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We have applied a recently proposed L? method to evaluate total and partial photodetachment cross
sections of H™ up to the N =3 threshold. The method was specially designed to evaluate continuum
states when interchannel coupling is very strong, so that the H™ ion is an ideal system to test its validity.
The calculated cross sections exhibit two Feshbach resonances below N =2, the well-known shape reso-
nance just above the threshold, and five Feshbach resonances converging to N =3. The structure of
these resonances is analyzed in detail, as well as the behavior of the partial cross sections in these re-
gions. We also provide a complete set of Fano and Starace parameters that are useful to interpret the to-
tal and partial photodetachment spectra in the resonance regions. Finally, our results are compared
with the available experimental data as well as with other theoretical calculations.

PACS number(s): 32.80.Fb, 32.80.Dz, 31.50.+w

I. INTRODUCTION

The H™ ion is the two-electron system with the lowest
nuclear charge in the helium isoelectronic series. It is
also the simplest negative ion, so that it is used as a pro-
totype to understand the physics of such weakly bound
systems. As the nuclear charge, Z, is smaller than the
number of electrons turning around, the H™ ion has
specific properties which make it different from other
heliumlike systems: the electron-electron interaction is as
strong as the nucleus-electron one, and therefore the
motion of the electrons is highly correlated, especially for
continuum states. Indeed, the nature of the continuum
states of H™ is governed by the long-range interaction be-
tween one electron and a neutral hydrogen atom. The
former induces a “permanent” dipole, which results in a
strong mixing between degenerate angular momentum
states, i.e., in a strong correlated motion for the electrons
[1-3]. Therefore, in the photodetachment of H™ above
the N=2 threshold, the interchannel coupling between
continuum states associated to the 2s and 2p states of
neutral hydrogen is very strong.

In addition to the usual Feshbach resonances that are
common to any two-electron system, the H™ ion also ex-
hibits shape resonances. Their existence can be inferred
from an analysis of the long-range dipole interaction
mentioned above [4], and shows that electron correlation
is essential for their description. Also, such an analysis
explains why some series of Feshbach resonances that are
present for Z =2, are absent in H™.

Finally, the H™ ion is an ideal system to perform mul-
tiphoton experiments. Indeed, as it has only one bound
state, transitions to other intermediate bound states are
not possible, thus simplifying the analysis of the resulting
spectra.

All these peculiarities make the continuum of H™ very
attractive for experimentalists and theoreticians, who
have devoted some effort in order to describe it quantita-
tively.

In one-photon absorption experiments, ionization is de-
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scribed by continuum states of !P° symmetry. Therefore,
only resonance states of that symmetry are populated,
which permits a clear identification of the structures ob-
served in the spectra. Bryant et al. [5,6] and Halka
et al. [7] have measured the total photodetachment cross
sections of H™ near the N=2 threshold. The corre-
sponding spectra show clearly the first 'P° Feshbach res-
onance just below the first ionization threshold, and the
well-known P shape resonance just above N=2. Hamm
et al. [8] and Cohen et al. [9] have obtained total photo-
detachment cross sections near N=3, thus providing use-
ful experimental information on the doubly excited states
lying in this region. Harris et al. [10] have extended this
kind of experiment to more excited thresholds. Only
very recently, Halka et al. [7,11] have been able to pro-
vide partial photodetachment cross sections by observing
the partial decay into H(N=2) near the N=2 [7], N=3
[11], and N=4 [11] thresholds. As far as we know, this is
the only experimental information concerning partial
cross sections in H™.

Theoretical calculations of photodetachment cross sec-
tions are relatively few, and are mainly concentrated in
the vicinity of the N=2 threshold. We should mention
the early close-coupling calculations of Macek [12] and
Hyman, Jacobs, and Burke [13], which explicitly showed
the existence of the 'P° shape resonance just above N=2.
Based on the J-matrix method [14], Broad and Reinhardt
[15] performed more sophisticated calculations, which
also revealed the presence of the 'P° Feshbach resonance
below that threshold. More recently, Liu, Du, and
Starace [16] have obtained cross sections in the shape res-
onance region, using adiabatic hyperspherical representa-
tions of the channel functions. Although these theories
agree in predicting the existence of the shape resonance,
no two theories have similar predictions for the width,
the form, and the position of the maximum of the reso-
nance, especially for partial cross sections. Unfortunate-
ly, the experiments do not provide absolute cross sections
and, therefore, more theoretical effort in this energy re-
gion seems to be appropriate.
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On the other hand, Burkov, Letyaev, and Strakhova
[17] have obtained photodetachment cross sections near
N=3, and Sadeghpour, Greene, and Cavagnero [18] have
carried out an extensive calculation of total and partial
photodetachment cross sections up to the N=4 thresh-
old. These two calculations were performed with the R-
matrix method [19] and provided the Fano parameters
[20] for some resonances lying below N=3.

Additional theoretical effort has been devoted to the
evaluation of the energy positions and the total autoioni-
zation widths of the 'P° resonances of H™. Calculations
for the lowest Feshbach resonances that lie below N=2
are numerous (see for instance [21-28], and references
therein). Much scarcer are the results for the resonances
converging to the N=3 threshold [26,29-33]. From the
latter works, only Chrysos, Komninos, and Nicolaides
[33] have provided partial widths, exclusively for the first
Feshbach resonance of the series. Also, there exist some
theoretical calculations for the parameters of the shape
resonance [23,26,30], but no one has provided partial
widths or the Fano and Starace parameters.

In this paper, we complete the previous works by cal-
culating the total and partial photodetachment cross sec-
tions of H™ up to the N=3 threshold. In this respect, we
provide additional information on partial autoionization
widths, and the set of Fano [20] and Starace parameters
[34], which are useful to interpret the resonance struc-
tures observed in the total and partial cross section spec-
tra, respectively.

For this purpose we have used a fully L? method [35],
which has been specially designed to evaluate continuum
states when interchannel coupling is very strong. This is
a challenge for the use of L? techniques, which must pro-
vide continuum wave functions with the correct §-
function normalization and the proper boundary condi-
tions, in order to correctly introduce the couplings. The
method of Ref. [35] is based on the Feshbach formalism
[36] and is a generalization of the works of Sanchez and
Martin [37-39] on the photoionization of the helium
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atom below N=3. These authors proposed the use of a
set of discretized uncoupled continuum states to solve the
K-matrix scattering equations and to obtain the non-
resonant continuum Green function [38]. In practice, the
continuum wave function is expressed in terms of Slater-
type orbitals (STO’s), so that matrix elements are easily
evaluated. The coupling between uncoupled continuum
states is introduced by simply solving a system of linear
equations [35], thus avoiding the numerical solution of
the corresponding system of differential equations. This
work is the first application of the method of Ref. [35] to
the H™ ion.

The paper is organized as follows. In Sec. II we briefly
outline the main features of the theoretical method pro-
posed in [35], and describe in some detail its implementa-
tion for the study of the photodetachment of H™. The
total and partial photodetachment cross sections are
presented in Sec. III, and are compared with previous
theoretical and experimental works. In this section we
also provide resonance parameters for the doubly excited
states of H™ that lie below the N=3 threshold and briefly
discuss the fitting procedure used to obtain such parame-
ters in the shape resonance region. In Sec. IV, we end
with some conclusions.

Atomic units are used throughout the paper unless
otherwise stated.

II. THEORETICAL METHOD

The ground state of H™ has been obtained by diagonal-
izing the Hamiltonian in a basis of 130 configurations
built from STO’s. The exponents of the basis have been
selected by imposing minimization of the energy and
verification of the virial theorem. Our calculated energy
is —0.527 542 a.u. to be compared with the “exact” non-
relativistic value, —0.527 751 a.u., of Pekeris [40].

There are four open channels below N=3: p=1ls¢gp,
2sep, 2pes, and 2ped. For each channel u, the exact con-
tinuum wave function v, is written [38] as

where P and Q are the usual two-electron Feshbach pro-
jection operators [36,41]:

P=P,+P,—P,P,, %)

Q=1—°P, (3)

¢, is the resonant wave function of energy &, which is
the solution of a projected Schrodinger equation in the Q
subspace, G(QS)(E ) is the Green operator in Q subspace in
which the s state has been excluded, Prﬁzg is a non-
resonant wave function of energy E which is the eigen-

state of PHP +PHQGSE)QFHP, G~ (E) is the corre-
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sponding Green operator in P subspace, I',(E) is the
“width,” and A (E) is the “shift” of the ¢, resonance at
the energy E.

Although Eq. (1) is exact, the way of writing Y.k is not
unique. Indeed, we can obtain an equivalent representa-
tion of ¢, by selecting a different ¢, state, and hence
different G3'(E) and G{”~(E) functions. This flexibility
allows one to single out any ¢, state to write Eq. (1) and,
in particular, the ¢, state that is closer to the s Feshbach
resonance in order to accelerate convergence in the calcu-
lation of G§'(E) and G~ (E).

Consequently, near the N=3 threshold we have used
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with Ny=2, which includes all N=1 and N=2 states of
hydrogen, so that the lowest ¢, wave functions approxi-
mately represent the 3/nl’ doubly excited states of H™
More precisely, channels associated to N = 3 appear in Q
subspace, and are taken into account in the calculations
through the G5'(E) operator.

On the other hand, there is no ¢, state that could be re-
lated to the shape resonance that lies just above the N=2
threshold. Indeed, shape resonance components do not
appear in Q subspace, but in P subspace. In particular, if
P, is given by Eq. (4), ~90% of the shape resonance nor-
malization belongs to P. This percentage increases if one
includes more terms in Eq. (4). Therefore, the particular
form of Q (hence of P) is irrelevant for practical purposes
when one tries to evaluate the continuum wave function
¥,z in the vicinity of the N=2 threshold. In this energy
region we have used the P; projection operator of Eq. (4)
with N;=3. Then, the summation in Eq. (4) includes all
N=1, N=2, and N=3 states of hydrogen, which are as-
sociated with the strongest interacting channels in that
region. Therefore, channels with N >4 are obtained in Q
subspace and are included through the G(QS Y(E) operator.

Therefore, in order to obtain the continuum state of
Eq. (1) in one case or the other, we need to evaluate two
kinds of wave functions, ¢, and P1/)2E, and the corre-
sponding Green operators, Gg)(E ) and G~ (E). The ¢,
wave functions have been evaluated in the framework of
the pseudopotential-Feshbach method [42]. The corre-
sponding Schrddinger equation has been solved in a rep-
resentation of 335 configurations built from a basis of
STO’s which has been optimized using a minimum ener-
gy criterion. The basis includes STO’s from n=1 to
n=10, and angular momenta from /=0 to /=4, and is
appropriate to represent the lowest Feshbach resonances
lying below N=2, N=3, and N=4. The expansion of
G (“‘)( E) includes the first 120 eigenfunctions of QFQ,
that represent nln'l’ doubly excited states with
n,n’> Ny, and discretized nlel’ continuum functions
with n >N which our basis is able to reproduce. Al-
though convergence in G‘”(E ) is accelerated by selecting

]
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The cross sections have been evaluated, using the
ground state and the continuum wave functions described
above, in the dipole approximation for photon energies
between 10.75 and 12.85 eV. An energy grid with vari-
able step size has been used in order to exhibit the whole
resonant structure. All calculations have been done in
quadruple precision.

III. RESULTS AND DISCUSSION
A. General aspects of the cross sections

We show in Fig. 1 an overview of the total photode-
tachment cross sections calculated in both the length and
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in Eq. (1) the ¢; wave function that is closer to the s reso-
nance, we have found that such a large number of states
is necessary in order to properly describe polarization
effects in H™ especially near the N=3 threshold.

The Green function G'~(E) is obtained in a basis of
orthogonal L? uncoupled states ¥ ?m, which belong to P
subspace, by solving the system of linear equations:

2 @,u’n’u"n <i?2"n”|GI(’S)_(E)IX‘un) 1) 'n’ (5)
where the coefficients @,u'n'y."n” and D, are given by
@u’n',u' n' 8;1. ,u8 "n' T E )<Xyn IV|X‘u” "l (6)
Dyn=8,,8,nE E,) , )]

X un} is a complete set of orthogonal L2 uncoupled-
continuum wave functions, which are solutions of single-
channel Schrodinger equations, V is the interaction po-
tential that includes the interchannel couplings and the
polarization potential [38], and

imp, E,) for E,,=E,

EAE)= 1\ (E,~E,) for E,+E, , (8)
where p,(E,) is the square of the appropriate renormal-
ization factor for the ¥ ¢ un functions to be properly 6 nor-
malized. Equation (5) represents a system of linear equa-
tions in the complex plane for each u. (According to our
choice for the projection operator P discussed above, p
runs over lsep, 2sep, 2pes, and 2ped near N=3, whereas
u runs over lsep, 2sep, 2pes, 2ped, 3sep, 3pes, 3ped,
3dep, and 3def near N=2, which leads to four and nine
systems of linear equations, respectively.) The coefficient
matrix C multiplying the unknowns is the same for all u,
so that each system of equations differs exclusively in the
right-hand side column vector D. Therefore, only one
matrix inversion is required to solve Eq. (5).

The L2, 5('2,, states are evaluated with an even-
tempered basis of STO’s using the standard codes of
Macias et al. [43], which also provide the renormaliza-
tion factors p,(E, ) for each u and each energy E,,.

Then, for all u associated to open channels, the PYE
nonresonant wave function is written as

v 50 <0 50
n )IX 2’n’ ) (Xp,’n’| V|X un >X u'n" . (9)

Ithe velocity representations. Gauge invariance is very
good, thus showing that the basis sets used to represent
the continuum wave function in Eq. (1) are almost com-
plete in this energy range. This is a general conclusion
for all the results that will be presented below, and, there-
fore, will not be referred to anymore.

As can be observed in Fig. 1, the cross section varies
smoothly with the photon energy, except in the vicinity
of the N=2 and N=3 thresholds, where several resonant
structures are apparent. Just below N=2, one can see
two narrow Feshbach resonances. Only the first one has
been detected experimentally [5,7,44], whereas the second
is probably too narrow to be observed. The latter reso-
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FIG. 1. Total photodetachment cross section of H~. ——,
length gauge; — — —, velocity gauge. The N=2 and N=3
thresholds are placed at 10.9530 and 12.8427 eV, respectively.

nance has also been obtained theoretically by Sadegh-
pour, Greene, and Cavagnero [18], although the height of
the resonance peak reported by these authors is much
smaller than the present one.

The broad structure just above N=2 is the well-known
shape resonance of H™. An important point is that the
low-energy tail of this resonance peak extends under the
N=2 threshold, thus contributing to the background ob-
served in that region.

In Fig. 1 one can also see the first Feshbach resonance
converging to the N=3 threshold, and a mesh of reso-
nant structures just below it. Only the first and the
fourth ones have been observed experimentally [8,9].

The partial N=1 and N=2 cross sections are displayed
in Fig. 2. In the shape resonance region, the N=1 cross
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FIG. 2. Partial oy—; and o y—, photodetachment cross sec-
tions of H™. , length gauge; — — —, velocity gauge. The
N=2 and N=3 thresholds are placed at 10.9530 and 12.8427
eV, respectively.
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section is much smaller than the N=2 one, except very
close to the threshold where o y—,—0. This is in agree-
ment with the recent experimental results of Halka et al.
[7] and other theoretical calculations [13,15,18]. At
higher energies, oy —, decreases slowly, and at ~11.3 eV
is comparable to oy_;. This holds up to the N=3
threshold, except in the region of the Feshbach reso-
nances, where both partial cross sections oscillate.

In order to analyze our results near the resonance
structures and to perform an adequate comparison with
the available experimental data, we will consider sepa-
rately the regions near the N=2 and N=3 thresholds. In
both regions we will also separate the 2s and 2p contribu-
tions to o y —,.

B. Cross sections near N=2

In Fig. 3 we show our results for the 1s, 2s, and 2p
cross sections. From this figure, we see that the residual
hydrogen atom is left preferentially in a 2p excited state.
The ratio between the maxima of the 2p and 2s cross sec-
tions is =~4, which is in qualitative agreement with Hy-
man, Jacobs, and Burke [13], Liu, Du, and Starace [16],
and the results of Sadeghpour, Greene, and Cavagnero
reported in Fig. 2 of Ref. [7].

We compare in Fig. 4 the N=2 cross sections with the
available experimental data [7]. The experimental cross
sections are given in arbitrary units, so that they have
been normalized to the theoretical amplitude. The gen-
eral agreement is very good. The shape, position, and
magnitude of oy _, are also in good agreement with the
results of Sadeghpour, Greene, and Cavagnero [18] and
Broad and Reinhardt [15]. On the other hand, the reso-
nance peak obtained by Liu, Du, and Starace [16] is
broader and =2 times lower than the present one, and is
shifted ~20 meV up in energy. Finally, the theoretical
results of Hyman, Jacobs, and Burke [13] predict a much
broader resonance peak, ~30 meV higher in energy.

In Fig. 5 we compare the total cross sections with the
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FIG. 3. Partial 0, 0, and o,, photodetachment cross sec-
tions of H™ in the vicinity of the N=2 threshold at 10.9530 eV
[7]. , length gauge; — — —, velocity gauge.
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FIG. 4. Comparison between the calculated o y—, cross sec-
tion and the experimental values of Halka et al. [7] (X) and
Butterfield reported in [7] (O) in the vicinity of the N=2
threshold at 10.9530 eV. The experimental data, obtained in ar-
bitrary units, have been normalized to the theoretical amplitude
at the maximum of the cross section. , length gauge;
— — —, velocity gauge.

experimental ones [5,7]. As in the previous comparison,
the experimental values have been normalized to the
theoretical amplitude of the shape resonance. The posi-
tions of both the first Feshbach resonance below N=2
and the shape resonance are in excellent agreement with
the experimental ones, and with the theoretical calcula-
tions of Refs. [15,18].

Recently, McCarthy and Shang [45] have suggested the
existence of another 'P° resonance state in e +H
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FIG. 5. Comparison between the calculated total cross sec-
tion and the experimental values of Bryant et al. [5] (@), Halka
et al. [7] (X), and Butterfield reported in [7] (O) in the vicinity
of the N=2 threshold at 10.9530 eV. The experimental data,
obtained in arbitrary units, have been normalized to the theoret-
ical amplitude at the maximum of the cross section just above
N=2. , length gauge; — — —, velocity gauge.
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scattering that has been hitherto undetected at lower en-
ergies. Explicit photodetachment calculations in this re-
gion do not show any resonance structure, in agreement
with the recent work of Brage, Froese-Fischer, and
Miecznik [28].

C. Cross sections near N=3

In Fig. 6 we have plotted the s, 25, and 2p partial
cross sections near N=3. The o, and o,, cross sections
are roughly comparable, and larger than the o, one, ex-
cept in the vicinity of the resonances. This is more clear-
ly illustrated in Fig. 7 where we have plotted the branch-
ing ratio R (2p:2s). This figure is in qualitative agree-
ment with the calculations of Burkov, Letyaev, and Stra-
khova [17], but these authors predict R (2p:2s)~8 out-
side the resonance regions.

Figures 6 and 7 show clearly the existence of, at least,
two series of resonances. We will use the (K, T) quantum
numbers [46] to label them. The first series, (1,1), in-
cludes the first and the fourth resonances at 12.66 and
12.84 eV, which are the largest ones. The second series,
(2,0), includes at least the two narrow resonances at 12.76
and 12.83 eV. This is in agreement with Sadeghpour,
Greene, and Cavagnero [18]. Burkov, Letyaev, and Stra-
khova [17] have only obtained the two (1,1) resonances
and the first (2,0) one. On the other hand, only reso-
nances belonging to the (1,1) series have been observed
experimentally [8]. There is still a fifth resonance very
close to the N=4 threshold, that could be a third
member of the (2,0) series, or perhaps a resonance associ-
ated to a (0,1) manifold.

We compare in Fig. 8 the N=2 cross sections with the
experimental values of Halka et al. [11], normalized to
our background levels. The shape and position of the
first broad resonance are in good agreement. oy _, and
o n= are also in good agreement with the R-matrix cal-
culations of Sadeghpour, Greene, and Cavagnero [18].
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FIG. 6. Partial oy, 0,, and 0,, photodetachment cross sec-
tions of H™ in the vicinity of the N=3 threshold at 12.8427 eV.
, length gauge; — — —, velocity gauge.
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Both the shape of the position of the resonances, as well
as the magnitude of the cross sections are very similar in
both calculations. A minor difference concerns the
height of the (2,0) resonance at 12.76 eV, which is almost
invisible in Fig. 8. In Ref. [18], this resonance is practi-
cally not seen in the velocity gauge (that the authors be-
lieve better converged), but it is quite apparent in the
length gauge.

The total cross section is compared in Figs. 9(a), and
9(b), with the experimental values of Cohen et al. [9] and
Hamm et al. [8]. Both sets of data have been matched to
our theoretical background. Although the overall agree-
ment is reasonable, there is a slight discrepancy in the
height of the maximum of the first Feshbach resonance.
This discrepancy also exists when comparing with the re-
sults of Sadeghpour, Greene, and Cavagnero [18]. How-
ever, the magnitude of the cross section and all the reso-
nance positions are in excellent agreement in the two cal-
culations. Hamm et al. [8] have performed a finer scan-
ning in the region of the fourth resonance around 12.84
eV. In Fig. 9(c) we compare the calculated cross section
with the corresponding experimental data. In this case

the limited experimental energy resolution produces a
J

0
o
o (E)=—*
K 1+é
where o0 is the partial background nonresonant cross

section a’;ld afL are the Starace parameters. Obviously,
this equation reduces to the Fano one when there is only
one open channel. As shown by Sanchez and Martin
[38], Eq. (1) leads to Egs. (10) and (11) in the neighbor-
hood of each Feshbach resonance s, provided that the
corresponding ¢, state is singled out to build the continu-
um wave function of Eq. (1). Therefore, no fitting pro-
cedure is needed to evaluate the resonance parameters,
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FIG. 8. Comparison between the calculated o y—, cross sec-
tion and the experimental values of Halka et al. [11] (A) in the
vicinity of the N=3 threshold at 12.8427 eV. The experimental
data, obtained in arbitrary units, have been normalized to the
theoretical background and shifted 6 meV down in energy,
which is within the experimental energy resolution (7 meV)
claimed in Ref. [11]. , length gauge; — — —, velocity
gauge.

smoothing of the oscillation in the resonance region;
however, the width of the resonance structure and its po-
sition agree very well with the theoretical results.

D. Resonance parameters

As shown by Fano [20], the total cross section can be
parametrized in the vicinity of each resonance using the
formula

(g, +e€)?
o(E)=0¢% | p2—————
s e

where €=2[E —&,—A(6,)]/T,(&,), o is the back-
ground nonresonant cross section, g is the line profile pa-
rameter, and p? is the correlation parameter (p>=1 for
the case of a single open channel). The partial cross sec-
tions can be parametrized following Starace [34]:

+1—p% |, (10

{€?+2e(g;Re[a,]—Im[a}])+1—2¢,Im[e}] -2 Re[a} ] +(¢/+ D} |?} , (11)

I
which are directly obtained for E =&,. These parame-
ters remain practically constant around &, and take into
account the effect of neighboring resonances through the
terms including the G‘Q‘)(E ) operator. In the present
work, we have used the equations reported in Ref. [38] in
the length gauge to evaluate the Fano and Starace param-
eters for the Feshbach resonances lying just below the
N=2 and N=3 threshold.

The shape resonance cannot be treated in the same way
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because there is no ¢, state that could be attributed to it
(see Sec. II). Therefore, in this particular case, we have
followed the usual procedure of fitting the cross sections
by using a least-squares method. We have made the usu-
al assumption that the background cross sections o® and
02 remain practically constant in the resonance region
and almost coincide with the actual cross sections outside
this region. Consequently, we have chosen for the values
of 0 and o}, those of the corresponding cross sections at
11.20 eV. For the total cross section, the remaining Fano
parameters (6,+A,, T, g,, and p?) have been varied
without any further restriction. For partial cross sec-
tions, the Fano parameters obtained in the previous step
have been frozen, and only the Starace parameters a;
have been varied, subject to the following condition [34]:

S IaiL]ZUz:oopf . (12)
"

The partial autoionization widths are then obtained from
(34]

s =la;|?o0T (c%2) 7" . (13)

In Tables I and II we present our results for the reso-
nances lying in the vicinity of the N=2 threshold. Previ-
ous reported values [6,7,14,18,21,23-27,30,44,47,48] are
also included in these tables for comparison. Tables 1
and II show very good agreement with previous theoreti-
cal and experimental determinations of the position and
the width of the lowest Feshbach resonance and the
shape one. Our calculated g, parameter for the shape
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FIG. 9. Comparison between the calculated total cross section and the experimental values of (a) Cohen et al. [9] (@) and (b)
Hamm et al. [8] (M) in the vicinity of the N=3 threshold at 12.8427 eV. The experimental data, obtained in arbitrary units, have
been normalized to the theoretical background. In (c), we show a comparison of our results with those obtained by Hamm et al. [8]
(M) by performing a fine scanning in the vicinity of the 4 !P°(1,1) resonance; normalization of the experimental data is identical to
that used in (b). In (b) and (c), the experimental data have been shifted 6 meV down in energy, which is within the experimental ener-
gy resolution (7 meV) claimed in Ref. [8]. , length gauge; — — —, velocity gauge.
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TABLE I. Energy positions, total autoionization widths, and Fano parameters for the !P° doubly ex-
cited states of H™ below the N=2 threshold. The notation [ —x] indicates powers of ten. Each reso-
nance is labeled k 'P°(K,T), where k indicates energy ordering. The experimental values have been

converted to a.u. using the equivalence 1 a.u.=27.207 952 eV and the experimental electron affinity of
H™ 0.75422 eV [8].

s Reference 6,+A, (au.) I, (eV) qs 0? (au)
1'P° This work —0.126049  0.324[ —4] —15.865 0.288701
(1,00  Greene, and Cavagnero [18] —0.126014  0.288[ —4]

Taylor and Burke [21] —0.12601 0.4[ —4]

Wendolowski and Reinhardt [23] —0.126048  0.103[ —4]

Conneely and Lipsky [24] —0.1260269 0.313085[ —4]

Macias and Riera [25] —0.126 098 0.14[ —4]

Pathak, Kingston, and Berrington [26] —0.126043

Abrashkevich et al. [27] —0.125932

MacArthur et al. [44] —0.12613

Seiler, Oberoi, and Callaway [47] —0.12571 0.2[ —4]
2!P° This work —0.125035  0.17[—5] —11.632 0.427514
(1,00 Abrashkevich et al. [27)] —0.125022

resonance is also in agreement with the experimental
value of Halka et al. [7]. It can be observed in Table II
that autoionization of the shape resonance to the N=1
channel is only 17% of the total autoionization probabili-
ty. The dominant channel for autoionization is the 2pes
one, followed by the 2ped channel. Therefore, autoioni-
zation of the shape resonance leaves preferentially the
remaining hydrogen atom in a 2p state.

We consider now the resonances observed near N=3.
The results are given in Tables III and IV. From Table
I1I, one can observe that the two resonances belonging to
the (1,1) series, and those of the (2,0) one, approximately
follow the law derived by Gailitis and Damburg [2]:

where 7/j=\/—aj —1/4 and q; is the dipole moment in
the j resonance channel, induced by an outer electron on
the N=2 manifold of a neutral hydrogen atom. We have
included the values of such dipole moments in Table II1
for completeness. Table III also shows that the line
profile parameter g, is negative for all the resonances
found in this work and differs very little from one series
to another. The values of p? are very similar for the two
(1,1) resonances, but differ by two orders of magnitude
for the (2,0) ones. The smallness of p? for the first (2,0)
resonance explains why it is not observed in the total
cross section spectrum.

It is very difficult from the present results to assign the
fifth resonance to a particular series. Assuming the valid-
ity of the Gailitis-Damburg law [Eq. (7)], this resonance

Eiv1—En=3  Tiy1_ —20py,
— =e

Ey—Ey—;

r, ’

(14)

could fit in the (2,0) series. However, we cannot forget

TABLE II. (a) Energy position, total width, and Fano parameters, and (b) partial widths and Starace
parameters for the !P°(0,1) shape resonance of H™ that lies just above the N=2 threshold. The conver-
sion factor relating a.u. to eV is the same of Table I. Numbers within parentheses indicate the uncer-
tainty in the final figures.

(a)

Reference 6,+A; (au) Ty (eV) qs p? 0?0 (a.u)
This work —0.12424 0.0226 5.50 0.243 0.322
Bryant et al. [6] 0.023(6)
Halka et al. [7] —0.12438(1)  0.021(1) 5.3(2)
Butterfield, as noted in [7] —0.12453(1)  0.030(1) 4.5(1)
Broad and Reinhardt [14] —0.124 34 0.015
Sadeghpour, Greene, and Cavagnero [18] —0.124242 0.0186
Wendolowski and Reinhardt [23] —0.124 351 0.0142
Pathak, Kingston, and Berrington [26] —0.124 328 0.0316
Callaway [31] —0.124 395 0.0200
Williams [48] —0.12448(7)  0.022(3)

(b)

n 0% (au) /T, Re(a) Im(a;)
Isep 0.137 0.175 —0.290 —0.126
2s€ep 0.004 0.161 1.795 —0.143
2pes 0.158 0.437 0.454 0.099
2ped 0.022 0.227 0.893 0.019
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TABLE III. Energy positions, total autoionization widths, and Fano parameters for the !P° doubly
excited states of H™ below the N=3 threshold. The notation [ —x] indicates powers of ten. Each reso-
nance is labeled k 1P“(,K, T), where k indicates the energy ordering. a; is the dipole moment defined

after Eq. (14). R

s a; (au) &E,+A; (au) T, V) p? qs o? (a.u.)
1'Po(1,1) —5.220 —0.062 646 8 0.275462[ — 1] 0.465 047 —0.514419 0.226 256
21P°(2,0) —14.897 —0.0585697 0.193463[ —3] 0.534852[ —2] —0.495162 0.213 039
31P°(2,0) —14.897 —0.0560759 0.646631[ —4] 0.306 388 —0.414797 0.230937
4'p°o(1,1) —5.220 —0.0558367 0.179021[ —2] 0.459 756 —0.405 189 0.222 591
51pe —0.0556290 0.806841[—5] 0.398261[—1] —0.700456 0.212235

that the asymptotic potential felt by an escaping electron
in a (0,1) series is only slightly repulsive, so that it might
support doubly excited states.

From an inspection of the partial widths of Table 1V,
we can conclude that autoionization of these doubly ex-
cited states leaves the H™ ion mainly in an N=2 excited
state, in agreement with the conclusions of Ref. [18]. The
hydrogen atom remains preferentially in a 2p state for the
(1,1) resonances, whereas 2s and 2p states are approxi-
mately equally populated for the remaining resonant
states. Another relevant feature of Table IV is the great
similarity of the a; components for the first and the
fourth Feshbach resonances, which explains why the par-
tial cross sections behave similarly in the vicinity of such
resonances.

We compare in Table V our calculated resonance pa-
rameters with previous values reported in the literature.
The energy positions and widths are in good agreement
with the experimental values of Hamm et al. [8], Cohen
et al. [9], and Halka et al. [11]. The agreement is also
very good for p2. However, the present values for g, are
slightly less negative than the experimental ones, which

explains why the maximum of the total cross section in
the neighborhood of the (1,1) resonance is smaller than
the experimental one.

The energy positions are slightly higher than those of
accurate theoretical calculations. Burkov, Letyaev, and
Strakhova [17] report energies that are significantly
higher than the present ones. Comparison for the widths
is good, although most theories predict a slightly larger
width for the first Feshbach resonance. Finally, some of
our calculated p? and g, values differ significantly from
those reported in Ref. [17].

Finally, in Table VI we have compared our results with
the partial widths reported by Chrysos, Komninos, and
Nicolaides [33] for the 1!P°(1,1) resonance state. Both
calculations predict that the largest partial width is the
2pes one, that hydrogen is left mainly in a 2p state after
autoionization, and that autoionization to the nearest
threshold N=2 is much more important than autoioniza-
tion to N=1. However, we obtain that the 2sep and
2ped partial widths are comparable, whereas Chrysos,
Komninos, and Nicolaides [33] find that the 2ped one is
almost negligible.

TABLE IV. Partial autoionization widths and Starace parameters for the 'P° doubly excited states

of H™ below the N=3 threshold. Notation as in Table III.

s M 0% (a.u.) T, (V) Re(03) Im(a})
11P(1,1) 1sep 0.113974 0.976 193[ —3] 0.78341[—1] —0.16303
2sep 0.024 354 0.514780[ —2] 0.569 57 0.694 97
2pes 0.055 858 0.168 595[ —1] 1.069 86 —0.91121[—1]
2ped 0.032071 0.456278[ —2] 0.706 54 0.21034
2'P°2,0) 1sep 0.114456 0.286 185[ — 6] —0.349 56[ —2] 0.158 36[ —2]
2sep 0.020577 0.810892[ —4] 0.122 14 —0.91058[ —1]
2pes 0.049713 0.662 468] —4] —0.73838[ —2] 0.88284[ —1]
2ped 0.028292 0.458 406] —4] —0.21444[ —1] —0.95305[ —1]
31P%(2,0) 1sep 0.106014 0.923476[ —6] 0.15324[—1] —0.96421[ —1]
2s€p 0.031085 0.288936[ —4] 1.00755 —0.44119[—1]
2pes 0.057 703 0.238292[ —4] 0.45042 0.499 00
2ped 0.036 136 0.110 169 —4] 0.32716 —0.47599
4'Pe(1,1) Isep 0.109 578 0.650261[ —4] 0.669 80[ — 1] —0.17157
2sep 0.026 319 0.302614[ —3] 0.52172 0.620 54
2pes 0.054 124 0.108 689[ —2] 1.065 96 —0.108 19
2ped 0.032570 0.335680[ —3] 0.72377 0.25558
51pe 1sep 0.112703 0.427285[ —8] —0.43410[ —2] —0.456 87[ —2]
2s€p 0.021556 0.339 506 — 5] 0.36953 —0.168 65
2pes 0.049 795 0.270 180[ — 5] 0.40062[ —1] 0.23502
2ped 0.028 182 0.196 728] — 5] —0.36150[ —1] —0.268 00
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TABLE V. Comparison between our calculated resonant parameters and other theoretical and experimental results. The latter
have been converted to a.u. using the equivalence 1 a.u.=27.207 952 eV and the experimental electron affinity of H™ 0.75422 eV [8].
We have used the equivalence 1 a.u.=28.0028 Mb to convert the background cross sections of Ref. [17] to a.u. Numbers within
parentheses indicate the uncertainty in the final figures. Resonances are labeled as in Table III.

s Reference 6,+A; (au) T, (eV) p? qs o? (a.u.)
11pe This work —0.062 646 8 0.02755 0.465 05 —0.51442 0.226 26
(1,1 Hamm et al. [8] —0.062 78(15) 0.0275(8) 0.440(18) —0.81(8)

Cohen et al. [9] —0.06278(4) 0.039(2) 0.479(98) —0.7169(372)
Halka et al. [11] —0.06270(11) 0.030(3)
Burkov, Letyaev, and Strakhova [17] —0.062 25 0.0379 0.466 —1.040 0.2292
Sadeghpour, Greene, and Cavagnero [18] —0.062 695 0.0334
Pathak, Kingston, and Berrington [26] —0.062713 0.0342
Callaway [31] —0.06272 0.0324
Ho [32] —0.0627168 0.03242
21pe This work —0.058569 7 0.000 19 0.005 35 —0.495 16 0.21304
(2,0) Burkov, Letyaev, and Strakhoava [17] —0.058 39 0.000 26 0.128 —3.469 0.2217
Sadeghpour, Greene, and Cavagnero [18] —0.058 866 0.000 403
Pathak, Kingston, and Berrington [26] —0.058 572 0.000 245
Callaway [31] —0.058 57 0.000 245
Ho [32] —0.0585718 0.000244 6
31pe This work —0.0560759 0.000 065 0.306 39 —0.414 80 0.23094
(2,0) Pathak, Kingston, and Berrington [26] —0.056 145
: Callaway [31] —0.056 12 0.000059 3
Ho [32] —0.0561167 0.000 057
41pe This work —0.0558367 0.001 79 0.45976 —0.405 19 0.222 59
(1,1 Hamm et al. [8] —0.05591(15) 0.001 6(3) 0.424(76) —0.67(14)
Burkov, Letyaev, and Strakhova [17] —0.055 86 0.001 58 0.534 —0.635 0.2541
Sadeghpour, Greene, and Cavagnero [18] —0.055832 0.001 16
Pathak, Kingston, and Berrington [26] —0.055903 0.001 81
Callaway [31] —0.055 90 0.001 86
Ho [32] —0.055 907 0.0019

IV. CONCLUSIONS AND FINAL REMARKS

In this paper we have presented total and partial pho-
todetachment cross sections of H™ in the vicinity of the
N=2 and N=3 thresholds. We have used a fully L2
method, recently proposed in the literature [35], to de-
scribe continuum wave functions. It was specially
designed for the case of strong interchannel coupling, so
that the H™ ion is a good candidate to further test its po-
tentiality. In this method we handle separately the reso-
nant and the nonresonant contributions to the wave func-
tion by defining, respectively, orthogonal Q and P sub-
spaces, and we use the Feshbach theory to rebuild the
continuum state as described by Sanchez and Martin
[38]. An advantage of this approach is that it leads natu-
rally to the Fano and Starace parametrizations of total

and partial cross sections in the vicinity of the Feshbach
resonances. On the other hand, shape resonances remain
in P subspace together with the nonresonant components,
so that the way of partitioning the whole space into P and
Q subspaces is irrelevant in this case.

The Q components of the wave function are obtained
in a basis of STO’s in the framework of the
pseudopotential-Feshbach method [42], which is
mathematically equivalent to the standard Feshbach one,
but it is more easily implemented when using large basis
sets above several ionization thresholds.

The P components of the wave function are evaluated
with an L? basis in the following way. For each channel,
the nonresonant Green function is calculated in a repre-
sentation of orthogonal uncoupled continuum states built
from STO’s. Discretization of the latter continuum states

TABLE VI. Percentage of the partial autoionization widths to the total ones for the first 'P°(1,1)
resonance of H™ below N=3. The comparison is between our results and those of Chrysos, Komninos,

and Nicolaides [33].

T
s n This work Chrysos, Komninos, and Nicholaides [33]
11P° (1,1) Isep 3.5% 0.0%
2sep 18.7% 39.7%
2pes 61.2% 60.0%
2ped 16.6% 0.3%
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is trivial and can be performed by using any standard
technique published in the literature for the case of a sin-
gle open channel. In particular, we have used the pro-
cedure of Macias et al. [43] which makes use of an even-
tempered basis of STO’s. An important requirement is
that the discretized spectrum for each uncoupled channel
is smooth (see Ref. [43] for a quantitative prescription) in
order to perform a correct quadrature of the energy in-
tegrals, and to obtain the proper renormalization factor
to achieve the 8-function normalization. The smoothness
of the discretization is automatically guaranteed follow-
ing the instructions of Ref. [43], provided that Feshbach
resonances have been projected out to the complementa-
ry subspace Q. However, this property must be checked
in the regions where there are shape resonances, as in
H™.

The origin of the shape resonance of H™ is a strong
configuration mixing between 2/kl’ configurations. Use
of a single type of configurations does not provide stable
eigenvalues in P subspace that would permit the
identification of shape resonances. This has been proven
unambiguously by Cortés et al. [49] in a previous work.
Therefore, our uncoupled representations of the continu-
um states present no resonant behavior in the shape reso-
nance region, and, therefore, they all verify the smooth-
ness requirement. Then it is very nice to see how in-
clusion of interchannel coupling in P subspace through
the corresponding Green function reveals the presence of
the shape resonance in the photodetachment cross sec-
tions.

Our results for total and partial N=1 and N=2 cross
sections are in good agreement with the experimental
data, and with the most extensive theoretical calculations
performed up to date [18]. In particular, we have ob-
tained the two Feshbach resonances that lie below N=2,
the shape resonance just above this threshold, and five
Feshbach resonances converging to the N=3. From the
latter, the first and the fourth belong to the (1,1) series,
the second and the third to the (2,0) one, and the fifth has
not been clearly classified. Also we have found that the
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remaining hydrogen atom is left preferentially in an N=2
excited state up to photon energies ~11.3 eV.

It should be pointed out that the major theoretical
difficulty in evaluating cross sections in the shape reso-
nance region is the importance of describing properly the
interchannel coupling just above threshold. Then, the
good agreement found between the present results and
the experimental ones constitutes a very stringent test of
the L? technique developed in Ref. [35].

We have presented the separate contribution of the
partial 2s and 2p cross sections to the N=2 one. In the
whole energy region considered in this work, the 2p cross
section is larger than the 2s one, especially in the shape
resonance region.

Finally, we have obtained energy positions, total and
partial autoionization widths, and Fano and Starace pa-
rameters for the resonances lying in the vicinity of the
N=2 and N=3 thresholds, including the shape reso-
nance. This is a useful information to interpret the reso-
nance structures observed in the photodetachment spec-
trum and to understand the autoionization properties of
the doubly excited states. We have found that energy po-
sitions and total widths roughly follow the Gailitis-
Damburg law [2] for each series of resonances, and that
autoionization leaves the hydrogen atom in an N=2 ex-
cited state, which is preferentially a 2p state for the (1,1)
series. All the Feshbach resonances observed in the pho-
todetachment spectra have a negative line profile parame-
ter g,. Therefore, one can tentatively state that the at-
tractive nature of the long-range dipole potential acting
upon the escaping electron in the presence of a neutral
hydrogen atom seems to be related with a negative sign
for g,. However, this is a point that should be further in-
vestigated.
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