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Double photoionization of beryllium
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The time-dependent close-coupling method is used to obtain absolute results for total integral, single energy,
and angle differential cross sections for the double photoionization of beryllium. We compare the total ioniza-
tion cross section to previous perturbative and recent nonperturbative calculations. We also compare and
contrast the triple differential cross sections obtained at 20 eV excess photon energy with those obtained
recently for helium[J. Phys. B34, L457 (200D)].
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I. INTRODUCTION IIl. METHOD

. . S . The time-dependent close-coupling theory has been well
It is well known that direct double photoionization studies y.<qribed in previous double photoionization studies of he-

provide the simplest method for exploring correlation effects"um [13,14. Here, we describe the extension of the theory

in the two-electron continuum. In particular, angular electrony, jncjyde double photoionization of the alkaline-earth met-
distributions provide the most sensitive test of correlationyg

and so have been the subject of intensive work, both theo-
retically and experimentally, in recent years.
Most recent studies have concentrated on the simplest A. Use of a pseudopotential

two-electron system, the helium atom. Much experimental . ;.2 ground state of Be is calculated in the Hartree-
work has been dongl—3] yielding double-to-single photo- L — . —
Fock approximation. A set of boundl and continuumkl

ionization ratios; also absolute triple differential cross-'~~ ; . . i o
section measurements have been mite6] using recoil radial orbitals is then obtained by diagonalization of the one-
gimensional Hamiltonian given by

ion momentum spectroscopy techniques. On the theoretic
side, integral and differential cross sections have been calcu- 12 1041
lated using various nonperturbative methods including the h(r)=—=— (
double-screened Coulonily,8], convergent close coupling 2 or? 2r2
[9,10], the hypersphericaR matrix [11,12, and the time-
dependent close couplind@3,14. The most recent of each of )
these types of calculations of triple differential cross sectiongvhereVp(r) andVy(r) are the direct Hartree and local ex-
are in excellent agreement with experiment. change potentials, respectiveBs 4 is the nuclear charge of

In this paper, we extend our time-dependent closethe target, and atomic units are used throughout. The poten-
coupling method to the study of double photoionization pro-tidls are calculated using thes Iorbital and a parameter in
cesses in the beryllium atom. Although we are aware of ndhe exchange term is adjusted so that the single-particle en-
experimental measurements for Be, and only several pertugrgies for each angular momentum are in good agreement
bative theoretical calculations of the total double photoion-With the configuration-average experimental spectf@3i.
ization cross Sectio[ﬁ15,16:|’ these calculations mark the The inner node of the 2wave function is eliminated and a
start of a systematic study of absolute total and differentiaPseudopotential is then found that generates the nodetess 2
cross sections for the alkaline-earth metals. Very recentlyprbital. Subsequently, all thes and ks bound and con-
there have been nonperturbative calculations of total integralnuum orbitals are generated using this pseudo-potential.

cross sections for beryllium using the convergent closeThe 2s pseudo-orbital is very similar to thesrbital found
coupling method 17]. We compare wherever possible with from a Hartree-Fock calculation for the ground state of Be
these ongoing calculations and find excellent agreemenfae note that, for a fixed box size, the energy distribution of
There has been some recent experimental measurementSgund and continuum states changes for each angular mo-
triple differential cross sections in calciufh8—-20 as well  mentum.

as several theoretical studi¢®1,22 of the alkaline earth We may also obtain the continuum state radial orbitals by

metals. However, only relative differential cross sectionsgjrect numerical integration of the time-independent $ehro
were measured or calculated. This paper contains absoluignger equation for Be

calculations for triple differential cross sections of an
alkaline-earth element. The rest of this paper is structured as
follows. In Sec. Il, we describe the time-dependent close-

coupling method as applied to double photoionization calcu- (h(r)— 7) Pi(r)=0. @
lations. In Sec. Ill, we present results for total, energy differ-

ential, and angular differential cross sections of Be. Finally,

in Sec. IV, we give a short summary. We choose the standard box normalization given by

Z
_F+VD(r)+Vx(r), (]

2
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| 77 orbitals containing promotions from thes?.core, which will

- 7+cr|+5| , place a limit on the accuracy that can be achieved in the

3) calculation_ of the _tota_l energy of the berylliu_m groqnd state.
However, in considering two-electron photoionization in an

where Ak is the momentum mesh spacing=2 is the energy range well below thesi threshold, it is unlikely that

asymptotic chargey, is the Coulomb phase shift, antjis  the 1s? orbital will come into play, and so our use of a

the distorted-wave phase shift. Note that as the density dpseudopotential is justified. We note also that this correlated

states increases for small&k mesh spacing, the amplitude ground-state wave function for beryllium has a total energy

of any one continuum wave decreases. We use a total of 6dfat is within 1% of the experimental total ener®A].

continuum state radial orbitals on a uniform momentum

mesh withAk=0.0025. In generating the continuum func- C. Length gauge versus velocity gauge

tions by this dlreqt numerical mtegra_tmn over a f|>§ed MO~ \we now solve the “weak field” time-dependent Schro

mentum mesh, with the box normalization as defined, we,. o .

ensure that, for all angular momenta, the continuum-orbitaijlnger equation in real time

amplitudes are calculated at the same energy points. This (N,lp(; Fyt)

allows us to add the continuum-orbital amplitudes coher- i 12

ently, which is necessary in the calculation of the angle dif- at

ferential cross sections. We remark also that we have calcu-

lated the total double photoionization and single differential

Cross section using :fégIl?ﬁthggzeo;gﬁtnigwgerfot”h“e””t\‘jv%here the Hamiltonian for a linearly polarized radiation field

methods. th the length gauge is given by

2Ak o}
P (r)— Tsm kr+EIn(2kr)

1p, > - 1
=Haom¥ P(rlvr27t)+Hrad(DOS

X (Fq,fp,7=o)e Eot, @)

H .= E(t)(r, cosf,+r,cosé,)coswt, 8
B. Partial correlation of the ground state

The ground state of beryllium is found by relaxation of With electric-field amplitudé=(t) and radiation frequency.

the time-dependent Schitimger equation in imaginary time In previous calculations of double ionization processes in
(r=it) helium, it was found that our results were almost completely
invariant under use of either the length or velocity gauges,
(7<D(1)3(F1,F2,T) s - - for all cross sections calculated. In this case, our use of a
B T— Haton®o(r1,r2,7), (4) pseudopotential complicates matters. By removing the inner

node of the 3 radial wave function, we have invalidated the
where the nonrelativistic Hamiltonian is given by use of the velocity gauge, which emphasizes the inner region

of the wave function. As an illustration on the use of the
1, ) velocity gauge with our radial orbitals generated using the
Haom= =5 V1= 5 V2t Vpp(r) +Vpp(ra), (3 pseudopotential, the radiative rate for thes?ds? 'S
—1s%2s2p P transition in Be was calculated, in both
where, forl>0, the pseudopotentials are given Wy,(r) length and velocity gauges, using both orbitals calculated in
=—ZIr+Vp(r)+Vx(r). The six-dimensional ground-state a Hartree-Fock potential and orbitals calculated in the
wave function is expanded in coupled spherical harmonics pseudopotential.
| L In the Hartree-Fock potential, the transition rate was
o - - O P m) 1. - found to be 5.4%10° and 2.6 10° Hz in the length and
o5 (rl,r2,7)=|20 TYII (rir2), (8 velocity gauges, respectively. The difference between these
two calculations is due to the nonlocal Hartree-Fock opera-
where it was found that up tl=6 is required for conver- tor, but is sufficient for our purposes here. Using the pseudo-
gence of all angular differential cross sections. Substitutingotential, the transition rate was found to be 580" and
Egs. (6) and (5) into Eq. (4) yields a set of coupled partial 7.48<10° Hz in the length and velocity gauges, respec-
differential equations for the two-dimensional radial wavetively. Itis clear that, while in the length gauge the transition
functions P|1|S(f1,f2,7) that may be solved on a numerical rate has phanged only slight'ly using the modified orbitals, in
lattice using standard finite difference methdds]. About the velocity gauge, the transition rate has changed by a factor

1000 imaginary time steps akr=0.005 are needed to of four. This simple test confirms that use of a pseudopoten-

achieve convergence on a uniform lattice with a mesh spactial under the velocity gauge is unreliable. We note alsc_J that
. . ) . 1g the length gauge calculation agrees well with the experimen-
ing of Ar=0.1 if one begins with P;°(ry,r,,7=0)

u - SoneE . tal value of 5.56K10° Hz [23]. Therefore, we present here
ZSLOTZS(“) EZs(rZ)* where Pa(r) is a bound-state radial oy results calculated in the length gauge.
orbital for Be".

It is important to state here that the beryllium ground-state
wave function is correlated, in that theZorbital is a super-
position of >+ p2+d?+---) wave functions. The intro- The six-dimensional photoabsorption state wave function
duction of a pseudopotential has restricted any inclusion ofs also expanded in coupled spherical harmonics

D. Definition of total and angular differential cross sections
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1
.- P (1o, .. d_ozﬁifw foc L
Wlp(rl!r21t)22 ”—YlllT(rl,rz), C) da | ot odkl odk25 a—tan K,
1.5 riro 12
1
wherel;<6 andl,<6 is sufficient. Substituting Eqg5), ><|2| |P|52(k1,k2,t)|2- (15
112

(6), (8), and(9) into Eq. (7) yields a set of coupled partial

differential equations for the two-dimensional radial waveThe ejected-energy differential cross section is then defined
functions,P,lﬁ’z(rl,rz,t), that may also be solved on a nu- as

merical lattice[13]. Keeping the same mesh spacingAaf

=0.1 and beginning WitrPﬁlﬁ’z(rl,rz,t=0)=0 for all 1,1, do 1 do

the close-coupled equations are time propagated for up to 10 d_El = m da’ (16)

radiation field periods (Z/w). A lattice size of 60& 600
points is employed. Increasing the lattice to 18CMO0

points made a difference of no more than 2% in the resultgyhere the transformation factors in the denominator will

presented here. _ o make the ejected-energy differential cross section less
The total photoabsorption probability is given by peaked along th&; =k, axis than the hyperspherical angle
differential cross section.
_ * * ip 2 The triple differential cross section for double photoion-
p= |§2 o drlfo dr2|P,1|2(r1,r2,t)| ' (10 ization can be written as
- 3
Using standard projection techniques, the total double photo- oy :j lzdaf dﬂlf dgzd—a_ (17)
ionization probability is given by o Jo dedQ,dQ,

» » 1p X Since for long times following the collision—KkT, the dif-
Paion= |E| 0 diky 0 dk2|PI1I2(kl'k2’t)| ' (1) ferential cross section in hyperspherical angle and the solid
12 angles for the emission of both photoelectrons is given by
where o

——wajwkowdké ko
dedQ,dQ, | dt)o +Jo 2 Ky

S (—i)latlgi(d, )it )
I1.l2

a—tan?!

l o0 o0
P (ko 0= [ [ Tdripy )
X

1
XPiy,(12)P T (r1r2,t),  (12)
2

1 1 A A
XP(keka DY (kko)| o (18)

andPy(r) is a continuum state radial orbital for Bewhich
is obtained by the diagonalization of E@) or by integrating
Eq. (2). Both total probabilities may be monitored as a func-In contrast to Eq(15), the sum ovet;l, is now inside the

tion of time. Time propagations have converged when thesquare so that the outgoing momentum space wave-function
rate of change of the total double photoionization probabilityamplitudes are summed coherently. Since we make use of a
becomes constant. In general, larger lattice sizes and longerojection in Eq.(12) onto products of distorted waves, the
propagation times are needed as the excess photon energypmentum space amplitudes must be weighted by their dis-

defined byAE= w+ E,, becomes smaller. torted (denoted bys,) and Coulomb(denoted byo,) phase
The total integral cross section for double photoionizationshifts. We note that in this case, for 0, the wave functions
is given by have a positive phase shift, but flor 0, the wave function is
shifted inwards due to the node removal by the pseudo-
® 9Pygion potential. Care must be taken to ensure the correct phase
Tdion ™" "5t (13) shifts are used, as this is critical in the determination of triple
differential cross sections. Finally, the orthonormality rela-
wherel is the radiation field intensity. tions for the coupled momentum spherical harmonics guar-
The single differential cross section for double photoion-antee reduction of Eq18) to Eq. (15) upon integration over
ization may be defined as the solid angles for both photoelectrons.
w2 do AEdo Ill. RESULTS
O'dion:f da a=f0 d—EldEL (14) T o . :
otal double photoionization cross sections at various ex-

cess photon energies calculated using the time-dependent
whereE,= k§/2. The hyperspherical angle differential cross close-coupling method are presented in Fig. 1 along with two
section is given by other perturbative theoretical calculatidi®,16], and a non-
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FIG. 1. Total double photoionization rate for berylium. The  FIG. 3. Triple differential cross section in bfsV for beryllium
solid squares are the current time-dependent close-coupling calc@t 20 @V excess photon energy and at equal energy sharing between
lations, the open circles are the convergent close-coupling calculdhe two outgoing electrons as a function f, the angle of the
tions of [17], the solid line is the result estimated from Winkler S€cond ejected electron f6f=0. The cross sections are calculated
[15], and the dashed line is the result estimated from VarnavskikiVith (& 10=3.11,1,<3, (b) Io=4/;,1,<4, (c) I¢=<5/1,!,<5, and
[16]. (1.0 kb=1.0x10"?% cn?.) (d) 1,<6,,,1,<6, respectively, in Eqs(6) and (9). (1.0 b=1.0
X 10724 cn?.)

perturbative convergent close-coupling calculafiai]. We

find that the nonperturbative time-dependent calculations aréons for Be at an excess photon energy of 20 eV, along with
up to 50% lower than the previous perturbative calculations@ convergent close-coupling calculatift]. As in our pre-

and in excellent agreement with the convergent closevious work on heliun{14], we retain the practice of multi-
coupling calculations at a range of excess photon energieglying the single differential cross sections by two, following
and that the peak of the cross section is much closer téhe convention of the experiments on helium, which only
threshold than suggested by the perturbative calculationgneasured cross sections from (Bf2. The cross sections are
Unfortunately, there exists no experimental measurementguite smooth for all values dE,, the energy of one of the
for this process with which to compare. electrons, from 0-20 eV. The cross section has a deeper

In Fig. 2, we present ejected-energy differential cross sec-smile” shape than the equivalent ejected-energy differential

cross sections for He at the same excess photon ehiddy

16 : : due to the lower double ionization threshold in beryllium
(27.6 eV compared to 79 gVAgain, our calculations are in
good agreement with the very recent convergent close-
coupling calculationg25], with the difference between the
two calculations being due to the small difference in the total
cross section at this excess energy. There are no experimental
results available with which to compare this process.

In our previous calculations of double photoionization of
helium at 20 eV excess photon energy, it was sufficient to go
up to1=3 in the expansions over the angular momentum
pairs in Egs.(6) and (9) to achieve well-converged triple
differential cross sections. For the beryllium atom, the con-

14

12

do/dE, (kb/eV)
o 4 =
=3 ) =3

T T T T

L

~
—
1

vergence is much more slow. In Fig. 3, we present triple

02 - § differential cross sections when the angle of the first ejected
» 0,=0, at a coplanar geometry, and at 20 eV excess photon
00 . " - 2 energy, for the case of equal energy sharing between the

electrons E;=E,=10 eV). We show cross sections which
were calculated witha) 1,<2]4,1,<83, (b) 1,<3],,l,<4,

FIG. 2. Single energy differential cross section in kb/eV for (C) lo=<4|4,1,<5, and(d) l,<5],,1,<6, respectively, in
beryllium at 20 eV excess photon energy. The solid line is theEQs. (6) and (9). It is clear that the triple differential cross
time-dependent close-coupling calculation and the dashed line is tigection only completely converges for the final case, and that
convergent close-coupling calculatiofl.0 kb=1.0x10"2% cn?.) for the first two calculations, the triple differential cross sec-

E, (V)
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TABLE I. Convergence of the total double photoionization cross 20 ' . 70 ' '
section and the ejected-energy differential cross section at 20 eV oL (a)6,=0° Jeot (®) 0,230°
excess photon energy, at equal energy sharing between the twe. 50 |
electrons, for maximum values &f andl,,l, in Egs.(6) and(9). o 127 140
(1.0 kb=1.0x10"%" cn?.) S Iaof
e 20 1
o l1.l2 o (kb) do (Ef2) (kbleV) T Tt ]
dE,; Vs
2 3 11.9 1.00 0 0
3 4 12.6 1.11 & ™ '
4 5 12.0 1.07 sor eor (d 8,=90°
5 6 11.9 1.06 g% 1%°1 ]
"5 40 440 +
230 F 130 R
tion is quite different in shape and magnitude in comparisong 2 [ 120 1
with the final result. Indeed, fdia) and(b), the triple differ- w0l wl ]
ential cross section is quite unphysical, since it predicts a (L. V¥ . . e ol ¥ e,
maximum in the cross section é=0, which implies both O 10 %0 =30 (jgg) %0150 2107210 130 =90 =30 (jgg) %0 150 210

electrons being ejected with equal energy along the same
path, which is clearly incorrect. FIG. 4. Triple differential cross section in bfsV for beryllium
This is in contrast to the convergence of the total doubles a function ofé,, the angle of the second ejected electron, for
photoionization cross section, and the ejected-energy diffedifferent fixed values ob, as indicated and for equal energy shar-
ential cross section, where the convergence is shown in Tableg E;=E,=10 eV between the two ejected electrons. The solid
I. Here, the cross sections do not change significantly witHines are the current time-dependent close-coupling calculations and
respect to the number of angular momenta in Egs.and the dashed lines are the convergent close-coupling calculations of
(9). This implies that great care must be taken in the deteri25). (1.0 b=1.0x10"* cn?.)
mination of triple differential cross sections, since the appar-
ent convergence in total or single differential cross sectiongion is virtually zero neaw,=0, since we do not expect the
does not mean that triple differential cross sections are nedwo electrons to be ejected in the same direction, even for
essarily converged. The sensitivity of the shape of the triple/éry unequal energy sharing between the electrons. In com-
differential cross sections to the number of angular moment@arison with the equivalent triple differential cross sections
mean that convergence with respect to these parameters miigt helium, the shapes of the cross section are broadly the
be rigorously checked in all cases. same, with the position of the peaks unchanged. However, it
Satisfied that our triple differential cross sections are conis interesting to note that fd, =3 eV, the peaks present in
verged with respect to the angular momentum expansionghe beryllium cross section at approximatéhs| =100° are
we turn our attention to comparisons with the only othervery much suppressed. It is unclear at this stage why this
theoretical calculation$25]. Again, no experimental mea-
surements are available for this process. In Fig. 4, we preser 20 . . w w . .
triple differential cross sections for beryllium as a function of £ 1s | @E=ES10eV 6,=0"

6,, for various values of,, as indicated, and for equal en- &, [ ]
ergy sharingg;=E,=10 eV between the two ejected elec- sl ]
trons. The solid lines are the current time-dependent close =

0 .

TDCS (bfsr’”

coupling calculations and the dashed lines are the converger 210 _150 _90 _30 % 150 210
close-coupling calculations ¢25]. We can see that, in gen- ' '

eral, the agreement between the two nonperturbative theorle% 30 - ®E=17.E3e 1
is very good, with the exception of the smal,| region 2wl .
when#;=0°. Although the peaks heights of the calculations & ;o [ ]
of the two theories are slightly different, the position and ~ o f .

widths of the peaks are in excellent agreement. Qualitatively, Pl —150 —90 —30 % 150 210

the triple differential cross sections for beryllium at this ex- _

% 30 - (©)E=3,E,=17eV J
cess energy are very similar to those obtained for helium..;
Apart from the peak heights, which are larger in beryllium :20 ]
due to the larger total double photoionization cross sectlon,é .

the shapes are almost identical in position and width. This
implies that removal of the two<? electrons in beryllium is
very similar to the removal of the twos? electrons in he-
lium at this relatively low photon energy. FIG. 5. Triple differential cross section in bfsV for beryllium

In Fig. 5, we present triple differential cross sections as as a function ofé,, the angle of the second ejected electron, for
function of 6,, for #; =0, for three values of the first ejected ¢,=0°, for different energy sharing as indicated between the two
electron energ¥,, as indicated. As expected, the cross secejected electrons. (1.0=h1.0X10™%* cn?.)

-210 —150 -9 30 90 150 210
6,(deg)
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Va r 1 r 1 two ejected electrons. (1.0 b
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should be so, particularly as the peak&at=17 eV are still  lation [17]. This is all the more remarkable due to the com-
evident. pletely different nature of the nonperturbative calculations,

To complete our comparison with triple differential cross and the increased complexity of the beryllium target. We are
sections for helium at 20 eV excess photon energy, waware of no experimental measurements of any total or dif-
present in Fig. 6 cross sections for beryllium as a function oferential cross sections for double ionization of beryllium
6,, with 6, =30, at a wide range of energy sharings betweenwith which to compare. As well as presenting ejected-energy
the two ejected electrons. The cross sections for berylliungingle differential cross sections, we have made a detailed
show many similarities to the equivalent cross sections foktudy of triple differential cross sections in beryllium, and
helium, in the position and widths of the peaks, although thesompared our results with previous calculations of triple dif-
magnitude is generally higher than in helium. Again, at theferential cross sections in heliufi4]. We have found that
cases of most unequal energy sharirig; €1 eV, andE,  convergence with respect to the number of angular momenta
=1 eV) there are some differences in the shape of the croggc|yded in a calculation is critical in determining the correct

sections as compared with helium. triple differential cross section. It is apparent that without
establishing convergence, completely unphysical triple dif-
IV. SUMMARY ferential cross sections may be obtained. Although experi-

ents using beryllium are generally difficult, it is hoped that

In this paper, we have presented absolute calculations cErEese calculations will stimulate more experimental work in

the total |r_1tegral, single differential _an(_j tr_|ple dlfferent_lal measuring absolute differential cross sections of the alkaline-
cross sections for the double photoionization of beryllium

using a time-dependent close-coupling technigue. We believ arth metals, continuing the pioneering work in recent years

that this marks one of the first such absolute calculations of" helium.

these processes for an alkaline-earth element. It is worth not-

ing that once the time-dependent calculation has generated

the complex momentum amplitudes, any conceivable angular ACKNOWLEDGMENTS
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