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Photoionization of atomic beryllium from the ground state
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Photoionization of the grounds#2s? 1S state of atomic beryllium is studied in the energy region between
the Be'(2s) and B€ (3d) thresholds using a noniterative variatiofamatrix method combined with multi-
channel quantum-defect theory at tRematrix surface. The autoionizing Rydberg series of resonances con-
verging to the Bé (2p, 3s, 3p, and 3l) thresholds are identified and effective quantum numbers assigned.
Also calculated are the photoelectron angular distribution asymmetry parangefi@rshe processes leaving
the ion in the Bé (1s?np, n=2,3) 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 numbe(s): 32.80.Fb

[. INTRODUCTION tigate the autoionizing levels of Be near its first ionization
threshold. Calculations usingBaspline-based configuration-
There has been great theoretical and experimental intereistteraction procedure were performed by Chang, Tang, and
in photoabsorption studies of atoms and ions with two vaZhu[12]. Zhou and Lin[13] calculated photoionization cross
lence electrons. Because of the relative simplicity of thesgections of the ground state of the Be atom by the use of a
atomic systems, it is possible to understand the electron cohyperspherical close-couplingHSCO method and em-
relation effects in some detail. After helium, atomic ployed a model potential to describe the screening of frozen
Be(1s?2s? 19) is the next simplest atomic system with two closed-shell electrons. They extended the energy range up to
valence electrons outside thes?Lcore. In addition, it is of the Be"(3s) threshold and calculated total as well as partial
importance astrophysically owing to its abundance. The firs€ross sections for the photoionization of the ground state in
theoretical calculation for photoionization of the ground statdength and acceleration approximations. They did not calcu-
of atomic Be was performed by Altidk]. He found that the late velocity results because of difficulties in the HSCC
near-threshold photoionization cross section is dominated bjnethod.
the 2pns and 2nd autoionization series. Mehlman- Most of the earlier studies focused on the photoionization
Balloffet and Esteva[2,3] measured the photoionization of Be in the energy region between the 'B@s) and
spectrum of the Be atom. In this experiment some absorptioBe" (3s) thresholds. In order to provide a more complete
lines were observed that were not due to the neutral atom arficture, in the present work we report total and partial cross
it was difficult to see the @nd resonances. Dubau and Wells sections for the photoionization of the ground state
[4] calculated photoionization cross sections using quantumks®2s® 'S for photon energies from the Bé2s) threshold
defect theory and showed that there is satisfactory agreemeist the Be (3d) threshold. The calculations are performed
between the shapes of the theoretical and experimental réising the variationaR-matrix method 14], which is a refor-
sults. Greené5] used a hyperspherical coordinate approachmnulation of the noniterative eigenchanri@matrix method.
and O’'Mahony and Greens] used a noniterative eigen- We extended this method to get partial cross sections for the
channelR-matrix method to study the doubly excited statesvarious channels. There are six channelg[® 2pes, 2ped,
of Be. Radojevic and Johns¢ii] developed a multiconfigu- 3sep, 3pes, and Jed below the B& (3d) threshold that
ration Tamm-Dancof{MCTD) method to study photoexci- are allowed by dipole selection rules in the photoionization
tation of atoms in cases where the simultaneous excitation aff the Be 1s°2s? 'S state. We also present our results for the
two atomic electrons is important, and calculated cross seghotoelectron angular distribution asymmetry paramgter
tions for Be. Moccia and Spizz@®] obtained the photoion- for the Be" (1s?np 2P), n=2,3, channels; the other final
ization cross sections of the ground state of Be in the energgtates of B& are S states which lead to a constghit=2.
region below the B&(2p) threshold using variational wave With a brief description of the theoretical method used for
functions. Tully et al. [9] calculated photoionization cross the present calculation in the next section, the results are
sections of the beryllium sequence using Opacity Projecpresented and discussed in Sec. Il
(OP) R-matrix coded10]. Chi et al. [11] used a multicon-
figuration relativistic random-phase approximation to inves- Il CALCULATIONAL DESCRIPTION

Neglecting relativistic effects, the Hamiltonian of the two

*Present address: Department of Internet Business, Song Ho Colalence electrons of the Be atom outside the closed-skeéll 1
lege, Heongsung Gun, Kangwon-Do 225-800, Republic of Korea. core can be writterin atomic unit$ as
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TABLE I. Values of parameters for the effective potential
U|(r).

Atom | all a'z a|3 acp re
Be 0-4 559790 7.40190 6.16890 0.05182 0.4
1
H=H(rl)+H(r2)+r—, (2.7
12

where H(r)=—3V?+U(r) represents the one-electron

Hamiltonian. The wave functions of the outer two electrons
are expressed in terms of independent-particle wave func-

tions given by

I(1+1)

1 d?
— +72—+U(r)_Enl dn(r)=0, (2.2

S 2dr?

whereU(r) describes the effective potential for teeBe?*
interaction. We have adopted the following form 0{r)
[15]:

1
U(r)=— F[2+(Z—2)e‘“t1r+a'ze_“|3’]

acp

— ora(l-e re’)?,

(2.3

where we have used the calculated values of Johesaih
[16] for a.,. The parameters; andr; are chosen to opti-

mize agreement between the calculated and experimental en-
ergy levels of the ground and valence excited states of Be.

The values of the parameters for the effective potetutial)
in Eq. (2.3) are given in Table I. Using Eq2.2), a basis set
of the lowest 20 orbitals for eadks3, ¢, which vanish at
the R-matrix boundaryy =ry=14a.u., is obtained. In addi-
tion, the lowest two positive energy solutions for edcre

generatedg?,, whose derivatives vanish at the boundary,
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The noniterative formulation of the variationRtmatrix
method used in the present study has been discussed in detail
by RobicheauX14]. We summarize it only briefly. To begin
with, the essential difference between the method used here
and the traditionaR-matrix calculation[10] is that, in the
present treatment, the effects of inner shells? in this case
are represented by a central potential, adjusted as described.
The R-matrix eigenchannel functiong; are the eigenstates
of the Hamiltonian(2.1) at any desired energi whose
negative logarithmic derivatives; are constant over the sur-
face S enclosing the reaction volumd7]. Then,b, is an
eigenvalue of a generalized linear eigensystem

Fc=bgAc, (2.5
where
_ Y]
Ij=2 VYi(E—H)yidv_ SyiﬁdS,
S

The variational wave functiogz=2c;zy; related to an ei-
genvalueb, can be expressed as

(dilgy=1i(N)lig—ai(r)dig, r=ry,

and its normal derivative by

(s

where the¢; represent atomic core states, afidr) and
g;(r) are the regular and irregular Coulomb wave functions
evaluated at the photoelectron eneky w— €; (in channel

i associated with photon energy. The NX N reaction ma-
trix and its diagonalization is given by

2.7)

g
ar

Jd d
= a_rfi(r)liﬁ_ &_rgi(r)']iﬁv r=ro, (2.8

_ _ K=JI"1 (2.9
and they are added to the basis set. It is noted that all closed
orbitals are orthogonal to each other, and good convergencgnd its diagonalization is performed by
is achieved in the present calculation with an accuracy of
108 or better. A particulat.S coupled two-electron orbital -
is expressed by Kij :g Uigtan(mue)(U )y, (2.10

whereU;, and u, are the eigenvector elements and eigen-
quantum defects. The energy-normalized eigenstaten
each channélcan be represented by the linear combinations
of the unnormalizedR-matrix eigenstateg, [6],

1
Ynglyngl,= E[¢n1|1(r1)¢n2|2(r2)Y|1|2LM(91 Q)

TAbn,1,(F1) bn (1) Y im(21,05) ]

2.4
29 lﬂa:; Y1) giUiq COS T, (211

whereq=(—1)"1"'2"*S The matrix elements of the one-

electron HamiltonianH(r) are easily calculated since the Thege variational wave functions are connected to the re-
basis functions(2.4) are the eigenfunctions oH(r1)  guced dipole matrix elements in the length form as
+H(r,). On the other hand, the evaluation of matrix ele-

da(L)=(llF1+ ol o) (212

ments for 1v,, is more complicated, but they need to be
evaluated only once since our basis set is energy indepen-
dent. and in the velocity form as
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TABLE Il. lonization thresholdgin eV) relative to the ground TABLE lll. Resonance positionéE, in eV), effective quantum
state of atomic Be. numbers 0*), and widthsT" in eV) of autoionizing levels converg-
ing to the B&(2p) threshold.

State Theory Experimen24]

o 2 Present result Other results

15225 28 9.2959 9.320

1s?2p 2P 13.2543 13.277 State E, n* r E [2] n*[2] E [1]
2 2

13225 ZSF’) ;g'gggg 22221 2p3s 109103 24093 1.4206 10.7068 2.30 10.77
P, ' ' 2p4s 12,0918 3.4211 0.4948 11.9678 322 12.07
1s?3d 2D 21.4569 21.474

2p5s 12.5579 4.4202 0.2237 125339 4.26 12.60
2p6s 12.7911 5.4196 0.1196 12.7820 5.22
1 2p7s 12.9239 6.4174 0.0714 129219 6.15
d, (V)= _<¢a”V1+ v, o), (2.13 2p8s 13.0070 7.4174 0.0460 13.0100 7.08
® 2p9s 13.0623 8.4170 0.0314

2pl0s 13.1009 9.4163 0.0224
where ¢, represents the ground state wave function. Thep115 131289 10.4151 0.0165

deviation between the length and velocity results gives §p12s 13.1498 114124 0.0125
measure of the inaccuracy of the variational wave funct|on§p13s 13.1660 12.4104 0.0097

employed. 2plds 13.1786 13.4093 0.0077
opiSs 13.1888 14.4076 0.0062

A. Cross section
2p3d 11.8310 3.0918 0.0010 11.8623 3.10 11.86
In order to calculate partial and total photoionization CrOSSp4d 124374 4.0812 0.0010 124658 4.08 12.49

sections, we need to find a new set of solutighe) With 5054 127272 50807 0.0009 12.7570 509 1247
1=1,. "ILHN Nfrora Va Wh'cm Shoulld remain well behaved at 5y 158863  6.0806 0.0007 129192 6.13
[—0, e OX o open-Channe reaction matrix Is written 2p7d 12.9829 7.0804 0.0002

as[18] 2psd  13.0458 8.0780 0.0001

00 —K®O—KO(K®+tanmn*) 1K, (214 2p9d 130893  9.0751
2p10d  13.1201 10.0672

where the diagonal matrix of effective quantum numbers irpP1ld  13.1431 11.0650

the closed channels is given by 2plzd  13.1608 12.0635
2pl3d 13.1745 13.0594

2pl4d 13.1853 14.0421

1
= (2.15  2plsd 131941 15.0356
\ Z(Et_ (x))
whereE, represents the target state. The diagonalization of s=tan'\;, i=1,...N,. (2.19
Kphys gives eigenvalues; . The eigenphase in each channel _ _ _
is then defined as The eigenphase surdi is the sum overs;. The associated

dipole matrix element is given by20]

ohys=d%—dS(Ke+tanmn*) ~1K e, (2.1

2p3d

whered® andd¢ are the dipole matrix elements, EQ.12)

5 or (2.13, corresponding to open and closed channels, respec-
2 AL 8 2 tively, essentially the same as E@.58 of Ref.[20]. The
é N & partial photoionization cross section is given by
Q
D 3
5 ST (218
52 7173137 ¢ '

1 in atomic units, where

0 9.5 . 10.0 I 10.5 . 11.0 . 11I.5 I 12I.0 . 12I.5 . 13.0 Oh

Photon Energy (eV) di<_) ﬁ (2.19

phys
FIG. 1. Total photoionization cross section for the ground state
of Be below the B&(2p) threshold as a function of photon energy. is the outgoing dipole matrix element. Finally, the total

Solid curve, present calculation; dotted curve, OP rg@jlt photoionization cross section is given by
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3.5

TABLE IV. Resonance position&E, in eV), effective quantum
numbers (*), and widths(I" in eV) of the 3snp P autoionizing

80 levels converging to the Bé3s) threshold.

25
Present result Other results

20 State E, n* r E, [2] E: [3]

3s3p 17.6640 2.3025 0.5074 17.6441 17.6844
3s4p 18.8548 3.1449 0.0751 18.7970 18.8342
3s5p 19.6524 48514 0.0512

3s6p 19.8119 57011 0.0559 19.8059 19.7965
3s7p 19.9117 6.5335 0.0511 19.9141 19.9141
3s8p 19.9828 7.4112 0.0348 19.9944
(a) Photon Energy (eV) 3s9p 20.0336 8.3142 0.0231 20.0461
3s10p 20.0696 9.1955 0.0155

3sllp 20.0935 9.9671 0.0076

3s12p 20.1278 11.5117 0.0019

3s13p 20.1430 12.4747 0.0022

3sl4p 20.1553 13.4523 0.0031

3s15p 20.1651 14.4248 0.0022

Cross Section (Mb)

0.0

35

3.0

- 3s5p
~— 3s6p
- 3s7p
- 3s8p
- 3s9p
-— 3s10p
- 3si1p
- 3s12p

- 3pds

with the dipole matrix elements given by E&.19 with the
superscriptg—) omitted to avoid confusion, and where the
subscripts (s,d refer to the transitions from the initial
1522s? 1S state to (5?np ?P)es and (1s?np ?P)ed states,

Cross Section (Mb)

05 . . . - . . ; - . ! respectively. The Coulomb phase differenees oq— o,
192 194 196 198 200 202 can be obtained analyticall[23]:
(b) Photon Energy (eV)

FIG. 2. Total photoionization cross section for the ground state o=04—0s=—tan ! I 322 —175/»
of Be between the Bg2p) and Be (3s) thresholds:(a) cross 2(2e)7“—2z%(2¢)
section as a function of photon energy in e¥) detail of cross (2.23
section in the resonance region. Solid curve, present calculation; . . .
dotted curve, OP resuf]. wherez is the asymptotic charge experienced by the photo-

electron(z=1 for the Be atomand ¢ is the photoelectron
5 energy in atomic units.
= AT LS Jad (2.20
3(317) 4 S ' '

IIl. RESULTS AND DISCUSSION

We have calculated total and partial photoionization cross
B. Photoelectron angular distribution sections from the ground state?2s? 1S for photon energies
between the Bg(2s) and B€ (3d) thresholds in both the
length and velocity gauges. There is excellent agreement be-
tween the length and velocity results in the entire photon

The differential cross section for photoionization in the
dipole approximation is given bj19]

do, o energy region considered in our work, which indicates that
30~ 2,11 BiPa(coso)], (2.2)  our cross sections are likely to be very accurate. We studied
the following photoionization processes:
where 6 is the angle between the photon polarization and Be(1s?2s? 1S)+ y—Be' (1s°ns 2S) + ep(*P) (3.1)
photoelectron directiorR,(cos#)=(3 cos¢’—1)/2, andg; is
Fhe phoFoeIectron angulgr di_stribution asymmetry parameter; —Be"(1s%np 2P) + es(1P)
its detailed formulation is given elsewhef2l]. Using the (3.2
angular momentum transfer analyg2?], it is found that the
phoFoeI(_ectron angular distribuf[ion parameggy, for leaving —Be"(1s?np 2P) + ed('P),
the ion in a B& (np) state is given by (3.3
2 t for n=2,3, wherey represents the incident photon.
+v2 +c.c. X ' -
np:dfd (Zdesd;d cc) (2.22 The calculated and experimental energies of the ioniza-
destdig tion thresholds relative to the ground stats?ds? S are
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3.0
2
3 o
s -
c c
R =
B ° T
2 3 t
n N
P @ g2 8
[2] [22] T a a
9 e » @ @
o o
0.0 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 L 1
14 15 16 17 18 19 20 20,3 204 205 206 207 208 209 210 211 212
(a) Photon Energy (eV) (@) Photon Energy (eV)
3.0
g 8¢ s$¢§ §§¢82 2¢8/532 ¢4
25 _Irmrmmf‘uwm & & {mm
S 20k 204 T 88| & & l% lll \ \l
= Wl 7 t
= f
2 15) —_
8 o]
@ g 1.5
& 10} e " ’
5 RR
&)
05 | T T g 2 3 3
i g &R 2 3% 3
104% & 35 3 &8 & 38
0.0 1 1 1 1 1 1 1
14 15 16 17 18 19 20
LML L L L L L L L L L L L e e |
(b) Photon Energy (eV) 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
3.0 (b) n
sl FIG. 4. Total photoionization cross section for the ground state
' of Be between the Bg3s) and Bé (3p) thresholds:(a) cross
—_ section as a function of photon energy in €¥) cross section as a
o 20 . . . .
s function of effective quantum numbe . Arrows indicate the po-
< sitions of the autoionizing levels. Solid curve, present calculation;
= 15F dotted curve, OP resul®].
®
2 shown by a dotted curve as a function of photon energy. The
] two calculations show excellent agreement. Two Rydberg
series of doubly excited states, a brogon2 series and a
narrow nd series, can be clearly identified in Fig. 1.

A resonance positioit, may be defined as the energy at
which the eigenphase sum has its maximum value of
dé&/dE [25]. The width of the resonande is related to the

FIG. 3. Partial photoionization cross sectiofta) oy, (D) inverse of the eigenphase gradient and it is equivalent to the
Oapes: (©) 02peq @s a function of photon energy. Solid curve, time-delay matrixQ [26],
present length values; dashed curve, present velocity values. .

dé\~
r=2[ 32}

dE E=Er

Photon Energy (eV)

. . 3.4
given in Table Il. Agreement between our calculated results 34

and the experimental numbers from RE4] is excellent;

within 25 meV. Since the dnd series of resonances are very narrow, they
In the energy region below the B&p) threshold there decay slowly. Calculated energids , effective quantum

are two closed channelsp2s and 2ond which give rise to  numbersn*, and widthsI" of the autoionizing levels of the

two Rydberg series of autoionizing resonances converging tapns and 2nd series are listed in Table Ill and are com-

the Be'(2p) threshold, and one open channgded. The  pared with the available dafa,2]. Our results are in agree-

present length values of the photoionization cross section iment with experimental daf®]. O’Mahony and Greeng5]

this energy region are displayed by the solid curve in Fig. Ireported total photoionization cross sections of Be from the

along with the earlier calculation of the Opacity Projg@t  ground state in the energy region below the B2p) thresh-
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TABLE V. Resonance position&, in eV), effective quantum numbersit), and widths(T" in eV) of
autoionizing levels Bns and 3ond converging to the B&3p) threshold.

State E, n* r State E, n* r
3p3d 19.3919 2.6919 0.0045
3p4s 19.6687 2.9160 0.0056 p3id 20.3556 3.8597 0.0056
3p5s 20.4990 4.2041 0.2407 pSd 20.6963 4.8749 0.0038
3p6s 20.7951 5.3591 0.0060 ps&d 20.8729 5.8622 0.0053
3p7s 20.9254 6.2945 0.0059 pFd 20.9877 6.9574 0.0054
3p8s 21.0163 7.3405 0.0156 pBd 21.0498 7.8815 0.0040
3p9s 21.0729 8.3338 0.0056 p®d 21.0816 8.5254 0.0033
3pl0s 21.1099 9.2535 0.0058 paod 21.1241 9.6953 0.0050
3plis 21.1420 10.3593 0.0063 pald 21.1537 10.8732 0.0023
3pl2s 21.1622 11.2951 0.0111 pa2d 21.1717 11.8360 0.0031
3pl3s 21.1807 12.4243 0.0103 pa3d 21.1875 12.9335 0.0057
3plds 21.1932 13.4132 0.0055 p34d 21.1986 13.9236 0.0016
3pls5s 21.2019 14.2593 0.0051 pasd 21.2076 14.9102 0.0016

old. They used the noniterative eigenchanrimatrix
method and utilized a Hartree-Slater core potential to obtain
wave functions. They showed that the mixing of thee@ 2
and 2pns channels for the B&P° state can be described as

an admixture of wave functions of these channels with al- \/\/\/\/\/\/\/\/\/VW‘M/V—
most equal amplitudes. As a result, therts Rydberg series R — . — ]
of doubly excited states interact very strongly with thexg g T\T j «T\

continuum, giving rise to broad autoionization resonances ing
the photoionization with excitation of Be from the ground £
state[5,6,13. The narrow series is due to a much weaker
interaction between thes2zp and 2ond channels, as also
noted in the earlier calculations of Greefts, O’Mahony
and Greend6], and Zhou and Lin[13]. Our calculation
shows overall good agreement in shape and magnitude witl
their calculations. As noted above, there is excellent agree oL s ! s ! s !
ment between our length and velocity results, while the #'# &30 a3 2140
length and velocity values of O’'Mahony and Gre¢fgdif- @)
fer by about 20%. The HSCC calculation of Zhou and Lin 18
[13] shows reasonable agreement between length and acce
eration results except in the region gb2d and 2p4s reso-

nances. It may be noted that the shape of the@ reso- 17
nance asymmetry features in their calculation does not agre
with the shape in the present work or that of O’'Mahony and
Greeng[6].

In Fig. 2@ we display the present length form of the total
photoionization cross section between the™Bp) and
Be*(3s) thresholds as a function of photon energy. Again
the OP result§9] are in good agreement with our calcula- 157 T } T T
tion. The autoionizing Rydberg resonance series consists o ]
the 3snp doubly excited states converging to the '§@s) g ¢ ¢ ¢
threshold. However, there are three interlopgr8@, 3p4s, 1.4 F——————————————————————T
and 34p converging to Bé(3p) and Be (3d) thresholds. £
To investigate these resonances in more detail, the regioﬁb)
between 19.2 eV and the B3s) threshold is shown in Fig. FIG. 5. Total photoionization cross section for the ground state
2(b) as a function of photon energy. Table IV lists the of Be below the B&(3d) threshold:(a) cross section as a function
present results of resonance positions, effective quantumsf photon energy in eVtb) cross section as a function of effective
numbers, and widths, along with the earlier experimentaljuantum numben*. Arrows indicate the positions of the autoion-
data [2,3]. Mehiman-Balloffet and Estev@2] and Esteva izing levels. Solid curve, present calculation; dotted curve, OP re-
et al. [3] did not assign the §bp resonance in their experi- sult[9].

Cross Sect
T
3d9p —=
3d13p _ Sdraf

Photon Energy (eV)

~-—— 3dof
-— 3d14{

~+— 3d10f
~-— 3d11f
~— 3d12f
~— 3d13f
~— 3d15f
~— 3d16f
- 3d17t
~— 3d1i8f
-—— 3diof

o (Mb)

3disp  —=

] 3dz0p
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TABLE VI. Resonance positionéE, in eV), effective quantum numbers{), and widths(I" in eV) of
autoionizing levels @8np and 3Anf converging to the B&3d) threshold.

State E, n* r State E, n* r

3d4p 20.1120 3.1807 0.0053 daf 20.1980 3.2875 0.0062
3d5p 20.6070 4.0005 0.1856 a5 f 20.7268 4.3167 0.0063
3d6p 20.9317 5.0896 0.0171 asf 21.9877 5.3851 0.0054
3d7p 21.0988 6.1635 0.0114 azf 21.1311 6.4626 0.0040
3d8p 21.1924 7.1716 0.0024 aBf 21.2188 7.5586 0.0042
3d9p 21.2639 8.3969 0.0160 apf 21.2950 9.1659 0.0052
3d10p 21.3028 9.3977 0.0113 d3of 21.3252 10.1625 0.0048
3d11p 21.3312 10.4016 0.0082 d3 1f 21.3475 11.1506 0.0045
3d12p 21.3524 11.4089 0.0062 d32f 21.3649 12.1602 0.0041
3d13p 21.3684 12.4009 0.0048 d3.3f 21.3782 13.1504 0.0037
3d14p 21.3812 13.4079 0.0038 d3 4f 21.3888 14.1385 0.0034
3d15p 21.3913 14.3999 0.0031 d3a s5f 21.3975 15.1401 0.0031

ments. Bachaet al.[27] also calculated energies and widths  The present total photoionization cross section between
of a few doubly excited states lying above the'B2p)  the Be"(3s) and B€ (3p) thresholds is given in Fig.(d)
threshold. However, they did not make assignments for thesalong with that of the OIP9]. The arrows indicate the assign-
states, making it difficult to compare with our result. As ments of the lower autoionizing Rydberg resonances shown
shown in Fig. 2b) and Table 1V, there are significant series
perturbations among thes8p resonances. The two lowest 20
resonances in this energy region are the38 and 34p

Rydberg states. Then the Rydberg stap88, which is the sk g §
first member of the Bnd series converging to the B€3p) l l
threshold, is found at 19.391 eV just below thg5p state, g
showing a very narrow dip in the cross section. Another & '° l

interloper, 34s, which is the first member of thephs
series converging to the B¢é3p) state, is found at 19.668
eV and it almost overlaps with thesBp state. As a result,
there is an abnormal inflection point in the cross sections jus
above the 35p resonance. The perturbing statd4p, the
first member of the 8np series converging to the B¢3d)
threshold, is seen at 20.112 eV between tl#1p and
3s12p states and it gives rise to a very narrow dip in the
cross sections. Thed3lf state is not seen in Fig.(®) be-
cause it lies just below the Bé3s) threshold. Owing to @ Photon Energy (eV)
these perturbations, the quantum defects along thep3e-
ries converging to the Bg3s) threshold do not approach an
asymptotic quantum defect evenrat 15, as seen in Table
V.

Since there are three open channet[®, 2pes, and
2ped in this energy range, partial photoionization cross sec-
tions related to these three channels are shown in Figs. 3
3(b), and 3c) in both length and velocity gauges. The length
results are shown by solid curves and the dashed curvea
show the velocity values. Our cross sections in this regiong
can be compared with those of Zhou and [13]. As well as
we can read the data from the figures|©8], there appears
to be very good overall agreement between the two calcula:
tions in each of the channels. The background cross section
in the 2sep channel are much larger than for the other two  -10
channels, as also noted by Zhou and [ir8]. This is ex- ®)
pected since theszp is the single-electron ionization chan-
nel; the other two channels represent ionization plus excita- FIG. 6. Photoelectron angular distribution asymmetry parameter
tion. B as a function of photon energy in ea) B,,; (b) B3, .
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in our solid curve. There is reasonable agreement betweearm 7, is dominant since cas~—1, then increases with
the two calculations except that the OP results are shifted thcreasing energy. At 16.430 e, and 7, have the same

a lower energy by about 0.055 eV. The resonances above thﬁagnitude with opposite sign; as a resg, is zero at this
3p9s autoionizing level are shown in Fig(l) as a function  energy. Above this energyr;; dominates, so thaB,, be-

of effective quantum number*. There are four open chan- comes positive at this point. With increasing energy, €os
nels Xep, 2pes, 2ped, and 3ep in this energy region. becomes more and more positive, leading to a gradual in-
The Rydberg series in this energy range ap@8and 3nd  crease of the backgroung,,. However, the various reso-
converging to the B&(3p) threshold. Lower members of the nances dominatgs,, over the entire higher energy range.
Rydberg series @np and 3nf(n<9) converging to the The B3, for the Be" (3p 3P) channel, shown in Fig.(8), is
Be"(3d) threshold also lie in this energy region because theentirely dominated by thed@p and 3nf resonances. It is
energy difference between the B@8p) and Be (3d) interesting to note that the resonances are much more well
thresholds is only 0.188 eV. These resonances are quite cordefined ing as opposed to cross sectidieé Fig. 5a)]. This
plex. However, many of these resonances have been idenpeaks to the importance of measurementg,afs well as
fied using the technique of eigenphase gradients as discussewss sections, to better understand the photoionization dy-
earlier, and the resonance parameters are listed in Table Yiamics of atomic and ionic systems.

The total photoionization cross sections above thé (Be)

threshold up to B&(3d) are shown in Fig. &) vs energy IV. CONCLUSIONS

and Fig. %b) vs effective quantum number. As shown in Fig.
5(a), the OP result§9] do not include the autoionizing reso-

ne_mces.du.e to the doubly excited statenp and Jinf in range from the B&(2s) to the B€ (3d) threshold are pre-
this region; however, their backgrOl_Jnd Cross section IS aCClanted. The photoionization cross section is dominated by
tra:)e.l 'tl'hctja.re_?og;';mi:/tla parameters in this energy region af?ydberg series of autoionizing resonances converging to
a .Il_Jha eb 'r? a ef tH lar distributi i various ionic thresholds. A detailed analysis and identifica-
€ be awo:j 0 Ie angu ahr 1Stribu 'ﬁn gzy;nme “(/j P&tion of these autoionizing levels is presented; a process made
raTetersﬁzp an B3p leaving the ion In the (2p) an difficult by the overlap of the various series converging to
Be™(3p) excited states has not been investigated prev'_OUSI}ﬁifferent thresholds. However, using the ideas of eigenphase
to our knowledge. Our results r(ﬁZPr?nd'BW i’:\re shown in  gm gradient$25], major resonances have been identified.
Figs. @a) and @b), respectively. 'ge a29“ ar dlstrlbut_lon The photoelectron angular distribution asymmetry param-
asymmetry paramete, at the B (2.p P) threghold IS etersB,, and B3, for ionization to B& (2p) and Be (3p)
almost—.l and it increases monotonically with increasing are reported. The present results extend and improve upon
energy with peaks around the resonances. In order to explag jier calculations. It is hoped that the accurate calculations

this behavior, we need to investigate the expressionfgr  presented will stimulate future experiment to corroborate our
given in Eq.(2.22, which can be broken up as claim of accuracy.

Total and partial photoionization cross sections for the
ground 1s%2s? S state of atomic beryllium in the energy

Bro=T1+ 7y, N=2,3 (3.5 This work will be extended in several directions: First, to
npTTLT 2 " the photoionization of the excitedsd2s2p 1P states of Be;
where the 3P state is metastable, which is of importance astro-
physically. In addition, the photoionization of the Be isoelec-
did tronic sequence will be considered, ground and excited
Tl:dZszd’ (3-8 states, both to understand the evolution of the resonances and
< to provide accurate data on these systems for astrophysical
2v2 Rddesded)COSO' data bases.
Ty= Pt 3.7
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