Hé should be equally strong insl
channels, along with out neglect of a host of other “hollow” photodetachment of any negative ion, e.g., threshold relax-
resonances, could alter the details of some of the results pretion spikes, along with the dominance of detachment plus
sented. No experimental investigation of the photodetachexcitation at the higher energies, will be generally true for 1
ment He in the vicinity of the Is detachment threshold photodetachment of any negative atomic ion, and similar
exists, although the technology to produce to Hertainly  types of effects should be found for negative molecular ions
exists, as evidenced by the experimental activity on valencas well.
shell photodetachmef?—13], and third generation synchro-
tron light sources exist with high brightness in the relevant ACKNOWLEDGMENTS
energy region.
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