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We report on anab initio study of the single-photon ionization of Na2 from the electronic ground state
(X 1S g

1) and subsequent photodissociation of the resulting ion. The calculations are done as a function of
internuclear distance~R54.5–7.5 a.u.! and for a range of photoelectron energies 0.25–10 eV. The electronic
continuum wave functions are determined using the so-called iterative Schwinger method, which is anL2

method based on a single-center expansion of all relevant operators and wave functions. A Cooper minimum
is found in thekp-continuum’sp wave ~l51! around a photoelectron energy of approximately 4.5 eV. This
does not, however, lead to significant observable implications for the total cross sections. The subsequent
photodissociation of the Na2

1 ions is calculated using a numerical Numerov method, based on previously
calculated data for the molecular potential-energy curves and dipole matrix elements. The spectrum resulting
from photodissociation of ions created via photoionization of a thermal distribution of Na2 molecules is
calculated and compared with the recent results of Kortynaet al. @Phys. Rev. A50, 1399~1994!#. Excellent
agreement is found with the experimental values if the assumed initial temperature of the molecular beam is
approximately 50 K, which is substantially colder than previously estimated.@S1050-2947~96!08005-5#

PACS number~s!: 33.80.Eh, 31.15.Ar, 33.80.Gj, 33.60.2q

I. INTRODUCTION

The sodium-sodium collisional system and the Na2 mol-
ecule have in recent years received much attention, since the
sodium atom is a prototypical pseudo-single-electron system
and furthermore easily manipulated with current dye laser
technologies@1–5#. In two recent papers the ionic vibrational
distributions have been experimentally determined for the
associative ionization ~AI ! process @Na(3p)1Na(3p)
→Na2

1(y1,J1)1e2# @6# and the single-photoionization
~PI! process@Na2(X

1S g
1)1hn→Na2

1(y1,J1)1e2# @7#. It
was found that there was a substantial population inversion
for the AI process, whereas a large vibrational excitation was
not found in the PI experiments, since these were done with
a photon energy equivalent to the adiabatic ionization poten-
tial ~VIP! of Na2 @7#.

In the present paper we study the single-photoionization
process using anab initiomethod based on a combination of
a Hartree-Fock method for the determination of the bound
states of Na2 and for the calculation of the electronic con-
tinuum wave functions the so-called iterative Schwinger
method, which is implemented in a single-center expansion
formalism @8,9#. The dynamical quantities, cross sections,
and dipole matrix elements, are calculated as a function of
internuclear distance~4.5–7.5 a.u.! and are vibrationally av-
eraged to allow a more comprehensive comparison with ex-
perimental results. The rather shallow potential well of the
ground state of Na2 with classical turning points for, e.g.,
y53 of approximatelyRinner55.208 a.u. andRouter56.585
a.u. and similarly for the ionic state, requires special atten-
tion since the vibrational wave functions are unusually ex-
tended@10#.

II. THEORY AND COMPUTATIONAL DETAILS

The photoionization process of Na2

Na2„X
1Sg

1~y,J!…→
hn

Na2
1
„X 2Sg

1~y1,J1!…1e2 ~1!

is conceptually thought of as a single-step process leading to
an ion in the electronic ground state with a given vibrational
and rotational excitation and a photoelectron@8#. The deter-
mination of the total process therefore requires the descrip-
tion of the initial bound molecular ground state and the final
ionic state, combined with the continuum electron wave
function @9#.

The bound-state electronic wave function is calculated us-
ing the GAMESS computer program@11#, using the uncon-
tracted basis set tabulated in Table I. This basis leads to a
total energy of2323.707 90 a.u. for an internuclear distance
of 6.0 a.u. The equilibrium distance determined in this ap-
proximation is 6.039 a.u. with a harmonic vibrational con-
stantv05157.56 cm21. The corresponding experimental val-
ues are 5.818 a.u. for the equilibrium distance and for the
vibrational constantv05159.17 cm21 @12#. The electronic
wave function is calculated for seven values ofR from 4.5 to
7.5 a.u. with steps of 0.5 a.u., which is more than sufficient
to cover all of the classically allowed region for the ten low-
est vibrational states of the ground state@10#. The electronic
wave function has also been determined with more sophisti-
cated methods @multiconfiguration self-consistent field
~MSCF!#, but the shape of the potential well and the equilib-
rium distance determined were not found to be significantly
different. The SCF level was therefore deemed to be suffi-
cient for the present description, despite the large range ofR
values necessary.
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The electronic ground state of Na2 has, in a one-electron
description, the electronic configuration
1s g

21s u
22s g

22s u
21p g

41p u
43s g

23s u
24s g

2 and the Na2
1

ground state has the electronic configuration
1s g

21s u
22s g

22s u
21p g

41p u
43s g

23s u
24s g

1. Since the ioniza-
tion is from the 4sg orbital, the continuum electron is of
either su or pu symmetry and only odd partial waves~l
51,3,5, . . .! therefore contribute to the electronic continuum
wave function in a single-center expansion around the center
of mass of the Na2 molecule. To determine the electronic
continuum wave function we have used the so-called itera-
tive Schwinger method, which has in the past been used very
successfully for a variety of systems@8,9,13,14#. The current
implementation of the iterative Schwinger variational
method is a single-center expansion method where all perti-
nent quantities are determined in anl expansion and on a
radial grid @8#. The radial grid used has 800 points ranging
out to 67.9 a.u. with a varying grid distance, from 0.005 a.u.
close to the origin to a grid distance of 0.16 a.u. close to the
end points. This large grid far exceeds the extent of either of
the bound states and ensures an adequate description of the
wave functions. For the expansion of the bound molecular
orbitals a maximum partial wave of 90 was used for the
direct potential and the maximum partial wave for the ex-
change potential is 90~1sg!, 90 ~1su!, 80 ~2sg!, 65 ~2su!, 55
~3sg!, 50 ~1pu!, 50 ~1pg!, 30 ~3sg!, and 20~4sg!, respec-
tively. For the expansion of 1/r 12 in the direct term, 180
partial waves were used and 90 in the exchange term. All
other partial wave expansions were truncated atl590. This
ensures a normalization of the various bound orbitals for all

distances to better than 98.8% and for all orbitals, except the
1sg and 1su orbitals, better than 99.9%. In Table II the or-
bital expansions are listed for the various orbitals for~a!
R54.5 a.u. and~b! R57.5 a.u., respectively. It is seen from
Table II that there is not a significant orbital evolution for the
4sg state as a function of the internuclear distance and that it
has a predominants character of 91.81% and 92.90% at
R54.5 and 7.5 a.u., respectively. This strong Rydberg char-
acter has significant implications on the photoionization dy-
namics; see later.

The photoelectron continuum wave function is deter-
mined at the Hartree-Fock level in the frozen core approxi-
mation, where it is assumed that the ionic core after the
photoionization is identical to theN21 electron core of the
ground state@8#. The photoelectron wave functionwk is the
solution to the one-electron Schro¨dinger equation

F2
1

2
¹21VN21~r ,R!2

k2

2 Gwk~k,R!50, ~2!

whereVN21~r ,R! is the static-exchange potential of the mo-
lecular ion charge density,k2/2 is the photoelectron kinetic
energy, andwk satisfies the appropriate scattering boundary
conditions. The photoelectron wave function of Eq.~2!, wk ,
is determined using the iterative Schwinger method, which
has been described elsewhere in greater detail@8,9,13,14#,
and we refer the reader to these references for further details
and will here give only details pertaining to the present
study. This method is implemented in a single-center formal-
ism where all relevant operators and wave functions are ex-
panded in a partial-wave expansion. In this formalismwk is
therefore given by

wk~r !5S 2p D 1/2(
l50

(
m52 l

l

i lCklm~r !Ylm* ~ k̂!. ~3!

Equation~2! is iteratively solved by first guessing a solution
based on a wave function created by augmenting the pure
Coulomb waves for a given value ofk with a number of
discrete basis functions, which are effective in representing
the molecular nature of the continuum wave function close to
the nuclei. To ensure a fast convergence we have used an
unusually large scattering basis set, which is listed in Table
III @14#. We have allowed for three iterations, but the calcu-
lations were for all internuclear distances converged to better
than within 4% of the final result after two iterations. A
maximum value of 11 was used for thel expansion of the
continuum electron wave function, which proved to be more
than sufficient due to the strong Rydberg character of the 4sg
state of the Na2 ground state.

For the vibrational averaging of the dipole transition mo-
ment and the photodissociation dynamics the one-
dimensional Schro¨dinger equation was solved using a Nu-
merov method@15#, with a grid of 1001 points, an inner
turning point of 4.55 a.u., and an outer turning point of 8.10
a.u. for the ground state of the neutral molecule and a grid
with 2001 points, an inner turning point of 4.55 a.u., and an
outer turning point of 11.65 a.u. for the ground state of the
ion. For the electronic potentials of the bound states we used

TABLE I. Gaussian basis set used for the SCF calculation of the
electronic ground state of Na2 and Na2

1 .

Type Exponent

s 36 166.4
s 5372.58
s 1213.21
s 339.62
s 109.55
s 38.777
s 14.576
s 5.2699
s 1.8278
s 0.6199
s 0.0572
s 0.0240
p 144.645
p 33.907
p 10.629
p 3.8239
p 1.4443
p 0.5526
p 0.1887
p 0.0465
p 0.0163
d 0.7000
d 0.1750
d 0.043 75
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the previously published, experimentally determined, RKR
potentials for the ground state@10# and the ion ground state
@7#.

III. RESULTS

In Fig. 1 the absolute value of the dipole transition matrix
elementur f i

llmu is shown as a function of the kinetic energy

for various partial waves for an internuclear distance of 6.0
a.u., wherer f i

llm is given by

r f i
llm5(

l 8,l
^C l l 8l~r !Yl 8l~ r̂ !urY1m~ r̂ !uw i l 0

~r !Yl0l2m~ r̂ !&,

~4!

whereC is the bound state,r the dipole moment operator,
and w the continuum wave function, all expressed in the
single-center expansion formalism. The photoionization tran-
sition moment is, in the dipole-length form, given by@8#

I lmm~R,k!5k1/2^C i~r ,R!urmuCklm~r ,R!& ~5!

and the vibrationally averaged cross section~in the dipole-
length form! is therefore given by@8#

sy,y85
4p2E

3c (
l ,m,m

z^x i
yuI lmm~R,ky,y1!ux f

y1

& z2, ~6!

where ky,y15@2(E2VIP1Ey2Ey1)#1/2 and x i ,x f are the
vibrational wave functions for the ground states of the neu-
tral atom and the ion, respectively.E is the photon energy
and c is the speed of light. The photoionization transition
momentsI lmm(R,k) have been evaluated for each internu-
clear distance for a range of kinetic energies of the final
photoelectron up to a maximum kinetic energy of 10 eV, as
indicated in Fig. 1. For the evaluation of the vibrationally

TABLE II. Single-center expansion coefficient~in percentage! for the various occupied molecular orbitals of Na2 for an internuclear
distance of~a! 4.5 a.u. and~b! 7.5 a.u. Due to the inversion symmetry of the Na2 molecule the gerade and ungerade orbitals are listed
separately.

~a! 4.5 a.u.
Gerade l50 l52 l54 l56 l58 Sum

1sg 0.92 4.43 7.25 9.1 9.94 31.64
2sg 20.83 46.16 19.89 4.67 0.97 92.52
3sg 19.4 34.28 22.83 12.14 5.83 94.48
1pg 22.44 31.11 21.19 11.77 86.51
4sg 91.81 6.01 1.65 0.23 0.03 99.73

Ungerade l51 l53 l55 l57 l59 Sum

1su 2.73 5.95 8.3 9.64 10.03 36.65
2su 46.18 33.71 10.22 2.03 0.7 92.84
1pu 8.42 30.64 26.67 15.92 81.65
3su 36.39 29.64 17.34 8.63 4.11 96.11

~b! 7.5 a.u.
Gerade l50 l52 l53 l56 l58 Sum

1sg 0.33 1.64 2.85 3.90 4.75 13.47
2sg 7.48 27.91 27.25 17.08 8.07 87.79
3sg 6.38 21.92 22.27 17.07 11.67 79.31
1pg 25.49 15.52 19.34 17.14 77.49
4sg 92.90 3.52 1.97 0.97 0.34 99.70

Ungerade l51 l53 l55 l57 l59 Sum

1su 0.99 2.26 3.40 4.35 5.09 16.09
2su 20.03 29.70 22.52 12.08 5.14 89.47
1pu 1.44 10.85 18.40 18.72 49.41
3su 16.56 23.34 19.91 14.26 9.43 83.50

TABLE III. Scattering basis set used in the iterative Schwinger
method for the determination of the photoelectron continuum wave
function. The basis set is listed for thes andp continua separately
and the center for the orbital@Na denotes the sodium atom~both!
and c.m. the center of mass#. See the text for details.

Channel Center l m Exponent

s Na 0 0 64,32,16,8,4,2,1,0.5,0.25,0.125
Na 1 0 16,8,4,2,1,0.5,0.25,0.125
c.m. 1 0 4,1,0.25,0.125,0.05
c.m. 3 0 4,1,0.25,0.125,0.05
c.m. 5 0 1,0.5,0.25,0.125,0.05

p Na 1 1 64,32,16,8,4,2,1,0.5,0.25,0.125
Na 2 1 16,8,4,2,1,0.5,0.25,0.125
c.m. 1 1 4,1,0.25,0.125,0.05
c.m. 3 1 4,1,0.25,0.125,0.05
c.m. 5 1 1,0.5,0.25,0.125,0.05
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averaged cross sections of Eq.~6!, I lmm(R,k) has been inter-
polated ink andR using a spline interpolation and the ap-
pearance potentials determined using the experimental data
of @7# and @10#.

The most significant information contained in Fig. 1 is the
fact that thep wave of both continuum channels is dominat-
ing the photoionization dynamics, as would be predicted
from an atomic photoionization picture where the partial
wave of the continuum (l ) is predicted to differ by61 from
the bound-state orbital~l 0!, i.e., l5 l 061 @16#. Since the 4sg
state has a predominantl 050 ~s-wave! character, this would
predict a dominance of thep wave, as is indeed found. An-
other important feature seen in Fig. 1 is the Cooper minimum
in the kp-channel’sl51 wave around 4.5 eV of photoelec-
tron energy. Although Cooper minima have been experimen-
tally identified for ground-state ionization@17# and recently
from excited states@18# and have been predicted in various
systems@19–21#, it does not, for the present system, lead to
a significant influence of the overall photoionization dynam-
ics. This is a result of the molecular nature of the photoion-
ization process, since the effect of the Cooper minimum is
‘‘washed out’’ by the presence of the other continuum chan-
nels@21#. In Fig. 2 the calculated cross section is shown as a
function of the internuclear distance and photon energy. It is
seen that the cross section is not strongly dependent on the
internuclear distance despite the Cooper minimum, reflecting
the strong atomiclike photoionization dynamics and the fact
that the 4sg orbital does not have a strong orbital evolution

@22# and that the ionic molecular potential does not change
dramatically either. The cross section is, however, as ex-
pected, seen to be strongly energy dependent, which leads to
a rather strong propensity for aDy that leads to a small
photoelectron energy, whereDy is defined asy12y.

For the vibrational averaging the one-dimensional Schro¨-
dinger equation has been solved, as explained earlier, using
the experimentally determined RKR potentials@7,10#. This
leads to the Franck-Condon factors listed in Table IV. It is
here seen that there is no strong ‘‘simple’’ vibrational pro-
pensity for most of the vibrational levels, due to the very
different potential wells of the neutral and ionic ground
states@7,10#. In Fig. 3 the vibrationally resolved photoion-
ization cross sections are shown from they50, 1, and 2
levels of the ground state, respectively, to various values of
y1. It is seen that the absolute value of the cross section
scales, as expected, approximately with the overall Franck-
Condon factor for a giveny,y1 combination and that the
vibrational branching ratios are not found to vary signifi-
cantly as a function of the photon energy, except in the near-
threshold region where certain ionic vibrational channels
close.

In Fig. 4 the calculated photodissociation cross section is
shown as a function of the photodissociation laser wave-
length for a given ionic vibrational levely1. The nuclear
continuum wave function has been determined using a Nu-

FIG. 1. Absolute value of the dipole matrix elementur f t
llmu for

R56.0 a.u. as a function of the photoelectron kinetic energy for the
various partial waves~l51, 3, 5, and 7! of the ks and kp con-
tinuum channels, respectively, with the calculated points indicated
with a d. Notice the Cooper minimum in thekp channel’sl51
wave.

FIG. 2. Calculated photoionization cross section~in 10218 cm2!
as a function of the internuclear distance~in a.u.! and the photon
energy~in eV!.

TABLE IV. Calculated Franck-Condon factors between the
X 1S g

1 state of Na2~y! and theX 2S g
1 state of Na2

1~y1!; see the
text for details. Only quantities larger than 531025 are listed.

y \y1 0 1 2 3 4 5

0 0.0016 0.0087 0.0253 0.0510 0.0807 0.1070
1 0.0122 0.0476 0.0931 0.1190 0.1070 0.0680
2 0.0445 0.1120 0.1250 0.0706 0.0125 0.0028
3 0.1020 0.1410 0.0577 0.0003 0.0306 0.0672
4 0.1650 0.0913 0.0001 0.0499 0.0703 0.0203
5 0.2000 0.0158 0.0474 0.0748 0.0077 0.0181
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merov method@15# and theX 2S g
1→1 2S u

1 dipole matrix
element and the potential-energy curves have been taken
from Magnier, Dulieu, and Masnou-Seeuws@23# for the de-
termination of the overall photodissociation cross section.
Although not strongly varying as a function of internuclear
distance, the dipole matrix element does change almost lin-
early from 2.035 a.u. atR54.0 a.u. to 2.472 a.u atR57.0
a.u. @23#. The calculated photodissociation cross sections
compare well with the previously calculated values of Dal-
garno and co-workers@24#, who, for reasons unknown, do
not give the cross sections for they153 level. The absolute
value of the cross section, with a maximum value of
1.4310216 cm2 at 540 nm for they150 level, compares well
with the experimentally determined value of~961!310217

cm2 at ;540 nm, recently found by Kortynaet al. @7#. This
rather large value of the photodissociation cross section is
the key issue that made the recent continuous-wave~c.w.!
laser experiments feasible that allowed the explicit determi-
nation of the ionic vibrational distributions resulting from
the thermal associative ionization process@Na(3p)
1Na(3p)→Na2

1(y1,J1)1e2# @6#.
Using the calculated ionic photodissociation cross sec-

tions, as depicted in Fig. 4, it is possible to make a least-
squares fit to the experimental photodissociation data of Ko-
rtyna et al. @7# and thereby extract the ionic vibrational
distribution. In Fig. 5 the experimental photodissociation

data from Kortynaet al. @7# and the best least-squares fit
~with the ionic vibrational populations as fit parameters and
up to y154 included! are shown. This fit leads to a relative
ionic vibrational population of 0.633~y150!, 0.015~y151!,
0.243 ~y152!, 0.103 ~y153!, and 0.006~y154!, respec-
tively. The quoted experimental errors have been disregarded
in the fitting procedure, since the two sets of data from Ko-
rtyna et al. @7# appear to be statistically inconsistent. The
fitted spectrum does not have a very good overall agreement
with the measured spectrum, partly due to the fact that some
features in the experimental dissociation spectrum~around
550–560 nm! are too ‘‘sharp’’ to be attributed to photodis-

FIG. 3. Vibrationally resolved photoionization cross section~in
10218 cm2! from they50, 1, and 2 levels of the Na2 ground state,
respectively, to various values ofy1 as a function of photon energy
~in eV!.

FIG. 4. Calculated photodissociation cross section~in 10214

cm2! as a function of the photodissociation laser wavelength~in
nm! for various ionic vibrational levels.

FIG. 5. Experimental photodissociation data from Kortynaet al.
@7# and the best least-squares fit to these using the calculated pho-
todissociation cross sections with the ionic vibrational populations
as fit parameters.
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sociation of the molecular ions. These features are present in
the experimental spectra despite the great care taken by
Kortynaet al. @7# to eliminate other sources of Na1 ions. The
obvious dominance of they150 level in the ionic distribu-
tion from the molecular photoionization is somewhat surpris-
ing based on the Franck-Condon factors in Table IV. Despite
the fact that the photoionization is done at the wavelength of
253.3 nm~hn54.895 eV!, corresponding to the 0-0 adiabatic
ionization potential of Na2, one would expect a higher ionic
vibrational excitation due to the large cross sections for
higher vibrational levels, e.g., they51 to y151 cross sec-
tion, which would dominate at vibrational temperatures
higher than 100 K.

In Table V the calculated photoionization cross sections,
where both the photoionization dynamics and the vibrational
wave functions have been used, are listed as a function of
vibrational excitation for a fixed photon energy of 4.895 eV.
It is seen that beyondy53 it is energetically possible to have
Dy.0 transitions due to the difference in the vibrational en-
ergy of the two states involved~159.8 and 120.7 cm21, re-
spectively @10,12#!. Since the Na2 molecular beam is as-
sumed to have a thermal vibrational distribution with a
vibrational temperature of approximately 200 K@7#, only
about 1% of the population is iny54 or higher. This means
that the spectrum is expected to be dominated by transitions
with Dy<0. Table V also shows that especially photoioniza-
tion of they52 level of the ground state of Na2 has a large
cross section and that these calculated vibrational branching
ratios are somewhat different from the corresponding
Franck-Condon factors found in Table IV. By using the vi-
brational temperature as a fit parameter and the above ex-
tracted experimental vibrational distribution combined with

the branching ratios of Table V one finds that the molecular
beam is much colder~,100 K! than originally estimated by
Kortynaet al. @7#; see later. Another possible mechanism for
the largey150 population, besides an initially colder mo-
lecular beam, is molecular autoionization through excitation
to an electronically doubly excited molecular state@1#. This
channel, which is inherently beyond the independent particle
description, is not included in the present theoretical descrip-
tion and this may lead to the observed discrepancy, although
based on experience from other molecular systems it is not
expected to lead to such a dramatic difference@25,26#.

To illustrate the sensitivity of the ionic vibrational branch-
ing ratios on the initial vibrational temperature we show in
Table VI the calculated vibrational ionic branching ratios as
a function of temperature for a photon energy of 4.895 eV.
The vibrational distribution in the Na2 ground state is as-
sumed to be thermal. It is found that the ionic vibrational
branching ratios are rather sensitive to the initial temperature
due to the complex vibrational dependence of the ionic
branching ratios; see Table V. For vibrational temperatures
of less than approximately 70 K the dominant ionic vibra-
tional level is y150 and for vibrational temperatures less
than approximately 50 Ky150 is by far the most dominant
channel in accordance with the experimental results. A re-
cent reanalysis by Hu¨wel @27# has shown that their original
estimate possibly was too high and that the vibrational tem-
perature certainly was less than 200 K.

In Table VII the calculated ionic branching ratios are
shown as a function of the photon energy for a thermal en-
semble of Na2 with an assumed vibrational temperature of
200 K following the original estimates of Kortynaet al. @7#.
It is seen that the ionic vibrational distribution changes radi-

TABLE V. Calculated photoionization cross sections~in 10218 cm2! for a photon energy equal to the 0-0
adiabatic photoionization threshold energy 4.895 eV. Only cross sections larger than 5310223 cm2 are listed.

y \ y1 0 1 2 3 4 5

0 0.0293 0 0 0 0 0
1 0.2220 0.8762 0 0 0 0
2 0.7978 2.0334 2.2994 0 0 0
3 1.8066 2.5325 1.0494 0.0055 0 0
4 2.8864 1.6113 0.0014 0.8963 1.2817 0.3764
5 3.4508 0.2751 0.8310 0.9517 0.1410 0.2102

TABLE VI. Calculated ionic vibrational branching ratios as a function of temperatureT, assuming a
thermal vibrational distribution in the ground state, for a photon energy equal to the 0-0 adiabatic photoion-
ization threshold energy 4.895 eV.

T ~K! \ y1 0 1 2 3 4 5

50 1.0000 0.2907 0.0077 0.0000 0.0000 0.0000
100 0.5531 1.0000 0.2196 0.0010 0.0012 0.0004
150 0.4486 1.0000 0.3787 0.0080 0.0092 0.0030
200 0.4792 1.0000 0.4615 0.0214 0.0233 0.0078
250 0.5336 1.0000 0.5030 0.0375 0.0389 0.0134
300 0.5898 1.0000 0.5251 0.0537 0.0535 0.0188
350 0.6419 1.0000 0.5376 0.0687 0.0664 0.0238
400 0.6885 1.0000 0.5452 0.0823 0.0777 0.0282
450 0.7297 1.0000 0.5501 0.0944 0.0873 0.0321
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cally as function of energy and that at photon energies larger
than 5 eV it leads to a significant population inversion as
found for the associative ionization process@6#. With this in
mind, it is clear that one is not able solely on basis of the
ionic vibrational branching ratios to determine whether the
direct photoionization mechanism or a molecular autoioni-
zation mechanism is the primary channel for associative ion-
ization at ultraslow collision velocities~photoassociated ion-
ization! @28–30#. For photon energies under the 0-0 thresh-
old a larger relativey150 population is found, simply
because this is solely dominated by photoionization from
thermally populated higher vibrational states of the ground
state. Although it is inconceivable that this would be the case
in the experiments of Kortynaet al. @7#, the use of a photon
energy 0.05 eV less than the 0-0 threshold would lead to a
similar ionic vibrational distribution as found for a colder
molecular beam~Tvib'50 K!.

In Fig. 6 the calculated photodissociation spectrum of
ions resulting from photoionization at a photon energy of
4.895 eV of an assumed thermal~Tvib550 and 200 K! Na2
beam is shown. Here the calculated vibrationally resolved
photoionization cross sections and the calculated photodisso-

ciation cross sections have both been combined in the total
calculation. The experimental points of Kortynaet al. @7# are
also shown in Fig. 6. It is seen that the agreement between
the theoretical and the experimental values is rather poor for
an assumed vibrational temperature of 200 K, since at this
temperature there is a substantial vibrational excitation in the
neutral atoms as explained above. However, if one assumes
that the vibrational temperature is much lower than origi-
nally estimated, the agreement between the calculated and
measured spectra increases dramatically, as can be seen in
Fig. 6 for a vibrational temperature of 50 K. This is in gen-
eral agreement with the recent reanalysis by Kortynaet al.
@27# of the initial vibrational temperature in their experiment
@7#.

IV. CONCLUSION

We have presented a purelyab initio calculation of the
photoionization process from the ground state of Na2 fol-
lowed by photodissociation of the resulting ions. For the
photoionization a Cooper minimum was found in thekp-
continuum’sp wave~l51! around a photoelectron energy of
approximately 4.5 eV. This is not found to lead to significant
observable implications for the total cross sections. The total
photoionization cross section is found to be strongly energy
dependent and decreasing rapidly for increasing photoelec-
tron energy. The calculated cross sections are, however, not
found to be strongly dependent of the internuclear distance
and there is not a significant orbital evolution of the ground-
state valence orbitals as a function of internuclear distance.

Despite the relatively weak internuclear dependence of
the photoionization cross section, the ionic vibrational
branching ratios are found to depart significantly from the
corresponding Franck-Condon factors. This is primarily due
to the strong energy dependence of the cross sections, since
the final photoelectron kinetic energy, for a given photon
frequency, will be different for the various vibrational levels.
The ionic branching ratios are found to be strongly depen-
dent on the photon frequency around and just under the 0-0
ionization threshold, but to a lesser degree at larger photon
energies.

The calculated wavelength-dependent photodissociation
cross sections are found to be in good agreement with pre-

TABLE VII. Calculated ionic vibrational branching ratios as a function of photoionization photon energy
~in eV! for ionization of a thermal distribution of Na2 molecules with a vibrational temperature of 200 K.
Note that the first two energies are below the 0-0 adiabatic photoionization threshold energy of 4.895 eV and
thus are dominated by photoionization from higher vibrational states of the ground state. Only up toy55 has
been included in the calculation.

hn ~eV! \ y1 0 1 2 3 4 5

4.800 1.0000 0.0000 0.0000 0.0000 0.0000 0.0000
4.850 1.0000 0.1757 0.0275 0.0299 0.0000 0.0000
4.895 0.4792 1.0000 0.4615 0.0214 0.0233 0.0078
5.000 0.1523 0.4076 0.6901 1.0000 0.0074 0.0025
5.250 0.1085 0.2904 0.5054 0.7150 0.8877 1.0000
5.500 0.1093 0.2922 0.5077 0.7176 0.8867 1.0000
5.750 0.0984 0.2934 0.5091 0.7185 0.8880 1.0000
6.000 0.1108 0.2955 0.5119 0.7212 0.8839 1.0000
6.500 0.1133 0.2354 0.5181 0.7263 0.8924 1.0000

FIG. 6. Calculated photodissociation spectrum of ions resulting
from photoionization of Na2 with 4.8948-eV photons, correspond-
ing to the adiabatic photoionization potential of Na2, with a vibra-
tional temperature ofTvib550 and 200 K.
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viously published theoretical results where a comparison was
possible. The recently determined absolute cross sections are
also, according to the present calculation, within the experi-
mental error@7#. The combination of the calculated photo-
ionization cross sections and the photodissociation cross sec-
tions makes it possible, under the assumption of a given
thermal distribution in the ground state of Na2, to predict the
resulting normalized ion yield as a function of the photodis-
sociation laser wavelength. A change in the assumed thermal
distribution leads to a dramatic change in the spectrum due
to the complex change in the ionic vibrational distributions
as a function of photoionization energy and vibrational exci-
tation. A vibrational temperature of 50 K leads to relatively
good agreement with the experimental results@7#.

Some of the very sharp features found in the experimental
results are not found in the calculated photodissociation
spectra and these are not presumed to stem from the photo-
dissociation of Na2

1 ions. As seen in Fig. 4, these features are
simply too sharp to correspond to photodissociation of a
lower-lying vibrational level. If higher vibrational states
were responsible for this structure, then other easily recog-
nizable features would have to be present in the photodisso-
ciation spectrum at other wavelengths. Despite the care taken
by Kortynaet al. @7#, they were unable to exclude this source
of Na1 ions and we are presently unable to assign it to any
diatomic process.

The possible influence of molecular autoionization on the
ionic vibrational branching ratios, which has not been in-
cluded in the present theoretical description, is intriguing,
especially since this is directly comparable to the experi-
ments@1,3,6,28–30# with laser-cooled Na atoms, where it is
not yet obvious whether photoionization or molecular auto-
ionization is the dominant mechanism for the creation of the
Na2

1 ions. Doing a wavelength-dependent photoionization
experiment would therefore be important, since molecular
autoionization features are expected to be rather sharp. The
vibrational branching ratios should therefore be even more

dependent on the photon energy than found in the present
work. The experimental choice for the photon energy for the
ionization step@7# turns out to be rather unfortunate, since
the cross sections are so strongly varying around the thresh-
old due to the small vibrational constants of the states in-
volved and due to the complex vibrational overlap between
the ion ground state and the neutral ground state.

The present work suggests that there are other combina-
tions of vibrational temperature and photoionization photon
energy that will also lead to a peaked ionic vibrational dis-
tribution, i.e., where one vibrational ion state is predomi-
nantly populated, and this may be used for further experi-
ments where a specific ionic vibrational state is desired. For
future experiments and comparison with theory it is, how-
ever, very important to have a good determination of the
ground-state vibrational temperature~distribution!, since it
has significant implications on the final ionic vibrational dis-
tributions. It is possible that this can be achieved via photo-
association of laser-cooled atoms@30#, combined with opti-
cal pumping to a given vibrational level of the ground state
of Na2. An alternative would be to use a multiphoton scheme
going through excited states of the Na2 molecule and by that
achieving the desired vibrational~and rotational! selectivity.
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