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Probing the 12Su
1 cation state by low-energy dissociative ionization of Na2

B. Delahunty, K. Black, and L. Hu¨wel
Physics Department, Wesleyan University, Middletown, Connecticut 06459-0155

~Received 10 February 1999!

We have measured highly resolved time-of-flight spectra and concomitant angular distributions of slow Na1

ions produced by near-threshold dissociative ionization of Na2. Using double-resonance excitation via the
A 1Su

1 state, Na2 molecules are promoted to rotational levelsJ514 or 16 and vibrational levels betweenv
550 and 69 of the 41Sg

1 state. Then, a third photon—from the second of two tunable dye lasers employed—
causes the transition into the double continuum associated with the 12Su

1 potential of the Na2
1 cation. A

detailed Monte Carlo simulation is employed to study the dynamics of this dissociative ionization process in
detail. Based on this approach, we were able to subject recent calculations of this 12Su

1 potential to experi-
mental scrutiny. We find our data to be compatible with a zero-energy crossing near 8.8 Å and a well depth of
about 70 cm21, which agrees with most of the published calculations. Angular distributions for the vibrational
level v560 are also reproduced well using the same potential parameters and an anisotropy parameterb52
modified by a semiclassical argument to account for parent molecule rotation.@S1050-2947~99!07708-2#

PACS number~s!: 34.20.Cf, 33.80.Gj, 33.80.Rv
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I. INTRODUCTION

Dissociative ionization of diatomic molecules provides
intriguing example of a three-body process: upon absorp
of one or more photons, breakup occurs into an electro
neutral atom, and an ion. Because of the large mass di
ence, it is not easy to treat the dynamics of electronic
nuclear motion in the exit channel in a unified, simultaneo
manner. Only recently has such a theoretical descrip
been accomplished@1#; good agreement was found with da
relating to the competition between ionization and dissoc
tion @2# and the predissociation of singlet gerade states@3# in
H2. In fact, dissociative ionization usually occurs in comp
tition with other product channels such as predissociation
ionization without fragmentation and this aspect and a h
of related questions have been addressed in several re
experimental and theoretical papers. For example, exp
mental studies of dissociative ionization of CO@4# and O2

@5# focus on the competition between dissociation a
ionization—in the latter case far~more than 10 eV! above the
ionization threshold. With a maximum possible fragmen
tion energy of 0.56 eV, a study of the single color~193 nm!
3-photon dissociative ionization of H2 via the E,F state@6#
shifts the emphasis closer to threshold and provides, in
ticular, a detailed analysis of the proton angular distributi
At a similar maximum fragment energy, the femtoseco
dynamics of dissociative ionization of NaI has been the st
of some quantum-mechanical simulations@7#. Even closer to
threshold, our laboratory has reported@8# on a systematic
investigation of dissociative ionization of Na2 in vibrational
levels fromv550 to 69 in the 41Sg

1 state. For the lowes
observed vibrational level, the maximum available center-
mass fragmentation energy is only about 0.04 eV. Furth
more, forv552 and 55, strong evidence exists for significa
production of ion fragments withzero kinetic energy. The
current paper expands on the discussion of these experim
tal results. Most importantly, we have reanalyzed how
time-of-flight ~TOF! line shapes are influenced by the lowe
PRA 601050-2947/99/60~2!/1179~8!/$15.00
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ungerade state of the Na2
1 molecular ion, the 12Su

1 poten-
tial, in particular, by its shape near the zero-energy cross
point and the depth of its shallow well. Core extraction a
low-field mode operation of the TOF spectrometer allow
very efficient detection of slow fragments. Hence, our e
periment is very sensitive to the near-threshold region an
the zero-energy crossing point of the—nomina
repulsive—upper molecular potential and we exploit th
sensitivity to test which of several recent calculations@9–15#
best reproduces our results. Figure 1 shows the potential
culations for the ranges of internuclear distance and ene
relevant to our experiment. As can be seen the various
oretical approaches agree very well. Nevertheless, small
ferences exist and our experimental data can reject at l
one of these calculations. In order to use theab initio points
of the calculations for our purposes and also in order to b
ter compare the different references to each other, we
cided to use a six-parameter analytical expression as a fi
form to all published data@see Sec. IV, Eq.~5! and also

FIG. 1. Potential-energy curve of the 12Sd
1 state of Na2

1 ac-
cording to six different calculations. The solid line is an analytic
expression valid for the asymptotic region of exchange and dis
sion interactions.
1179 ©1999 The American Physical Society



1180 PRA 60B. J. DELAHUNTY, K. BLACK, AND L. HÜWEL
TABLE I. Parameter values in atomic units, zero-energy crossing point in Å, and well depth in cm21 for
best fits of the analytical potential function, Eq.~2!, to recent calculations of the 12Su

1 potential.

Reference
A

~a.u.!
b

~a.u.!
a1

(102 a.u.)
a2

(103 a.u.)
a3

(105 a.u.)
2B

(104 a.u.)
R0

~Å!
Vmin

~cm21!

@9# 0.768 0.614 59 1.592 1.86 0.55 6.1 8.83 67.8
@10# 0.579 0.612 39 1.905 214.3 2.9 24.0 8.43 74.3
@11# 0.741 0.616 09 1.653 1.13 28.1 2.3 8.78 69.5
@12# 0.752 0.617 20 1.657 0.52 27.0 2.4 8.78 69.6
@13# 0.776 0.618 74 1.606 2.42 27.3 2.8 8.79 68.9
@14# 0.774 0.616 51 1.675 2.17 25.0 3.7 8.77 72.0
@15# 0.771 0.615 02 1.701 0.95 23.8 3.6 8.86 70.0
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Table I#. The solid line shown in Fig. 1 represents this an
lytical expression with the parameter values from the or
nal article @9#. We have also measured the polarization d
pendence of the TOF spectra for vibrational level 60 in
shelf state. Section III summarizes all our observations w
Sec. IV presents a detailed discussion of the Monte C
simulation used to analyze our data. Section V explains
findings and how the observed TOF patterns can be
counted for. Experimental details of our work are provid
in the following section.

II. EXPERIMENT

Apparatus.We have used a molecular beam apparatu
conjunction with a linear time-of-flight spectrometer of th
Wiley-McLaren type@16#, two pulsed, narrow-band dye la
sers pumped by a single neodymium-doped yttrium alu
num garnet~Nd:YAG! laser, and a computer-controlled 10
MHz transient digitizer. With this set of instruments we c
control input parameters and measure TOF spectra with
precision necessary for the experiments and analysis
scribed in this paper. While pertinent aspects of the exp
mental setup can be found elsewhere@8,17,18#, the subse-
quent description provides additional details of molecu
beam, laser, and TOF spectrometer, some of which are
included in our simulation program.

The double-chamber beam source is heated by stain
steel sheathed nickel wires to temperatures of about 79
and 720 K for nozzle and reservoir compartment, resp
tively. The resulting sodium vapor pressure in the reserv
is estimated to be about 5 to 10 torr. Under these opera
conditions and with a nozzle diameter of approximately
mm, we expect a mild supersonic expansion. In an attemp
measure the Na2 speed distribution in the beam, we ha
monitored the variation of the Na2

1 TOF signal when polar-
ity and strength of an electric field in the drift region of th
TOF spectrometer~produced by a suitable pair of ‘‘steerin
plates’’! are changed systematically. Oriented parallel to
beam motion, this steering field allows a given speed ra
of Na2

1 ions to reach the detector. From a careful analysis
such data we conclude that the molecular beam has a s
ratio of S53 and a most probable speed of aboutv0
5550 m/s corresponding to a translational temperature
about 75 K. Using both resonantly enhanced two-photon i
ization @or resonantly enhanced multiphoton ionizati
~REMPI! provided anything more than one photon is term
‘‘multi’’ # and laser-induced fluorescence, we have es
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lished the vibrational temperature of the molecular beam
be aboutTvib5150625 K and a somewhat lower rotationa
temperature ofTrot575625 K. At these values, about 80%
of the Na2 molecules are in the ground vibrational level a
5% excited beyondv51 while the most probable rotationa
level is found at aroundJ'12.

The laser system used in the experiments consists
20-Hz Q-switched Nd:YAG~continuum model NY-61! and
two tunable dye lasers~Lumonics Hyper-dye 300!. Typical
specifications are pulse duration of about 7 ns for the YA
and slightly shorter for the dye lasers, a dye laser band w
of approximately 0.1 cm21, and pulse energies of approx
mately 10 mJ for the dye laser at 620 nm. In order to mi
mize multiphoton effects, the dye laser power is reduced
the experiments to about 10mJ. Because of a relatively long
distance, the laser-beam diameter has increased to ca. 10
at the intersection with the molecular beam correspondin
a power density level of about 20 kW/cm2; an aperture at the
entrance window of the vacuum chamber limits the laser t
diameter of about 3 mm. A Rochon polarizer cube assu
the dissociation laser degree of linear polarization to be
than 1 part in 105. For the fragment angular distributio
measurements, rotation of the probe laser polarization is
complished with the help of a double Fresnel rhomb. Fina
for the ancillary two-color REMPI experiment used to cha
acterize the internal Na2 state distribution, frequency dou
bling with a potassium dihydrogen phosphate crystal, p
duces the UV light necessary to ionize theA 1Su

1 state
excited Na2 molecules.

Our TOF spectrometer is designed to give optimiz
space focusing when acceleration and extraction volta
Vac and Vex are adjusted to a ratio ofVac:Vex54. The re-
sidual flight-time spread of Na2

1 ions starting at the top and
bottom of the molecular beam, respectively, is then predic
to be 50 ns for the typical operation value ofVs57.5 V.
Other experimental parameters influencing the spread o
rival times of monoenergetic fragments are primarily the
nite solid angle of the ion detector, a small amount of
voltage noise residing on some of the spectrometer e
trodes, the residual perpendicular beam velocity compon
of the Na2 molecules, and fringe fields produced by the wir
of the meshes that separate the various regions of the
spectrometer. We discuss these influences in Sec. IV des
ing the simulation program.

Finally, data acquisition is accomplished by coupling t
output of our microchannel plate detector into a 100-M
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PRA 60 1181PROBING THE 12Su
1 CATION STATE BY LOW- . . .
transient digitizer or—for the ion yield data—a suitab
gated boxcar integrator. All data is stored for further analy
in a desktop computer that is interfaced to the experim
either via GPIB or an input/output card with analog-t
digital conversion capability.

Procedure.The experiments described here are quite
volved. Several separate steps have to be taken, even ig
ing the various experiments needed to obtain a detailed c
acterization of our experimental setup, chiefly for the ben
of a realistic Monte Carlo simulation and hence reliable
terpretation of the data. First, we record a two-color REM
spectrum of Na2

1 ions via theA 1Su
1 state: the fixed fre-

quency probe laser with a wavelength of about 310 nm i
izes this intermediate state as it is populated when the pu
laser is scanned through the absorption region around
nm. Assignment of the—rotationally resolved—lines in th
yield spectrum allows us to determine unambiguously a
independent of any other dye laser calibration the dye la
setting that will excite to a particular rovibrational level o
theA state~typically we chose thevA520, JA515 level that
is a compromise between optimizing signal strength a
finding well-isolated molecular transitions!. Next, after es-
tablishing the desired frequency setting of the pump las
we remove the UV doubling stage from the probe laser, a
record the slow Na1 ion yield spectrum that arises when th
probe laser is scanned through the rovibrational resonan
of the shelf 41Sg

1 state. Figure 2 gives an example. Finall
we select the probe-laser frequency needed to populate
double resonance, the various vibrational levels with ro

FIG. 2. The Na1-ion yield spectrum in this figure was obtaine
by exciting Na2 molecules to thev8520, N8515 level of the
A 1Su

1 state, scanning the probe laser over the indicated range,
collecting slow Na1 ions with flight time between 26 and 27ms
~see Fig. 3!.
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tional selection either viaP or R branch excitation, and
change to the TOF data acquisition mode. Although pro
adjustment of the laser powers minimizes any ion sig
from either laser alone, an optical delay of about 10 ns of
probe relative to the pump laser simplifies matters further
precluding any pump-laser ionization of excited Na2 mol-
ecules, which might be produced by accidental resonance
the probe laser. Nevertheless, we record TOF spectra fo
possible on-off combinations of the two dye lasers and
propriately subtract the background due to any laser al
~usually this amounts to only a few percent of the total s
nal, if any!. In the end, we obtain TOF spectra such as t
shown in, e.g., Fig. 3 built up from typically about 5000 las
pulses.

III. RESULTS

Figures 3 and 7 contain examples of TOF spectra we h
measured. In all, spectra for 28 different initial quantu
states were recorded:P andR branch excitation out ofvA
520 andJA515 into the shelf vibrational levelsv550 to
60, 63, 66, and 69. Shown in Fig. 3 are the cases for dis
ciative ionization out of the shelf vibrational levelsv552,
56, 60, and 66~filled circles in the figure!; a spectrum for
v550 is given in Fig. 7. In all cases, fragment flight time
are confined roughly to a window of60.5ms centered abou
the flight time of Na1 ions that have no velocity componen
along the TOF axis, which under our conditions has

nd

FIG. 3. Experimental time-of-flight spectra~solid circles! of
slow Na1 ions produced in dissociative ionization of Na2 in rovi-
brational levels of the 41Sg

1 state as indicated (v552, 56, 60, and
66!. The parent molecule rotational level isJ516 in each case. The
result of a Monte Carlo simulation is also shown~solid line!; see
text for further details.



t
d
c

ion
h-

to
th
ct
in
y

s
a

ea
re
w
n
an
t t
is
f
e
fu
a

flu
e
ec

—
pa-
or.
be

the
ave

it is
ho-

ined
o-
rate

e
re-
ec-

mp-
n-

tron,

enly
ith

nt,
ee

n

our
a-
that
sity
tic-
ve
ap-
nc-

he

-
lyti-

o

n
c

de

1182 PRA 60B. J. DELAHUNTY, K. BLACK, AND L. HÜWEL
value of 26.47ms. It is worth emphasizing at this time tha
because of the double-resonance excitation scheme an
subtraction technique used to generate the shown spe
there is virtually no contamination due to spurious ionizat
of atomic Na. Figure 3 shows in particular, for the two hig
est vibrational levels~60 and 66!, the typical forward and
backward peaks indicating fragments ejected initially
wards and away from the detector. The data shown in
figure should not be interpreted as if the experimental spe
showed monotonically increasing turn-around times for
creasing vibrational level~and hence increasing total energ
dumped into the molecule!. As we reported in our previou
note @8#, such a simple trend exists only above vibration
level 57 whereas below that level an irregular pattern of p
separation as a function of vibrational quantum number p
vails. For the shelf levelv560, we have also measured ho
the TOF spectrum changes when the polarization directio
the probe laser is rotated. Starting at vertical orientation
with a step size of 15°, the polarization angle with respec
the vertical was rotated through 180° and under otherw
identical conditions TOF spectra were recorded. Results
polarization directions of 0°, 30°, 60°, and 90° are display
in Fig. 4 ~again experimental data are represented by
circles!. It is interesting to note that despite the parallel n
ture of the dissociating transition and its associated cos2 an-
gular fragmentation pattern, the total observed fragment
at 90° is only by about 10% smaller than that at 0°. Tak
literally—and erroneously neglecting the vagaries of det

FIG. 4. Polarization dependence of the flight time spectrum
slow Na1 ions due to dissociative ionization of thev560 shelf
vibrational level~solid circles!. The angle of the laser polarizatio
with respect to the TOF axis, i.e., the vertical, is shown in ea
panel. Corresponding Monte Carlo simulations are also inclu
~solid line!; see text for further details.
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tion efficiencies of a TOF spectrometer for slow fragments
the ratio of these two intensities implies an anisotropy
rameter of only 0.1 or almost completely isotropic behavi
Obviously, a more refined analysis is necessary and will
presented in the next section.

IV. SIMULATION

The basic ideas and implementation principles of
simulation program used in the analysis of this paper h
already been outlined elsewhere@8#. Also, essentially the
same code has been described in another paper where
employed to analyze proton TOF spectra resulting from p
todissociation of HBrn clusters@19#. Generally, the Monte
Carlo program propagates the trajectories of a predeterm
number of ions through the spectrometer with ion initial p
sitions and velocities chosen randomly but commensu
with appropriate kinetic energy and angular distributions~see
below for details!. If in the simulation an ion reaches th
detector, its flight time is saved and a count in the cor
sponding time bin is registered contributing to the TOF sp
trum thus synthesized.

Fragment energy distribution.The kinetic-energy distri-
bution of the fragment ions was obtained under the assu
tion that the Born-Oppenheimer approximation is valid. E
ergy above threshold is shared between the photoelec
the Na1 photoion, and the Na(3s) neutral fragment. The
latter two have essentially the same mass and hence ev
split the energy not carried away by the photoelectron. W
a total available energy ofEmax in the center-of-mass~c.m.!
frame, the probabilityp(E)dE for the heavy fragments to
have energy in the range fromE to E1dE can then be cal-
culated from

p~E!dE5cs~«5Emax2E,1! f ~v,J;E,l !dE, ~1!

where c is an energy-independent normalization consta
s(«,l ) is the photoionization cross section leading to a fr
electron with energy« and angular momentuml, and
f (v,J;E,l ) is the Franck-Condon density for a transitio
from rovibrational shelf state leveluv,J& to a 12Su

1 scatter-
ing statê E,l u with energyE and orbital angular momentum
l . Following the same reasoning discussed at length in
previous paper@8#, we have adopted a constant photoioniz
tion cross section for the energy range above threshold
we are interested in. Hence, the Franck-Condon den
alone is used as a predictor for the slow ion fragment kine
energy distribution observed in our experiments. We ha
numerically evaluated the overlap integrals between the
propriate bound vibrational and free scattering wave fu
tions with the help of a Numerov-Cooley algorithm@20#. For
the initial 41Sg

1 state we used a spline-fitted version of t
published Rydberg-Klein-Rees potential@21#. For the final
1 2Su Na2

1 potentialVu(R), written as the sum of polariza
tion and exchange interaction, we have adopted the ana
cal expression@9#

Vu~R!5Vp~R!1Vx~R!, ~2!

where

f

h
d
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Vp~R!52
1

2 S a1

R4 1
a2

R6 1
a3

R82
B

R7D ~2a!

and

Vx~R!5
1

2
A2R2/b21e2bR21/bF12S 1

b32
1

b2D 1

RG2

3F11S 3

2b32
1

b2D 1

RG , ~2b!

which gives excellent fits to earlier published calculatio
@9–15# of the 12Su

1 potential. A nonlinear fitting procedur
based on the Levenberg-Marquardt algorithm produces
fit parameters for the various potentials, which we have
sembled in Table I. Also included in this table are the cor
sponding zero-energy crossing pointsR0 and well depths
Vmin ~note that the fit parameters are given in atomic un
while R0 is in Å andVmin in cm21!. Because some of theab
initio calculations employ different values of the asympto
energy, i.e., of the ionization potential of Na, we have shif
the potential data of these references by the difference
tween their value and our adopted value@22# of Vion
~Na!541449.65 cm2150.188859 a.u.

Because of the double-resonance excitation scheme
in our experiments, the total energyEmax in Eq. ~1! is com-
pletely determined by very accurately known spectrosco
data. Once the assignment has been made as to which
brational levels (vA ,JA) and (v,J) of the A 1Su

1 and 41Sg
1

states, respectively, are involved in a given TOF spectr
the total available energyEmax(vA ,JA ,v,J) follows immedi-
ately from the relation,

Emax~vA ,JA ,v,J!52E4S2EAS2De~X 1Sg
1!2Vion~Na!,

~3!

when the above-quoted value for the ionization energy of
ground-state Na atom is used; De(X

1Sg
1)

56022.0286 cm21 for the dissociation energy of the Na2
ground state@23#, and the spectroscopic termsEAS andE4S

refer to the appropriate term energies of theA 1Su
1 and

4 1Sg
1 states, respectively@24,21#.

FIG. 5. Franck-Condon densities as a function of fragment
ergy in the c.m. frame for dissociative ionization of Na2 in a specific
rovibrational level of the 44Sg

1 state;v552, 56, 60, and 66 as
indicated.
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Figure 5 exemplifies the behavior of the Franck-Cond
density that is sampled by dissociative ionization starting
the shelf vibrational levels indicated in the figure. These
the same levels for which the corresponding flight time sp
tra are reproduced in this paper. Note the pronounced pea
zero fragment energy for the shelf level 52. Its outer turn
point of 9.3 Å @21# is situated perfectly to couple the low
momentum part of the bound wave function very effective
into the zero-energy scattering wave function launched at
1 2Su

1 zero-energy crossing point of about 8.8 Å~see Fig. 1!.
Also indicated in Fig. 4 are the respective total availab
energy values.

Fragment angular distribution.In accordance with the
symmetry of the two potentials involved, the 41Sg

1 state of
the neutral precursor and the final 12Su

1 ion state, we expec
a value ofb52 in the standard anisotropy expression@25#
for fragmentation of rotationless molecules. However,
initial rotational motion of the Na2 (J514 or 16! does affect
the angular distribution somewhat. In our first communic
tion @8#, we argued that even for slow fragments the mole
lar axis rotates by only small angles—mainly because
internuclear distance and hence the moment of inertia
very large already at the start of dissociation. Rotational
fects are indeed negligible for fragments with kinetic en
gies above about 200 cm21 ~in the c.m. frame!, but a small
yet noticeable influence on the shape of the simulated T
spectra can be detected for very slow fragments that afte
are important in our results. We have, therefore, incorpora
a semiclassical, fragment energy-dependent correction@26#
to the anisotropy parameterb as follows:

beff5bP2~cosu!5bP2H cosF tan21S v rot

v trans
D G J ~4!

with

v rot5
\Al ~ l 11!

m^R&
~4a!

and

v trans5A2E/m, ~4b!

where in Eq.~4! P2 denotes the second Legendre polynom
and the fragment rotational and translational speeds in
center-of-mass frame andv rot and v trans, respectively, are
spelled out in Eqs.~4a! and ~4b!. There, l quantifies the
fragment orbital angular momentum,m, the fragment re-
duced mass, andE, the c.m. fragment energy. The avera
bond length at the moment of absorption of the last pho
^R& essentially plays the role of the impact parameter in t
semiclassical model of photodissociation viewed as h
collision. We derive its value from the centroid approxim
tion @27# as the expression

^R&5^E,l uRuv,J&/^E,l uv,J&, ~5!

where uv& and uE& are the properly normalized wave func
tions describing the initial bound vibrational levelv and the
scattering state at energyE, respectively. Numerical value
are obtained by using the appropriate matrix elements~see
above! for each potential in the corresponding integrals.

-
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1184 PRA 60B. J. DELAHUNTY, K. BLACK, AND L. HÜWEL
each instance, this argument defines a unique value for^R&,
which we then use in evaluating the effective anisotropy
rameterbeff . For the parameter values in our case, it
smaller than 1.9 whenE decreases below about 200 cm21

~.0.025 eV!. In particular, for those cases where the ene
distribution calls for significant numbers of fragments w
low energies, this change in the angular distribution sho
up in simulated spectra as a subtle but definitely noticea
‘‘filling in’’ of the minimum between the TOF peaks due t
early and late fragments if such a minimum exists~see spec-
tra in Figs. 3, 4, and 7!. Otherwise, the influence due t
parent rotation on the TOF spectral line shape is very we
in particular, no noticeable broadening of the lines is see

The Monte Carlo simulation of our measured TOF spec
combines all above ingredients leaving only an overall sc
ing factor and a small~at most620 ns! flight time shift as
adjustable parameters. Usually, and for the cases show
the figures, we have adopted the approach to scale ex
ment and simulation by the ratio of their respective are
The success of this simulation approach may be gauge
the examples included in Figs. 3, 4, and 7. While in Fig
the scaling factors for each vibrational level are different,
same scaling factor is used for all polarization angles in F
4. This figure shows the measured simulated polarization
pendence of the dissociative ionization signal originating
shelf vibrational levelv560. We have rotated the probe la
ser polarization angle in steps of 15°—not all results
displayed—from 0°~equivalent to vertical polarization, par
allel to TOF axis! to 90° ~horizontal polarization, perpen
dicular to TOF axis!. It is interesting to note that the corre
sponding change in the TOF line shape is somewhat diffe
from the case familiar at higher fragmentation energy. Fr
the discussion of the fragment angular distribution we kn
thatb52; hence, we expect the Na1 fragments to be ejecte
in a cos2 distribution, symmetric around the laser polariz
tion direction. Therefore, for vertical polarization~panel 0°
in Fig. 4! we expect and observe the typical, symmetric
modal peak due to the large number of fragments initia
leaving approximately upwards~early peak! and downwards
~late peak!. As the laser polarization is rotated towards t
horizontal direction~panel 90° in Fig. 4!, the fragment angu-
lar distribution rotates with it thus diminishing the fragme
flux appearing at the flight time of those peaks—as o
would expect. However, the signal near line cente
corresponding to fragments with near zero initial veloc
along the TOF axis—actually increases. This is a con
quence of the finite solid angle of the detector and the h
collection efficiency of the TOF spectrometer for these fra
ments. As mentioned above, for the measurement of the
larization dependence we scaled the simulation only onc
the experimental data~at 0° and by area!. The same scaling
factor is then used for all other polarization angles. As can
seen all trends of the experimental data are well borne ou
the simulation.

V. DISCUSSION

The data of this paper have been analyzed with the p
cedure outlined in Sec. IV above and the solid lines show
the TOF spectra of Figs. 3, 4, and 7 are the final results
this effort. Considering the paucity of adjustable paramet
-
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the degree of agreement between experiment and simula
is quite satisfactory. In fact, all cases not shown have
same or even better conformity. The underlying potentia
all cases is the best fit to the calculated data points by M
nier @11#. However, as is clear from Table I, the results are
close to the other calculations that our data cannot discr
nate between them with the exception of Ref.@10#. Using
energy distributions derived from the latter potential t
simulation produces spectra, specifically forv551– 54,
which are in much poorer agreement with the experim
than the case shown in this paper. The zero-energy cros
point of this potential is by about 0.4 Å smaller than that
all other calculations~see Table I!. Because the local deBro
glie wavelength of scattering wave functions in this region
about 1 Å for energies below about 100 cm21, such a shift of
the zero-energy crossing point has a noticeable impact on
overlap with the initial vibrational wave function of the she
state. More than causing just a subtle change in line sh
the difference in the zero-energy location can be shown
alter the expected relative intensities of the various lin
quite drastically. To this end we have evaluated the prod
of three Franck-Condon factors taken to measure the p
ability for each of the three transitions involved:f 1(X,0
˜A,20) for the excitation from the ground state by the pum
laser to thevA520 vibrational level of theA state,f 2(A,20
˜4S,v) for the second resonant step into the vibration
level v of the shelf state, and finallyf 3(4S,v˜1Su ,Emax)
5*^Euv&dE, the Franck-Condon densities from our simul
tion summed from thresholdEmin50 to the possible limit
Emax given by Eq.~3!. The result of this analysis, arbitraril
normalized atv551, is shown in Fig. 6 together with th
experimental results. The latter values are obtained by s
ming the intensities contained in the TOF spectra such
those shown in Figs. 3, 4, and 7; they are then subseque
scaled to roughly match the calculated intensity prediction
the range abovev552. It is quite obvious that major differ
ences exist despite the fact that the crude behavior for
higher vibrational levels is reproduced. The appeara
threshold for slow Na1 from dissociative ionization out o
the shelf state is matched reasonably well by the poten

FIG. 6. Relative intensities of slow Na1 ion yield as a function
of shelf vibrational levelv. Experimental values are compared wi
two model calculations~see text for details! involving the potential
calculations by Magnier~Ref. @11#! and Bardsley, Junker, and Nor
cross~Ref. @15#!.
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used. However, according to this simple model the poten
by Tang and co-workers@10#—not shown in Fig. 6 to avoid
clutter—would indicate that the unobserved levelv549
should exhibit as much intensity asv551 and thatv550
would have almost twice this strength~intensity of 2 on the
scale of Fig. 6!. Likewise, a model potential that we con
structed to have a zero-energy crossing point at about 9
and a well depth of about 70 cm21 yields very small Franck-
Condon densities for fragment energies below about
cm21 and thus predicts—in contradiction to observation
zero intensity for dissociative ionization out ofv550 and a
shifting of the appearance threshold tov551. While the po-
tentials used for the simulation of this paper agree with
experiment on the point that the first observed level sho
be v550 ~although the energetic threshold lies atv547),
the prediction of a strongly enhanced intensity near the
pearance threshold is obviously not borne out by the exp
ment. Although no particular effort was made during t
experiment to keep the probe laser power constant for
TOF spectra, any change was smaller than about 20%
thus should not be sufficient to account for the differen
Also, the assumption of a constant photoionization cross
tion may not be entirely adequate. On the other hand,
hard to imagine that for the small energy ranges involv
here~see, e.g., Fig. 4! the cross section could change by t
factor of almost 3 that is necessary to explain the discrepa
between model and experiment. Possibly a combination

FIG. 7. Experimental time-of-flight spectra of slow Na1 ions
produced in dissociative ionization of Na2 in a vibrational level 50
of the 41Sg

1 state. The results of two different Monte Carlo sim
lations are also included differing in the assumed angular distr
tion of fragments; see text for further details. The better fit
achieved for an isotropic fragment distribution.
al
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these points and a subtle change in the shape and locatio
the potential curve could account for the observed discr
ancy. In this context, it is interesting to note that although
cannot discriminate between the various potentials—exc
as mentioned the calculation of Ref.@10#—some of the po-
tentialsdo yield different spectral line shapes for some of t
shelf vibrational levels. It is, therefore, tempting to search
ways—among other things, by increased experimen
resolution—to extract fragment energy distribution curves
a more direct way from TOF data.

Finally, an exception to the otherwise gratifying agre
ment between simulation and experiment is the TOF sp
trum of dissociatively ionized Na2 in vibrational level v
550 presented in Fig. 7. Because of the cos2 fragment an-
gular distribution, the fact that the laser polarization is ve
cal and the fragment energy release very small, the sim
tion predicts a highly pronounced peak structure~simulation
1 in Fig. 7!. Obviously, this is not what the experiment ind
cates. Better results are obtained when we simulate a T
spectrum with the same energy distribution, but with aniso-
tropic (b50) angular distribution~included in Fig. 7 as
simulation 2!. There is no theoretical reason for this assum
tion and we will continue to investigate this peculiar beha
ior.

In summary, we have applied an experimental test to
cent calculations of the 12Su

1 state of the Na2
1 molecular

ion. Monte Carlo simulations of measured flight time spec
of slow Na1 ions, produced in near-threshold dissociati
ionization of quantum state selected Na2, are consistent with
a potential characterized by a zero-energy crossing poin
8.8 Å and a well depth of about 70 cm21. The zero-energy
crossing location in particular, a consequence of the ex
balance between exchange and dispersion interaction, se
to be selected by the experiments to within about60.2 Å.
Fragment angular distributions have been measured by r
ing the polarization direction of the dissociating laser and
compatible with a value of 2 for the anisotropy parameteb
as would be expected for the parallel transition involv
here. Nevertheless, small corrections to the paramete
caused by the initial parent molecule rotation—are neces
for the best agreement between simulation and data. T
major discrepancies remain: the shape of the vibratio
level closest to the observed appearance threshold,v550,
cannot be reproduced by the simulation and there is als
much smaller fragment flux near threshold~for v550 and
51! as might be expected from simple Franck-Condon-ba
arguments.
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