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We apply the close-coupling method in terms of the hyperspherical coordinates to the two-electron
system H™. A two-dimensional matching procedure is used to connect the close-coupling wave
function to an independent-electron wave function in the asymptotic region. The latter is described
as the wave function of a detached electron moving in a dipole potential field of the neutral hydrogen
atom. The total photodetachment cross sections and the partial cross sections for the production
of the H atoms in different states n are calculated up to the n=4 hydrogenic threshold. The results
obtained in the length and acceleration forms agree within about three significant figures. The
magnitude and shape of the ! P° shape resonance just above the n=2 threshold are found to depend
sensitively on the initial-state wave function. This appears to be one of the reasons for a disparity
among the cross sections in the literature. The present result improves greatly on the existing
computational results. The relative magnitudes of the partial cross sections for the production of H
(n=1,2,3) atoms below the n=4 threshold are substantially different from the only previous results of
the eigenchannel R-matrix calculations [H. R. Sadeghpour, C. H. Greene, and M. Cavagnero, Phys.
Rev. A 45,1587 (1992)]. The present results on both partial and total cross sections are in excellent
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agreement with experiments.
PACS number(s): 32.80.Fb, 31.20.Di, 31.50.4+w

I. INTRODUCTION

Photodetachment and photoionization spectra of two-
electron systems H™, He, and He-like positive ions are
rich in structures. These structures are attributed to
doubly excited states and are particularly useful in un-
derstanding the strong electron-electron correlations in
the two-electron systems.

The final continuum state of photoionization of the He
atom or He-like positive ions is influenced by the attrac-
tive Coulomb tail of the interaction potential at large
distances r between the ejected electron and the residual
ion core. On the other hand, the final state of photode-
tachment of the H™ ion, leaving a hydrogen atom in an
excited state n, is influenced by the asymptotic potential
of the form ~r~2. This asymptotic dipolelike potential
stems from the centrifugal potential and the permanent
dipole moment of the H(n) atom [1,2]. It is usually over-
shadowed by the Coulomb potential in photoionization
of He and He-like positive ions.

Doubly excited states of H™ of 1 P° symmetry, includ-
ing the shape resonance just above the H(n=2) threshold,
have been known theoretically for some time [3,4]. These
resonances have been observed first in electron scattering
by the hydrogen atom [5,6] and later in photodetachment
of H™ in the presence and absence of the electric field
[7-11]. The high-resolution power of the photodetach-
ment experiments allows even high-lying doubly excited
states to be resolved.

Accurate ab initio calculations of the cross sections
for photodetachment of H™ are few [12-15], especially

1050-2947/94/49(2)/1021(8)/$06.00 49

at photon energies near the n=3 threshold and above;
discrepancy is found among these calculations, even for
the broad shape resonance just above the n=2 thresh-
old. Recently, the eigenchannel R-matrix method has
been applied in a broader energy region ranging up to
the n=4 threshold [15]. The partial cross section calcu-
lated for the production of the H(n=2) atoms is larger
than that for the production of the H(n=1) atoms at
energies below the n=4 threshold. This is difficult to
understand in nonresonant photodetachment, which is
induced by a one-electron dipole operator. The H(n=1)
production is a one-electron excitation process, while the
H(n=2) production is a two-electron excitation process
with one electron detached and the other excited; the lat-
ter process occurs only through the electron-electron cor-
relation or configuration mixing. Thus the results from
the R-matrix calculations [15] should be confirmed and
physically interpreted.

We have recently proposed an accurate and pow-
erful computational method, the hyperspherical close-
coupling (HSCC) method, for two-electron atoms [16].
This method takes advantage of the hyperspherical co-
ordinates [17], i.e., a pair of collective variables R and
a, which replace the independent-electron radial coor-
dinates 7; and r,. The hyperradius R = /r% +r2
measures the “size” of the electron pair and the hyper-
angle a = arctan(rz/r;) describes the degree of radial
electron-electron correlation. The accuracy and efficiency
of the method have been demonstrated on various phys-
ical quantities of He [16, 18-20].

In this paper, we apply the HSCC method to study the
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role played by doubly excited states in the photodetach-
ment of H™ at photon energies up to the n=4 threshold.
A two-dimensional matching procedure [16] is used to
connect the HSCC wave function to the wave function
of the detached electron, which is described as moving
in the asymptotic potential of the form ~r~2. Excel-
lent agreement with experimental cross sections is found.
Initial-state wave functions of varying degrees of accu-
racy are used, and the photodetachment cross sections
calculated are found to be sensitive to the choice of the
wave functions.

Section II gives a brief description of the HSCC method
and the asymptotic solutions. Calculated results are dis-
cussed and compared in Sec. III with experimental as well
as other theoretical results. Finally, Sec.IV summarizes
this work. Atomic units are used throughout this paper
unless otherwise specified.

II. HYPERSPHERICAL CLOSE-COUPLING
METHOD

The hyperspherical-coordinate method [17] has played
a prominent role in describing the strong electron-
electron correlations in two-electron systems, such as He
and H™. The approximate separability of the motion in
the hyperradius R from the motion in the hyperangle «
provides a simple and transparent physical picture for un-
derstanding the properties of doubly excited states. For
accurate computations, however, we need to go beyond
this adiabatic approximation. We have developed the
close-coupling method that couples the adiabatic states
in terms of the hyperspherical coordinates. We refer to
this method as the hyperspherical close-coupling method
[16,18]. Here we briefly review the computational proce-
dure involving the HSCC method.

We divide the whole configuration space into two,
namely, the inner region specified by R < Ryg with a cer-
tain constant Rygs, and the outer region R > Rys . We
define the inner-region adiabatic Hamiltonian

Had:A2—2RC—i (R < Rys) (1)

with the grand-angular-momentum operator

62 12 12
— 3 (2)

da?  cos?a  sin‘a

A= —

and the total Coulomb potential

1 1 1
Clab12) = cos + sin « v/1 —sin2acos 6,5 (3)
of the three-body system H~. The position vectors of the
two electrons are r; and rp, the corresponding single-
electron angular-momentum operators being 1; and I,
and 6, is the angle between r; and rs.
We define an orthogonal set of diabatic basis functions
at each fixed value of R and for each pair of angular
momenta (l1,l) by [16]

LM (a, #1, 825 R) = gf' ) (o R)VEM (71, 72), (4)

where v refers collectively to the set (u,l1,l2). The

angular function y,f{‘j is an eigenfunction of (1, + 13)?
and (l; + 13), with eigenvalues L(L + 1) and M and is
formed by coupling spherical harmonics Y}, ,, (f1) and
Yiym, (f2). The function g;;;, is an eigenfunction of
(y,f{‘f Had|y,’;{‘f ). This eigenfunction has a fixed number
of nodes in « over the whole region of R and approaches a
hyperspherical harmonic as R — 0 and a hydrogenic wave
function as R — co. An accurate and efficient numerical
scheme for setting up these basis functions has been de-
veloped [16]. This scheme dictates the precision of the
whole method.

Let \Il(ﬁm)(R, o, F1,F2) be the (L, M) component of the
total wave function of the two-electron system in the in-
ner region, the subscript specifying the Sth independent
solution and the quantum numbers L and M being sup-
pressed. This total wave function is expanded in terms
of the diabatic basis functions (4) as

\I/gm) = (Rs/2 cosozsinOt)_1 ZFVB(R)¢u(a7f17f2;R)

(R < Rms), (5)

and the Schrodinger equation is cast into close-coupling
equations for F,g(R). This expansion has been found to
converge monotonically and rapidly for He [16, 18-20].
The well-established accurate methods for solving close-
coupling equations may be used without serious practical
difficulties, just as in the previous applications to pho-
toionization of He. The solutions are propagated out to
R = Rpys.

In the asymptotic region where one electron
lies far from the hydrogen atom, the conventional
independent-electron picture is more appropriate than
the hyperspherical-coordinate description. Therefore,
the wave function \I'(OUt)(R, o, 1, F2) in the outer region
is expanded in terms of the hydrogenic states with radial
wave functions un, (r1). Then the interaction potential
matrix for electron 2 takes an asymptotic form [1, 2]

Diil —
Viir(r2) = oz T O(ry”)
2
=772 <up, VI3 + 11 - Boluny Vi1 > b
+0(ry®)  (rz = ). ©®)

The matrix element D;;: consists of the centrifugal poten-
tial diagonal in l5 and the dipole transition matrix, which
represents the exchange of angular momentum between
electron 2 and the hydrogen atom. Only the asymptotic
potential (6) is retained in the whole outer region in the
present work.

Diagonalize the matrix D;; and obtain the eigenvalues
a; and the corresponding unitarily transformed channel
functions ¢;(r1,#2). This leads to a set of uncoupled
radial equations

(_d_2+%_k2)zj(r2):o, (7)

where %kﬁ = €, is the channel energy, or the total energy
E plus the binding energy 1/2n? of the hydrogen atom.
If we write a; = [;(l; + 1), [; may be regarded as a
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modified angular momentum of a transformed channel j.
The modified angular momentum takes a real number if
a; > —1. On the other hand, [; + } is pure imaginary
ifa; < —%. In this latter case, the potential in the un-
coupled equation (7) supports an infinite series of bound
states at energies €, n, labeled by n’ [21]. This series
turns into an infinite series of resonances when coupled
with open channels [2].

The solutions of each uncoupled equation are of the
Bessel class of order +(I;+3) and are well known [1,2,22].
For open channels, for which k2 > 0, we may find two
linearly independent solutions s;(k,72) and c;(k,72) that
are energy normalized. For closed channels, for which
k? < 0, we may find a solution f;(r;) that decays ex-
ponentially with 7,. Then we may express the (L, M)
component of the total wave function in the outer region
as

U =7t 37 s(ra, £2)s; (kura) Lip — € (kura) il

j,open

+r3t Y @i(r1,£2) f(r2)Cig

j,closed

(R > Rus),

(8)
the first summation being taken over only open channels
and the second over only closed channels.

The two-dimensional matching [16] of the wave func-

tions U™ and ¥ on the surface R = Rpys determines
the coefficients I;g, Jjg, and Cjg. The reaction matrix
K follows from the coefficients I;3 and J;g according to
the standard procedure. A wave function that satisfies
the asymptotic boundary condition for the final state of
photodetachment is expressible as a linear combination
of independent solutions \Ilgmt) in terms of the K matrix.

When all channels are closed, i.e., when E < —%,
the outer-region wave function satisfies the condition (8)
(without the first sum) only at particular energies. These
energies are bound-state energies. A convenient method
of finding bound states is to write each channel wave
function as a linear combination of the exponentially de-
caying and growing solutions of Eq. (7) and to define a
matrix similar to the K matrix for open channels. Cal-
culate the determinant of this matrix as a function of the
energy E and find zeros. The condition (8) is satisfied at

TABLE 1.
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these zeros. The initial wave function for photodetach-
ment of H™ may be calculated in this way.

Reference [18] details the numerical procedure for the
matrix element of the dipole transition operator between
the initial and final wave functions. In fact, the main
ingredients are produced as the hyperspherical close-
coupling wave functions are propagated out and are fi-
nally assembled into the dipole matrix element by use of
the K matrix [20].

III. RESULTS AND DISCUSSION

A. Wave functions and classification scheme

The quality of the wave function for the initial state
of photodetachment of H™, i.e., the ground 'S state, is
expected to be a decisive factor for the accuracy of the
dipole matrix element. This is partly because the overlap
integral between the initial and final states is small and
partly because the wave function for this weakly bound
initial state decays slowly with R as ~exp(—«R). The
rate of this decay depends sensitively on the ground-state
energy Ey through the relation

1, 1
2/‘-‘. = 2 Eo, (9)

the right-hand side being the binding energy. We may
refer to k™!, having the dimension of length, as the size
parameter.

For the purpose of studying the sensitivity of the
photodetachment cross sections to the initial-state wave
function, we calculate Eoy by retaining different num-
bers N, of diabatic channels in the wave function (5).
The close-coupling equations are integrated up to R = 36.
This value is found to be large enough for the convergence
of not only the calculated energies but also the dipole ma-
trix elements in the length form, which weigh a region of
larger R than those in the velocity or acceleration form.

Table I lists the calculated energies together with the
corresponding size parameters x~! and compares them
with previous accurate calculations by Pekeris [23] and
with an experimental value [24]. Channels that asymp-
totically approach the configurations 1ses, 2pep, 2ses,
etc., are numbered 1, 2, 3, etc. A rapid convergence in

The energy Eo of the ground state of H™ and the size parameter k™! of Eq.(9)

calculated with different numbers N, of diabatic channels in Eq. (5).

N E, (a.u.) k7! (a.u.)
2 —0.51543 5.692
3 —0.52723 4.285
() —0.52755 4.260
10 —0.52765 4.252
21 —0.52772 4.247
28 —0.52773 4.246
Accurate theoretical value (Ref. [23]) —0.52775 4.245
Experimental value (Ref. [24]) —0.52773 4.246

+0.00001
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Ey with N, is clearly seen. Even the energy —0.5272
calculated with only the first three channels coupled is
already close to the converged value of —0.5277. This
implies a crucial importance of the coupling in the inter-
nal region between the n=1 and n=2 channels compared
with that between the n=1 and n > 2 channels. This
feature was also found for the ground state of helium
[18]. The three-channel result for H™ is more accurate
than the value —0.5240 calculated in Ref. [15], which
uses the eigenchannel R-matrix method with 158 two-
electron configurations within the R-matrix box defined
by max(ry,r2) < 25. In the present work, the 21-channel
wave function has been adopted as the initial state for
the photodetachment calculations, except when less elab-
orate wave functions are tried just for comparison.

For the final states of photodetachment, i.e., !P°
continuum states, 36 close-coupling channels are re-
tained in Eq. (5). In other words, all channels that ap-
proach asymptotically the H(n<6) states are retained.
The two-dimensional matching procedure is applied at
R =Rys =200. The cross sections calculated in the length
form agree with those calculated in the acceleration form
within about three significant figures.

We use a set of quantum numbers n(K, T):}, to classify
resonances in the final state of photodetachment. The
quantum numbers K and T pertain to the angular cor-
relation [25], while A pertains to the radial correlation
[26]. The principal quantum number n of the inner elec-
tron defines a series of resonances that converges to the
H(n) threshold and in which the radial quantum number
n' of the outer electron takes on different values [27].

There exist three channels of the form (7) that describe
dissociation of the H™ system of symmetry ! P° into an
electron and H(n=2). For these channels, a; = —3.7082,
2.0000, and 9.7082, and hence the modified angular mo-
mentum I; = —0.5000+ 1.8596¢, 1.0000, and 2.6557. The
first channel has an effective potential that is attractive
enough for making I; + % pure imaginary and for sup-
porting an infinite number of bound states [2,21]. These
bound states turn into a series of resonance states of type
2(1,0), with radial correlation index A = — converg-
ing to the n=2 threshold, when coupled with the open
H(n=1) channel. The second channel is a conventional
p-wave channel itself, which remains uncoupled with the
other conventional channels in the asymptotic region.
This is because the 3x3 D matrix in Eq. (6) is block diag-
onal and consists of 2x2 and 1x1 submatrices; the latter
submatrix corresponds to the second channel with [, = 1.
Just as attractive spherical potentials often support p-
wave shape resonances [21], the second channel supports
a well-known 2(0,1)* shape resonance due to the short-
range attractive effective potential and the centrifugal
barrier. The third channel is too strongly repulsive and
supports no resonances.

The positions €, ', with respect to the n=2 threshold,
and the widths T', s of the infinite series of resonances
converging to this threshold satisfy a relation [2]

1 ’ A
6n,n +1 ~ Fn,n +1 ~ exp{ [277 - } (10)

€n,n' Fn,n’ '] + 2

in the nonrelativistic approximation. Only several in this

series remain as resonances, if account is taken of the
splitting of the hydrogenic sublevels due to the relativistic
and quantum-electrodynamic corrections.

Equation (10) applies also to infinite series of reso-
nances of any symmetry that are known to converge to
each hydrogenic threshold. Reference [28] tabulates ex-
amples of the factor on the right-hand side of Eq. (10) for
n=2, 3, and 4 and of a crude estimate of the number of
resonances in the presence of the sublevel splitting.

B. Total cross sections

The calculated total cross sections for photodetach-
ment are shown in Fig. 1 and are compared in Fig. 2 with
experimental results below the n=3 threshold [10, 11].
In Fig. 2, the calculated results are convoluted with the
experimental resolution of 7meV, and the experimental
relative cross sections are normalized for achieving an
overall good fit to the theory. The present results are in
general and excellent agreement with experiments except
at the 2(1,0); resonance on the left of the main peak in
Fig.2(a). Only two of the 2(1,0)_, resonances are seen
in Fig.1(a). The 2(1,0); resonance is too narrow and
too near the broad shape resonance to be visible in the
experimental spectra.

The broad 2(0,1)" shape resonance lying 19meV
above the n=2 threshold has been studied by vari-
ous theoretical methods, namely, the 1s-2s-2p close-
coupling method [12], the J-matrix method using
square-integrable basis functions [13], the adiabatic
hyperspherical-coordinate approach [14], and the eigen-
channel R-matrix method [15]. Surprisingly, however, no
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FIG. 1. The total cross section calculated for photode-
tachment of H™ (a) near the n=2 threshold, (b) below the
n=3 threshold, and (c) below the n=4 threshold. See text
for the assignment of the resonances n(K,T)%. The reso-
nance 4(3,0); occurs at the position of the arrow in (c), but
is invisible in the figure.
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FIG. 2. Comparison of the calculated total photodetach-

ment cross section with experiments (a) near the n=2 thresh-
old and (b) below the n=3 threshold. Solid lines: present
calculations convoluted with an experimental resolution of
7meV. Circles: experimental results of (a) Ref. [11] and (b)
Ref. [10] normalized to the calculated cross sections. IPz: the
threshold of the n=2 channel.

two previous theories have predicted all of the exact posi-
tion, width, and the peak cross section in good agreement
with each other [11]. The first two methods use contin-
uum wave functions that are less accurate than those
used in the present work. The effects of the long-range
potential of the form ~r~2 are inadequately taken into
account in the J-matrix method [13]. On the other hand,
the R-matrix calculations of Ref. [15] use elaborate con-
tinuum wave functions. Nevertheless, the present results
disagree with the R-matrix results. This disagreement
appears to be rooted largely in the quality of the wave
function of the initial state, especially the range of the
wave function, or the size parameter k=1 of Eq.(9). In
support of this view, Fig. 3 compares the cross sections in
the shape-resonance region calculated with initial-state
wave functions containing 2, 3, and 21 channels; Fig.3
also includes the results of the eigenchannel R-matrix
calculations [15]. As the energy Ey of the initial state is

TABLE II

T T

1 20 - .'"". ----- 2 Channels ]
—_ ! —-— 3Channels
g :"'[\I‘ — 21 Chanr\els
~ i :" ‘ R-Matrix
5 5 A
S
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%) 40
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FIG.3. The profile of the ! P° shape resonance in the total
photodetachment cross section just above the n=2 threshold.
The effect of the quality of the initial-state wave function is
studied by changing the number of channels in Eq. (5). Com-
parison is also made with the results of the eigenchannel R-
matrix calculations of Ref. [15]. See also Table II.

improved, the profile of the 2(0,1)* shape resonance be-
comes smaller and narrower. An even clearer indication
of the sensitivity of the cross section to the size param-
eter k™! is found in Table II, where the results of the
J-matrix calculations are also included. We believe that
the results from the 21-channel calculations are the most
accurate among the values in Fig.3 and in Table II. We
note in passing that this shape resonance was measured
for electron scattering by hydrogen atoms and is located
at —0.1245+0.0001 with a width of 0.0008+0.0001 [29].

Figure 1(b) of the spectrum below the n=3 threshold
and Fig.1(c) of that below the n=4 threshold illustrate
the propensity rule of Ref. [30]. This rule states that the
lowest channel with A = + influences the photodetach-
ment spectrum of H™ most strongly among the 2n—1
channels in each n manifold.

Reference [28] reports the results of R-matrix calcu-
lations of 15-state close-coupling equations for electron-
hydrogen collisions, i.e., including all the channels asso-
ciated with the hydrogenic states up to n=>5; 48 contin-
uum orbitals have been used for each channel angular
momentum within an R-matrix box of size 83.0. These
calculations predict not only a series of broad resonances
4(2,1)}, but also a series of narrow resonances 4(3,0),,,
the lowest of which lies at E,=—0.034289 and has a

The peak height omax (in Mb), the position E., and the width T of the 2(0,1)*

shape resonance lying just above the n=2 threshold. Results of different theoretical methods
using ground-state wave functions of different quality are compared. N, is the number of dia-

batic channels in Eq.(5). Ep is the ground-state energy. x~

6.85[—4] = 6.85 x 10™%.

! is the size parameter of Eq.(9).

Method Ey (a.u.) k7! (a.u) Omax (Mb) E, (a.u.) I (a.u.)
R matrix (Ref. [15]) —0.52403 4.562 104.7 —0.12424 6.85[—4]
J matrix (Ref. [13]) —0.52738 4.273 95 —0.12434 5.5[—4]
Present (Noh= 2) —0.51543 5.692 132.6 —0.12429 8.09[—4]
Present (Nch= 3) —0.52723 4.285 84.4 —0.12430 7.70[—4]
Present (Nc,=21) —0.52772 4.247 78.6 —0.12432 6.21[—4]
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TABLE III. Resonance energies E, and widths I' (in a.u.) of H™ of ' P° symmetry. 2.40[—6] = 2.40 x 10~°.
Algebraic
Present Complex coordinate R matrix close coupling®
Classification —FE. T —F, r —-F. Iy ~F, r

2(1,0)5 0.12606 2.40[—6] 0.12605° 3.8[-5]* 0.12601°¢ 1.06[—6]° 0.12601 1.37[-6)
0.12604¢

2(1,0); 0.12503 0.12600 1.15[-6]

2(0,1)7 0.12432 6.21[—4] 0.12435° 5.2[—4] 0.12424° 6.85[—4]° 0.12440 7.35(—4]
0.12433¢ 1.16[-3)¢

3(1,1)f 0.06272 1.20[—3] 0.06272° 1.19[-3]° 0.06270° 1.23[-3]° 0.06272 1.19[-3]
0.06271¢ 1.26[-3]¢

3(1,1)f 0.05591 5.70[—5] 0.05591° 7.0[-5]° 0.05583¢ 4.26[-5]° 0.05590 6.85[—5]
0.05590¢ 6.65[—5]4

3(2,0); 0.05859 9.59(—6] 0.05857° 8.99(—-6]® 0.05887¢ 1.48[-5]° 0.05857 8.95(—6]
0.05857¢ 9.00[—6]¢

3(2,0); 0.05614 0.05612° 2.1[-6)° 0.05615¢ 0.05612 2.18[—6]

4(2,1)f 0.03717 1.03[-3] 0.03718° 1.03[-3]° 0.03718° 1.04[-3|° 0.03717 1.01[-3]
0.03713¢ 1.25[-3]¢

4(2,1)7 0.03228 1.50[—4] 0.03235° 2.44[—4]° 0.03232¢ 2.25[—4]¢

4(3,0)5 0.03432 1.76[-5] 0.03429° 1.83[-5]° 0.03439° 2.67[—5]°
0.03429¢ 1.80(-5]¢

*Reference [32].
®Reference [31].
“Reference [15].
dReference [28].
°Reference [33].

width of I'=1.8x107°. This resonance should lie be-
tween the 4(2,1)F and 4(2,1) resonances in Fig.1(c).
In the eigenchannel R-matrix calculations of photode-
tachment [15], this resonance is found at E, = —0.034 388
with a width of I'=2.67x107°%, and is visible in the
length-form results but not in the velocity-form results.
The latter form is supposed to lead to relatively more
reliable cross sections [15]. In the present calculations,
this resonance occurs at F, = —0.034 315 with a width of
I'=1.76x107° in the eigenphase sum in the final-channel
wave function. However, this introduces no apprecia-
ble structure into the spectrum in Fig. 1(c) in either the
length or the acceleration form, unless the figure is en-
larged by a few orders of magnitude. In his complex-
coordinate calculations of resonance states of H™, Ho
[31] also found this resonance at E, = —0.034294 with a
width of ' =1.83x107°.

The positions and widths of the resonances calculated
from the eigenphase sum in this paper are listed in Ta-
ble III and are compared with the results of other accu-
rate calculations [15, 28, 31-33]. The extensive complex-
coordinate calculations of Ref. [31] are seen to be gener-
ally in good agreement with our accurate results.

C. Partial cross sections

Figure 4 shows the partial cross sections for the pro-
duction of the hydrogen atoms in different states n. We
see that the H(n=2) partial cross section dominates over
the H(n=1) partial cross section in some energy regions of
resonances, while the latter is larger in the regions of non-

resonant photodetachment. This is reasonable since the
photodetachment process off resonance is basically a one-
electron process, as is the production of H(n=1). The
present results on nonresonant photodetachment below
the n=4 threshold [Fig. 4(c)] are seen to be of no excep-
tion. This contradicts the results of the eigenchannel R-
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FIG. 4. Calculated partial cross sections for the produc-

tion of H(n) (a) near the n=2 threshold, (b) below the n=3
threshold, and (c) below the n=4 threshold. Solid line:
H(n=1). Dashed line: H(n=2). Dotted line: H(n=3).
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matrix calculations of Ref. [15], in which the H(n=2) par-
tial cross section is found to be larger than the H(n=1)
partial cross section below the n=4 threshold.

We show in Fig.5 how the partial cross sections be-
low the n=4 threshold vary with different choices of the
initial-state wave function. The H(n=1) partial cross
section off resonance dominates over the H(n=2) par-
tial cross section irrespective of the number of channels
included in the initial-state calculation. We believe that
the present results below the n=4 threshold are more
reliable than those of Ref. [15], partly because of the
physical considerations in the preceding paragraph and
partly because of the agreement between the length- and
acceleration-form results of the present work to within
about three significant figures; the agreement between
the length- and velocity-form results is reported to be
within as much as 20% in Ref. [15].

Doubly excited states are often expected to lead pre-
dominantly to autodetachment into the nearest available
decay channel [30]. However, this expectation should not
be confused with that on the actual relative magnitudes
of partial photodetachment cross sections. These relative
magnitudes depend on the relative probabilities of the
formation of doubly excited states and of direct electron
detachment [15]. Indeed, Fig.4(c), for example, shows
that the partial cross sections increase with decreasing
n in nearly the whole energy region just below the n=4
threshold.

Figure 6 compares the calculated H(n=2) partial cross
section with experimental results [10,11] (a) in the energy
region of the shape resonance just above the n=2 thresh-
old and (b) in the region just below the n=3 threshold.
The agreement is as excellent as for the total cross section
in the same region of energy.

IV. SUMMARY

We have studied the photodetachment spectrum of H™
up to the n=4 threshold by combining the hyperspherical
close-coupling method [16] with an analytic description
of the detached electron in the dipole field of the hydro-
gen atom. The cross sections calculated in the length
and acceleration forms agree within three digits in the
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FIG. 5. Partial cross sections for the production of
H(n=1) and H(n=2) below the n=4 threshold calculated by
changing the quality of the initial-state wave function. The
number of channels refers to the terms in Eq. (5).
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FIG. 6. Comparison of the partial cross section for the

production of H(n=2) with experiments (a) near the n=2
threshold and (b) below the n=3 threshold. Solid lines:
present calculations without convolution. Circles: experimen-
tal results of (a) Ref. [11] and (b) Ref. [10] normalized to fit
best to the calculated results.

whole energy range. Both total and partial relative ex-
perimental cross sections are excellently reproduced. The
partial cross section for the production of the H(n=1)
atoms is larger than the H(n=2) partial cross section ex-
cept in some resonance regions. This remains to be true
even in the energy region below the n=4 threshold, which
contradicts the results of previous eigenchannel R-matrix
calculations [15].

The electron-electron correlations in the initial state
play a significant role in determining accurate total pho-
todetachment cross sections through the precise value of
the small electron affinity, which determines the size of
the H™ ion. The profile of the shape resonance just
above the n=2 threshold, for example, becomes higher
and broader when the electron affinity is underestimated.

At present, experimental data are available only on
relative values of the cross sections. Furthermore, the
experimental errors in the partial cross sections just be-
low the n=3 and the n=4 thresholds are large [10]. Im-
provements on the experiments are highly desirable for
quantitative comparisons with different theories.

Note added. A related paper has been published after
the submission of the original manuscript of this paper.
Cortés and Martin [34] applied a recently proposed L2
method to photodetachment of H™ up to the n=3 thresh-
old. The resonance parameters calculated by them agree
well with the present results.
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