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Photoionization of atomic beryllium from the ground state
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Photoionization of the ground 1s22s2 1S state of atomic beryllium is studied in the energy region between
the Be1(2s) and Be1(3d) thresholds using a noniterative variationalR-matrix method combined with multi-
channel quantum-defect theory at theR-matrix surface. The autoionizing Rydberg series of resonances con-
verging to the Be1 ~2p, 3s, 3p, and 3d! thresholds are identified and effective quantum numbers assigned.
Also calculated are the photoelectron angular distribution asymmetry parametersb for the processes leaving
the ion in the Be1 ~1s2np, n52,3! states. The present photoionization cross sections extend earlier work and
are in good agreement with previous calculations and experiments. There is excellent agreement between
length and velocity gauges in our calculation.

PACS number~s!: 32.80.Fb
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I. INTRODUCTION

There has been great theoretical and experimental inte
in photoabsorption studies of atoms and ions with two
lence electrons. Because of the relative simplicity of th
atomic systems, it is possible to understand the electron
relation effects in some detail. After helium, atom
Be(1s22s2 1S) is the next simplest atomic system with tw
valence electrons outside the 1s2 core. In addition, it is of
importance astrophysically owing to its abundance. The fi
theoretical calculation for photoionization of the ground st
of atomic Be was performed by Altick@1#. He found that the
near-threshold photoionization cross section is dominated
the 2pns and 2pnd autoionization series. Mehlman
Balloffet and Esteva@2,3# measured the photoionizatio
spectrum of the Be atom. In this experiment some absorp
lines were observed that were not due to the neutral atom
it was difficult to see the 2pnd resonances. Dubau and Wel
@4# calculated photoionization cross sections using quant
defect theory and showed that there is satisfactory agreem
between the shapes of the theoretical and experimenta
sults. Greene@5# used a hyperspherical coordinate approa
and O’Mahony and Greene@6# used a noniterative eigen
channelR-matrix method to study the doubly excited stat
of Be. Radojevic and Johnson@7# developed a multiconfigu
ration Tamm-Dancoff~MCTD! method to study photoexci
tation of atoms in cases where the simultaneous excitatio
two atomic electrons is important, and calculated cross s
tions for Be. Moccia and Spizzo@8# obtained the photoion
ization cross sections of the ground state of Be in the ene
region below the Be1(2p) threshold using variational wav
functions. Tully et al. @9# calculated photoionization cros
sections of the beryllium sequence using Opacity Pro
~OP! R-matrix codes@10#. Chi et al. @11# used a multicon-
figuration relativistic random-phase approximation to inv
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tigate the autoionizing levels of Be near its first ionizati
threshold. Calculations using aB-spline-based configuration
interaction procedure were performed by Chang, Tang,
Zhu @12#. Zhou and Lin@13# calculated photoionization cros
sections of the ground state of the Be atom by the use
hyperspherical close-coupling~HSCC! method and em-
ployed a model potential to describe the screening of fro
closed-shell electrons. They extended the energy range u
the Be1(3s) threshold and calculated total as well as part
cross sections for the photoionization of the ground state
length and acceleration approximations. They did not cal
late velocity results because of difficulties in the HSC
method.

Most of the earlier studies focused on the photoionizat
of Be in the energy region between the Be1(2s) and
Be1(3s) thresholds. In order to provide a more comple
picture, in the present work we report total and partial cro
sections for the photoionization of the ground sta
1s22s2 1S for photon energies from the Be1(2s) threshold
to the Be1(3d) threshold. The calculations are performe
using the variationalR-matrix method@14#, which is a refor-
mulation of the noniterative eigenchannelR-matrix method.
We extended this method to get partial cross sections for
various channels. There are six channels 2sep, 2pes, 2ped,
3sep, 3pes, and 3ped below the Be1(3d) threshold that
are allowed by dipole selection rules in the photoionizat
of the Be 1s22s2 1S state. We also present our results for t
photoelectron angular distribution asymmetry parameteb
for the Be1(1s2np 2P), n52,3, channels; the other fina
states of Be1 areS states which lead to a constantb52.

With a brief description of the theoretical method used
the present calculation in the next section, the results
presented and discussed in Sec. III.

II. CALCULATIONAL DESCRIPTION

Neglecting relativistic effects, the Hamiltonian of the tw
valence electrons of the Be atom outside the closed-shells2

core can be written~in atomic units! as
ol-
©2000 The American Physical Society01-1
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H5H~r 1!1H~r 2!1
1

r 12
, ~2.1!

where H(r )52 1
2¹

21U(r ) represents the one-electro
Hamiltonian. The wave functions of the outer two electro
are expressed in terms of independent-particle wave fu
tions given by

S 2
1

2

d2

dr2 1
l ~ l 11!

2r 2 1U~r !2EnlDfnl~r !50, ~2.2!

whereU(r ) describes the effective potential for thee-Be21

interaction. We have adopted the following form ofU(r )
@15#:

U~r !52
1

r
@21~Z22!e2a1

t r1a2
l e2a3

l r #

2
acp

2r 4 ~12e2~r /r c!3
!2, ~2.3!

where we have used the calculated values of Johnsonet al.
@16# for acp . The parametersa i and r c are chosen to opti-
mize agreement between the calculated and experimenta
ergy levels of the ground and valence excited states of
The values of the parameters for the effective potentialU(r )
in Eq. ~2.3! are given in Table I. Using Eq.~2.2!, a basis set
of the lowest 20 orbitals for eachl<3, fnl

c , which vanish at
the R-matrix boundary,r 5r 0514 a.u., is obtained. In addi
tion, the lowest two positive energy solutions for eachl are
generated,fnl

o , whose derivatives vanish at the bounda
and they are added to the basis set. It is noted that all clo
orbitals are orthogonal to each other, and good converge
is achieved in the present calculation with an accuracy
1028 or better. A particularLS coupled two-electron orbita
is expressed by

yn1l 1 ,n2l 2
5

1

&
@fn1l 1

~r 1!fn2l 2
~r 2!Yl 1l 2LM~V1 ,V2!

1qfn2l 2
~r 1!fn1l 1

~r 2!Yl 2l 1LM~V1 ,V2!#,

~2.4!

whereq5(21)l 11 l 22L1S. The matrix elements of the one
electron HamiltonianH(r ) are easily calculated since th
basis functions ~2.4! are the eigenfunctions ofH(r 1)
1H(r 2). On the other hand, the evaluation of matrix e
ments for 1/r 12 is more complicated, but they need to b
evaluated only once since our basis set is energy inde
dent.

TABLE I. Values of parameters for the effective potenti
Ul(r ).

Atom l a1
l a2

l a3
l acp r c

Be 0–4 5.59790 7.40190 6.16890 0.05182 0
06270
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The noniterative formulation of the variationalR-matrix
method used in the present study has been discussed in d
by Robicheaux@14#. We summarize it only briefly. To begin
with, the essential difference between the method used
and the traditionalR-matrix calculation@10# is that, in the
present treatment, the effects of inner shells~1s2 in this case!
are represented by a central potential, adjusted as descr
The R-matrix eigenchannel functionscb are the eigenstate
of the Hamiltonian~2.1! at any desired energyE whose
negative logarithmic derivativesbb are constant over the sur
face S enclosing the reaction volume@17#. Then, bb is an
eigenvalue of a generalized linear eigensystem

Gc5bbLc, ~2.5!

where

G i j 52E
V
yi~E2H !yidv2E

s
yi

]yj

]n
ds,

L i , j5E
s
yiyjds. ~2.6!

The variational wave functioncb5S icibyi related to an ei-
genvaluebb can be expressed as

^f i ucb&5 f i~r !I ib2gi~r !Jib , r>r 0 , ~2.7!

and its normal derivative by

K f iU]cb

]r L 5
]

]r
f i~r !I ib2

]

]r
gi~r !Jib , r 5r 0 , ~2.8!

where thef i represent atomic core states, andf i(r ) and
gi(r ) are the regular and irregular Coulomb wave functio
evaluated at the photoelectron energyEi5v2e i ~in channel
i associated with photon energyv!. TheN3N reaction ma-
trix and its diagonalization is given by

K5JI21 ~2.9!

and its diagonalization is performed by

Ki j 5(
a

Uia tan~pma!~UT!a j , ~2.10!

whereUia and ma are the eigenvector elements and eige
quantum defects. The energy-normalized eigenstatesca in
each channeli can be represented by the linear combinatio
of the unnormalizedR-matrix eigenstatescb @6#,

ca5(
b,i

cb~ I 21!b iUia cos~pma!. ~2.11!

These variational wave functions are connected to the
duced dipole matrix elements in the length form as

da~L !5^cairW11rW2ic0& ~2.12!

and in the velocity form as
1-2
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da~V!5
1

v
^cai¹W 11¹W 2ic0&, ~2.13!

where c0 represents the ground state wave function. T
deviation between the length and velocity results give
measure of the inaccuracy of the variational wave functi
employed.

A. Cross section

In order to calculate partial and total photoionization cro
sections, we need to find a new set of solutionsc i(e) with
i 51, . . . ,No from ca which should remain well behaved a
r→`. The No3No open-channel reaction matrix is writte
as @18#

Kphys
oo 5Koo2Koc~Kcc1tanpn* !21Kco, ~2.14!

where the diagonal matrix of effective quantum numbers
the closed channels is given by

n* 5
1

A2~Et2v!
, ~2.15!

whereEt represents the target state. The diagonalization
Kphys

oo gives eigenvaluesl i . The eigenphase in each chann
is then defined as

FIG. 1. Total photoionization cross section for the ground st
of Be below the Be1(2p) threshold as a function of photon energ
Solid curve, present calculation; dotted curve, OP result@9#.

TABLE II. Ionization thresholds~in eV! relative to the ground
state of atomic Be.

State Theory Experiment@24#

1s22s 2S 9.2959 9.320
1s22p 2P 13.2543 13.277
1s23s 2S 20.2305 20.257
1s23p 2P 21.2688 21.281
1s23d 2D 21.4569 21.474
06270
e
a
s

s

n

of
l

d i5tan21l i , i 51, . . . ,No . ~2.16!

The eigenphase sumd is the sum overd i . The associated
dipole matrix element is given by@20#

dphys
o 5da

o2da
c ~Kcc1tanpn* !21Kco, ~2.17!

whereda
o andda

c are the dipole matrix elements, Eq.~2.12!
or ~2.13!, corresponding to open and closed channels, res
tively, essentially the same as Eq.~2.58! of Ref. @20#. The
partial photoionization cross section is given by

s i5
4p2

3~137!
vudi

~2 !u2 ~2.18!

in atomic units, where

di
~2 !5

dphys
o

11 iK phys
oo ~2.19!

is the outgoing dipole matrix element. Finally, the tot
photoionization cross section is given by

e

TABLE III. Resonance positions~Er in eV!, effective quantum
numbers (n* ), and widths~G in eV! of autoionizing levels converg-
ing to the Be1(2p) threshold.

State

Present result

G

Other results

Er @1#Er n* Er @2# n* @2#

2p3s 10.9103 2.4093 1.4206 10.7068 2.30 10.7
2p4s 12.0918 3.4211 0.4948 11.9678 3.22 12.0
2p5s 12.5579 4.4202 0.2237 12.5339 4.26 12.6
2p6s 12.7911 5.4196 0.1196 12.7820 5.22
2p7s 12.9239 6.4174 0.0714 12.9219 6.15
2p8s 13.0070 7.4174 0.0460 13.0100 7.08
2p9s 13.0623 8.4170 0.0314
2p10s 13.1009 9.4163 0.0224
2p11s 13.1289 10.4151 0.0165
2p12s 13.1498 11.4124 0.0125
2p13s 13.1660 12.4104 0.0097
2p14s 13.1786 13.4093 0.0077
2p15s 13.1888 14.4076 0.0062

2p3d 11.8310 3.0918 0.0010 11.8623 3.10 11.8
2p4d 12.4374 4.0812 0.0010 12.4658 4.08 12.4
2p5d 12.7272 5.0807 0.0009 12.7570 5.09 12.4
2p6d 12.8863 6.0806 0.0007 12.9192 6.13
2p7d 12.9829 7.0804 0.0002
2p8d 13.0458 8.0780 0.0001
2p9d 13.0893 9.0751
2p10d 13.1201 10.0672
2p11d 13.1431 11.0650
2p12d 13.1608 12.0635
2p13d 13.1745 13.0594
2p14d 13.1853 14.0421
2p15d 13.1941 15.0356
1-3
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s5
4p2

3~317!
v(

i
udi

~2 !di
~2 !†u. ~2.20!

B. Photoelectron angular distribution

The differential cross section for photoionization in t
dipole approximation is given by@19#

ds i

dV
5

s i

4p
@11b i P2~cosu!#, ~2.21!

where u is the angle between the photon polarization a
photoelectron direction,P2(cosu)5(3 cosu221)/2, andb i is
the photoelectron angular distribution asymmetry parame
its detailed formulation is given elsewhere@21#. Using the
angular momentum transfer analysis@22#, it is found that the
photoelectron angular distribution parameterbnp for leaving
the ion in a Be1(np) state is given by

bnp5
ded

2 1&~desded
† 1c.c.!

des
2 1ded

2 ~2.22!

FIG. 2. Total photoionization cross section for the ground st
of Be between the Be1(2p) and Be1(3s) thresholds:~a! cross
section as a function of photon energy in eV;~b! detail of cross
section in the resonance region. Solid curve, present calcula
dotted curve, OP result@9#.
06270
d

r;

with the dipole matrix elements given by Eq.~2.19! with the
superscripts~2! omitted to avoid confusion, and where th
subscripts ~s,d! refer to the transitions from the initia
1s22s2 1S state to (1s2np 2P)es and (1s2np 2P)ed states,
respectively. The Coulomb phase difference,s5sd2ss ,
can be obtained analytically@23#:

s5sd2ss52tan21S 3z

2~2e!1/22z2~2e!21/2D ,

~2.23!

wherez is the asymptotic charge experienced by the pho
electron~z51 for the Be atom! and e is the photoelectron
energy in atomic units.

III. RESULTS AND DISCUSSION

We have calculated total and partial photoionization cr
sections from the ground state 1s22s2 1S for photon energies
between the Be1(2s) and Be1(3d) thresholds in both the
length and velocity gauges. There is excellent agreement
tween the length and velocity results in the entire pho
energy region considered in our work, which indicates t
our cross sections are likely to be very accurate. We stud
the following photoionization processes:

Be~1s22s2 1S!1g→Be1~1s2ns 2S!1ep~1P! ~3.1!

→Be1~1s2np 2P!1es~1P!
~3.2!

→Be1~1s2np 2P!1ed~1P!,
~3.3!

for n52,3, whereg represents the incident photon.
The calculated and experimental energies of the ion

tion thresholds relative to the ground state 1s22s2 1S are

e

n;

TABLE IV. Resonance positions~Er in eV!, effective quantum
numbers (n* ), and widths~G in eV! of the 3snp 1P autoionizing
levels converging to the Be1(3s) threshold.

State

Present result

G

Other results

Er n* Er @2# Er @3#

3s3p 17.6640 2.3025 0.5074 17.6441 17.684
3s4p 18.8548 3.1449 0.0751 18.7970 18.834
3s5p 19.6524 4.8514 0.0512
3s6p 19.8119 5.7011 0.0559 19.8059 19.796
3s7p 19.9117 6.5335 0.0511 19.9141 19.914
3s8p 19.9828 7.4112 0.0348 19.9944
3s9p 20.0336 8.3142 0.0231 20.0461
3s10p 20.0696 9.1955 0.0155
3s11p 20.0935 9.9671 0.0076
3s12p 20.1278 11.5117 0.0019
3s13p 20.1430 12.4747 0.0022
3s14p 20.1553 13.4523 0.0031
3s15p 20.1651 14.4248 0.0022
1-4
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given in Table II. Agreement between our calculated res
and the experimental numbers from Ref.@24# is excellent;
within 25 meV.

In the energy region below the Be1(2p) threshold there
are two closed channels 2pns and 2pnd which give rise to
two Rydberg series of autoionizing resonances convergin
the Be1(2p) threshold, and one open channel 2pes. The
present length values of the photoionization cross sectio
this energy region are displayed by the solid curve in Fig
along with the earlier calculation of the Opacity Project@9#

FIG. 3. Partial photoionization cross sections:~a! s2sep , ~b!
s2pes , ~c! s2ped as a function of photon energy. Solid curv
present length values; dashed curve, present velocity values.
06270
ts

to

in
1

shown by a dotted curve as a function of photon energy. T
two calculations show excellent agreement. Two Rydb
series of doubly excited states, a broad 2pns series and a
narrow 2pnd series, can be clearly identified in Fig. 1.

A resonance positionEr may be defined as the energy
which the eigenphase sumd has its maximum value o
dd/dE @25#. The width of the resonanceG is related to the
inverse of the eigenphase gradient and it is equivalent to
time-delay matrixQ @26#,

G52S dd

dED
E5Er

21

. ~3.4!

Since the 2pnd series of resonances are very narrow, th
decay slowly. Calculated energiesEr , effective quantum
numbersn* , and widthsG of the autoionizing levels of the
2pns and 2pnd series are listed in Table III and are com
pared with the available data@1,2#. Our results are in agree
ment with experimental data@2#. O’Mahony and Greene@6#
reported total photoionization cross sections of Be from
ground state in the energy region below the Be1(2p) thresh-

FIG. 4. Total photoionization cross section for the ground st
of Be between the Be1(3s) and Be1(3p) thresholds:~a! cross
section as a function of photon energy in eV;~b! cross section as a
function of effective quantum numbern* . Arrows indicate the po-
sitions of the autoionizing levels. Solid curve, present calculati
dotted curve, OP result@9#.
1-5
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TABLE V. Resonance positions~Er in eV!, effective quantum numbers (n* ), and widths~G in eV! of
autoionizing levels 3pns and 3pnd converging to the Be1(3p) threshold.

State Er n* G State Er n* G

3p3d 19.3919 2.6919 0.0045
3p4s 19.6687 2.9160 0.0056 3p4d 20.3556 3.8597 0.0056
3p5s 20.4990 4.2041 0.2407 3p5d 20.6963 4.8749 0.0038
3p6s 20.7951 5.3591 0.0060 3p6d 20.8729 5.8622 0.0053
3p7s 20.9254 6.2945 0.0059 3p7d 20.9877 6.9574 0.0054
3p8s 21.0163 7.3405 0.0156 3p8d 21.0498 7.8815 0.0040
3p9s 21.0729 8.3338 0.0056 3p9d 21.0816 8.5254 0.0033
3p10s 21.1099 9.2535 0.0058 3p10d 21.1241 9.6953 0.0050
3p11s 21.1420 10.3593 0.0063 3p11d 21.1537 10.8732 0.0023
3p12s 21.1622 11.2951 0.0111 3p12d 21.1717 11.8360 0.0031
3p13s 21.1807 12.4243 0.0103 3p13d 21.1875 12.9335 0.0057
3p14s 21.1932 13.4132 0.0055 3p14d 21.1986 13.9236 0.0016
3p15s 21.2019 14.2593 0.0051 3p15d 21.2076 14.9102 0.0016
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old. They used the noniterative eigenchannelR-matrix
method and utilized a Hartree-Slater core potential to ob
wave functions. They showed that the mixing of the 2sep
and 2pns channels for the Be1Po state can be described a
an admixture of wave functions of these channels with
most equal amplitudes. As a result, the 2pns Rydberg series
of doubly excited states interact very strongly with the 2sep
continuum, giving rise to broad autoionization resonance
the photoionization with excitation of Be from the groun
state@5,6,13#. The narrow series is due to a much weak
interaction between the 2sep and 2pnd channels, as also
noted in the earlier calculations of Greene@5#, O’Mahony
and Greene@6#, and Zhou and Lin@13#. Our calculation
shows overall good agreement in shape and magnitude
their calculations. As noted above, there is excellent ag
ment between our length and velocity results, while
length and velocity values of O’Mahony and Greene@6# dif-
fer by about 20%. The HSCC calculation of Zhou and L
@13# shows reasonable agreement between length and a
eration results except in the region of 2p3d and 2p4s reso-
nances. It may be noted that the shape of the 2pnd reso-
nance asymmetry features in their calculation does not a
with the shape in the present work or that of O’Mahony a
Greene@6#.

In Fig. 2~a! we display the present length form of the tot
photoionization cross section between the Be1(2p) and
Be1(3s) thresholds as a function of photon energy. Aga
the OP results@9# are in good agreement with our calcul
tion. The autoionizing Rydberg resonance series consist
the 3snp doubly excited states converging to the Be1(3s)
threshold. However, there are three interlopers 3p3d, 3p4s,
and 3d4p converging to Be1(3p) and Be1(3d) thresholds.
To investigate these resonances in more detail, the re
between 19.2 eV and the Be1(3s) threshold is shown in Fig
2~b! as a function of photon energy. Table IV lists th
present results of resonance positions, effective quan
numbers, and widths, along with the earlier experimen
data @2,3#. Mehlman-Balloffet and Esteva@2# and Esteva
et al. @3# did not assign the 3s5p resonance in their experi
06270
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FIG. 5. Total photoionization cross section for the ground st
of Be below the Be1(3d) threshold:~a! cross section as a functio
of photon energy in eV;~b! cross section as a function of effectiv
quantum numbern* . Arrows indicate the positions of the autoion
izing levels. Solid curve, present calculation; dotted curve, OP
sult @9#.
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TABLE VI. Resonance positions~Er in eV!, effective quantum numbers (n* ), and widths~G in eV! of
autoionizing levels 3dnp and 3dn f converging to the Be1(3d) threshold.

State Er n* G State Er n* G

3d4p 20.1120 3.1807 0.0053 3d4 f 20.1980 3.2875 0.0062
3d5p 20.6070 4.0005 0.1856 3d5 f 20.7268 4.3167 0.0063
3d6p 20.9317 5.0896 0.0171 3d6 f 21.9877 5.3851 0.0054
3d7p 21.0988 6.1635 0.0114 3d7 f 21.1311 6.4626 0.0040
3d8p 21.1924 7.1716 0.0024 3d8 f 21.2188 7.5586 0.0042
3d9p 21.2639 8.3969 0.0160 3d9 f 21.2950 9.1659 0.0052
3d10p 21.3028 9.3977 0.0113 3d10f 21.3252 10.1625 0.0048
3d11p 21.3312 10.4016 0.0082 3d11f 21.3475 11.1506 0.0045
3d12p 21.3524 11.4089 0.0062 3d12f 21.3649 12.1602 0.0041
3d13p 21.3684 12.4009 0.0048 3d13f 21.3782 13.1504 0.0037
3d14p 21.3812 13.4079 0.0038 3d14f 21.3888 14.1385 0.0034
3d15p 21.3913 14.3999 0.0031 3d15f 21.3975 15.1401 0.0031
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ments. Bachauet al. @27# also calculated energies and widt
of a few doubly excited states lying above the Be1(2p)
threshold. However, they did not make assignments for th
states, making it difficult to compare with our result. A
shown in Fig. 2~b! and Table IV, there are significant serie
perturbations among the 3snp resonances. The two lowes
resonances in this energy region are the 3s3p and 3s4p
Rydberg states. Then the Rydberg state 3p3d, which is the
first member of the 3pnd series converging to the Be1(3p)
threshold, is found at 19.391 eV just below the 3s5p state,
showing a very narrow dip in the cross section. Anoth
interloper, 3p4s, which is the first member of the 3pns
series converging to the Be1(3p) state, is found at 19.668
eV and it almost overlaps with the 3s5p state. As a result
there is an abnormal inflection point in the cross sections
above the 3s5p resonance. The perturbing state 3d4p, the
first member of the 3dnp series converging to the Be1(3d)
threshold, is seen at 20.112 eV between the 3s11p and
3s12p states and it gives rise to a very narrow dip in t
cross sections. The 3d4 f state is not seen in Fig. 2~b! be-
cause it lies just below the Be1(3s) threshold. Owing to
these perturbations, the quantum defects along the 3snp se-
ries converging to the Be1(3s) threshold do not approach a
asymptotic quantum defect even atn515, as seen in Table
IV.

Since there are three open channels 2sep, 2pes, and
2ped in this energy range, partial photoionization cross s
tions related to these three channels are shown in Figs.~a!,
3~b!, and 3~c! in both length and velocity gauges. The leng
results are shown by solid curves and the dashed cu
show the velocity values. Our cross sections in this reg
can be compared with those of Zhou and Lin@13#. As well as
we can read the data from the figures of@13#, there appears
to be very good overall agreement between the two calc
tions in each of the channels. The background cross sec
in the 2sep channel are much larger than for the other tw
channels, as also noted by Zhou and Lin@13#. This is ex-
pected since the 2sep is the single-electron ionization chan
nel; the other two channels represent ionization plus exc
tion.
06270
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The present total photoionization cross section betw
the Be1(3s) and Be1(3p) thresholds is given in Fig. 4~a!
along with that of the OP@9#. The arrows indicate the assign
ments of the lower autoionizing Rydberg resonances sho

FIG. 6. Photoelectron angular distribution asymmetry param
b as a function of photon energy in eV:~a! b2p ; ~b! b3p .
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in our solid curve. There is reasonable agreement betw
the two calculations except that the OP results are shifte
a lower energy by about 0.055 eV. The resonances above
3p9s autoionizing level are shown in Fig. 4~b! as a function
of effective quantum numbern* . There are four open chan
nels 2sep, 2pes, 2ped, and 3sep in this energy region.
The Rydberg series in this energy range are 3pns and 3pnd
converging to the Be1(3p) threshold. Lower members of th
Rydberg series 3dnp and 3dn f (n,9) converging to the
Be1(3d) threshold also lie in this energy region because
energy difference between the Be1(3p) and Be1(3d)
thresholds is only 0.188 eV. These resonances are quite c
plex. However, many of these resonances have been id
fied using the technique of eigenphase gradients as discu
earlier, and the resonance parameters are listed in Tabl
The total photoionization cross sections above the Be1(3p)
threshold up to Be1(3d) are shown in Fig. 5~a! vs energy
and Fig. 5~b! vs effective quantum number. As shown in Fi
5~a!, the OP results@9# do not include the autoionizing reso
nances due to the doubly excited states 3dnp and 3dn f in
this region; however, their background cross section is ac
rate. The resonance parameters in this energy region
tabulated in Table VI.

The behavior of the angular distribution asymmetry p
rametersb2p and b3p leaving the ion in the Be1(2p) and
Be1(3p) excited states has not been investigated previou
to our knowledge. Our results forb2p andb3p are shown in
Figs. 6~a! and 6~b!, respectively. The angular distributio
asymmetry parameterb2p at the Be1(2p 2P) threshold is
almost 21 and it increases monotonically with increasi
energy with peaks around the resonances. In order to exp
this behavior, we need to investigate the expression forbnp
given in Eq.~2.22!, which can be broken up as

bnp5t11t2 , n52,3, ~3.5!

where

t15
ded

2

des
2 1ded

2 , ~3.6!

t25
2& Re~desded!coss

des
2 1ded

2 . ~3.7!

The coss term is nearly21 at the Be1(2p) threshold,
and increases slowly with increasing energy to about zer
the Be1(3s) threshold. Thus, coss is negative in this energy
region, and the termt2 is also negative. At threshold, th
n

06270
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at

term t2 is dominant since coss'21, then increases with
increasing energy. At 16.430 eV,t1 and t2 have the same
magnitude with opposite sign; as a resultb2p is zero at this
energy. Above this energy,t1 dominates, so thatb2p be-
comes positive at this point. With increasing energy, cos
becomes more and more positive, leading to a gradual
crease of the backgroundb2p . However, the various reso
nances dominateb2p over the entire higher energy rang
The b3p for the Be1(3p 3P) channel, shown in Fig. 6~a!, is
entirely dominated by the 3dnp and 3dn f resonances. It is
interesting to note that the resonances are much more
defined inb as opposed to cross sections@cf. Fig. 5~a!#. This
speaks to the importance of measurements ofb, as well as
cross sections, to better understand the photoionization
namics of atomic and ionic systems.

IV. CONCLUSIONS

Total and partial photoionization cross sections for t
ground 1s22s2 1S state of atomic beryllium in the energ
range from the Be1(2s) to the Be1(3d) threshold are pre-
sented. The photoionization cross section is dominated
Rydberg series of autoionizing resonances converging
various ionic thresholds. A detailed analysis and identifi
tion of these autoionizing levels is presented; a process m
difficult by the overlap of the various series converging
different thresholds. However, using the ideas of eigenph
sum gradients@25#, major resonances have been identifie
The photoelectron angular distribution asymmetry para
etersb2p and b3p for ionization to Be1(2p) and Be1(3p)
are reported. The present results extend and improve u
earlier calculations. It is hoped that the accurate calculati
presented will stimulate future experiment to corroborate
claim of accuracy.

This work will be extended in several directions: First,
the photoionization of the excited 1s22s2p 1,3P states of Be;
the 3P state is metastable, which is of importance ast
physically. In addition, the photoionization of the Be isoele
tronic sequence will be considered, ground and exci
states, both to understand the evolution of the resonances
to provide accurate data on these systems for astrophy
data bases.
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