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Velocity redistribution of excited atoms by radiative excitation transfer.
I. Experimental demonstration by photodissociation of Na 2
and field-free imaging
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Photodissociation of state-selected sodium molecules, Na2(X 1Sg
1 ,v9)1hn→Na2* (B 1Pu)

→Na* (3p3/2)1Na(3s1/2) has been studied theoretically and experimentally using a novel
‘‘field-free’’ ion imaging design. The experiment uses a supersonic Na/Na2 beam in combination
with the stimulated Raman adiabatic passage technique to prepare Na2 molecules in selected
rovibronic levels of the electronic ground state. The Na(3p3/2) fragments are photoionized~or
excited to high Rydberg states! in a permanently field-free reaction zone. The fragments enter the
ion optics because of the flow velocity of the beam and are focused onto a position sensitive
detector, which provides an energy resolution of about 50 meV. The measured anisotropic
photofragment angular distributions reflect the alignment of the molecules prior to dissociation and
are well explained by the anisotropic nature of the photodissociation by polarized laser light. The
measured images show not only the expected relatively fast photodissociation fragments, but also
the efficient formation of slow Na(3p3/2) atoms. Fast and slow refer to the atomic velocity relative
to the center of-mass of the dissociating molecule. The ratio of the numbers of slow atoms and fast
photofragments is 0.16 and 0.22 for the dissociation of Na2 from levels v9517 and v9523,
respectively. Several models are analyzed to explain the observations. Calculations show that the
dramatic velocity redistribution is caused by radiation trapping: the excitation is efficiently
radiatively transferred from the fast Na(3p) photofragments to the abundant Na(3s) atoms from the
primary beam, whereby the hyperfine splitting of the 3s state must be taken into account. Analytical
formulas describing this mechanism show a ratio of slow to fast Na(3p) atoms of 0.13 forv9
517 and 0.19 forv9523, which is in very good agreement with the experimental observations.
© 2003 American Institute of Physics.@DOI: 10.1063/1.1589474#
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I. INTRODUCTION

The velocity and angular distributions of molecular r
action fragments carry important information about the m
lecular dynamics. The determination of these distribution
therefore essential in studies of chemical react
dynamics,1,2 photofragmentation,3 or dissociative electron
attachment.4 Some 15 years ago, Chandler and Houston5 pro-
posed and demonstrated the powerful ion imaging meth
By measuring the two-dimensional projection of the thre
dimensional spatial fragment distribution simultaneous
tection of fragment velocity, angular, and internal energy d
tributions is achieved. Ion imaging methods have beco

a!Author to whom correspondence should be addressed. Electronic
ekers@physik.uni-kl.de
3170021-9606/2003/119(6)/3174/13/$20.00

Downloaded 04 Aug 2003 to 129.15.70.37. Redistribution subject to AI
-
is
n

d.
-
-
-
e

commonly used techniques for the study of uni- and bim
lecular fragmentation processes~see the reviews6–10!.

Ion imaging apparatus usually use electric fields to
tract the ionized fragments from the reaction region. Ho
ever, when atoms or molecules in Rydberg states are
volved, the extraction field will ionize them.11 The resulting
high density of electrons and ions may blur the processe
be studied.12,13 We have therefore developed an ion imagi
apparatus with a permanently field-free reaction zone.14 We
have applied this field-free apparatus to study the photofr
mentation of Na2 via theB 1Pu state~see Fig. 1!:

Na2~X 1Sg
1 ,v9!1hn→Na2* ~B 1Pu!

→Na~3p3/2!1Na~3s1/2!1DEdiss~v9!.

~1!
il:
4 © 2003 American Institute of Physics
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As a two-body fragmentation with a single dissociati
channel, this process is suitable for assessing the prope
of the field-free imaging setup. The molecules are selectiv
prepared in single rovibronic levels using the stimulated R
man adiabatic passage~STIRAP! technique.15 The well-
defined initial quantum state in combination with the cont
of laser polarizations allows the production of photofagme
with well-defined kinetic energies and angular distributio
As the potential energy curves of the Na2 molecule are well
known, it is straightforward to describe this fragmentati
process theoretically for comparison with the experimen
two-dimensional photofragment images. Surprisingly, the
periments reveal that this seemingly simple photofragme
tion process is accompanied by an efficient secondary
cess that produces low-energy Na(3p3/2) atoms. As will be
shown below, this observation is caused by efficient radia

FIG. 1. An illustration of the photodissociation scheme used in the pre
experiment. The Na2 molecules are selectively prepared in excited ro
bronic levels of the electronic ground stateX 1Sg

1 by means of STIRAP via
the A 1Su

1 state. The molecules are photodissociated from these exc
rovibronic levels by thelPD5458 nm photons from an Ar1 ion laser via the
B 1Pu state. The excess energyDEdiss is transformed in equal amounts int
the translation energies of the Na* (3p3/2) and Na(3s) fragments. The ex-
cited Na* (3p3/2) photofragments are photoionized or excited to high Ry
berg states (lPI'408 nm) and registered by an ion imaging detector.
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excitation transfer from the Na(3p3/2) photofragments to the
Na(3s) atoms in the primary beam. In Secs. II and III w
shall describe the experiment and give the results. Sectio
is devoted to the theoretical description of the photodisso
tion process~1!. Section V explains the dramatic velocit
redistribution of excited atoms by radiation trapping. A fu
derivation of this theory is given in the accompanyin
publication.16

II. EXPERIMENTAL SET-UP

A. Supersonic beam

For the experiments we use a single supersonic beam
sodium atoms and molecules~see Fig. 2!. The vacuum appa-
ratus consists of four differentially pumped chambers c
taining the source oven, the section for the optical prepa
tion of molecules, the reaction region with ion optics, and
imaging detector. The expansion of sodium vapor from
source at 900 K temperature through a 0.4 mm diam noz
yields vibrationally and rotationally cold molecules wit
99% of the population in the ground vibrational levelv9
50. The maximum of the distribution over rotational leve
is at J957. The flow velocity isy f51340 m/s, and the 1/e
widths of the longitudinal velocity distributions areDyat

5300 m/s andDymol5260 m/s for the atoms and molecule
respectively. The beam is collimated by two skimmers an
2 mm diam aperture at the entrance of the reaction zone.
resulting divergence of 0.8° leads to a residual transve
Doppler width of 30 MHz. The densities of atoms and mo
ecules in the reaction region 20 cm downstream from
nozzle are 231011 and 231010 cm23, respectively.

B. Optical preparation and fragmentation
of the molecules

The relevant optical transitions are shown in Fig. 1. T
molecules are selectively prepared in excited (v f9 ,Jf9) rovi-
bronic levels in the electronic ground state by means of
STIRAP technique.15 The Stokes laser field~Coherent CR-
899 Ti:Sa, 1 MHz linewidth, a few hundred mW powe!
couples an intermediate (v8,10) level in theA 1Su

1 state with

nt

d

-

ibrati
ectio
ed
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ity ma
utral
detector by
FIG. 2. An arrangement of the experiment with field-free ion imaging. The partially overlapping Stokes and pump lasers serve for the selective vonal
excitation of the molecules by means of STIRAP. The probe laser allows monitoring of the vibrational excitation, and it is shut off during the detn of
fragments by ion imaging. The photodissociation laser fragments the Na2 molecules into Na(3p) and Na(3s) atoms inside the electrostatically screen
reaction chamber. The frequency doubled radiation from a picosecond~ps! laser ionizes the Na(3p) fragments or excites them to high Rydberg states. The i
leave the field-free zone through a fine mesh at expense of their translation energy and enter the ion optics. The ion optics is operated in the velocpping
mode and focuses the ions onto a two-dimensional position sensitive detector~PSD!. The PSD is displaced from the molecular beam axis to prevent ne
atoms and molecules of the primary beam from reaching its surface. The ions are correspondingly deflected away from the beam axis toward the
a homogeneous field of the electrostatic image shifter.
P license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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the desired final (v f9,9) level in theX 1Sg
1 state before a

pump laser field~Coherent CR-699, DCM dye, 1 MHz line
width, a few hundred mW power! couples the initial~0, 9!
with the intermediate level@Fig. 3~a!#. Both laser beams
cross the particle beam at right angles and are polarized
pendicularly to the particle beam axis. They are focused b
cylindrical lens with the focus placed at the particle be
axis in the optical preparation chamber. The proper seque
of laser pulses is achieved by shifting the Stokes laser
slightly upstream from the pump laser beam@see Fig. 3~b!#.
Both laser frequencies are detuned off resonance by an e
amount of Dn5200 MHz. The above scheme ensures
population transfer efficiency of up to 99%, as monitored
probing the population in the desired final level by las
induced fluorescence on theA 1Su

1(vpr8 ,10)←X 1Sg
1(v f9,9)

transitions downstream from the optical preparation cha
ber. The optical preparation of the molecules is spatia
separated from the reaction region~see Fig. 2! to avoid that
any processes induced by the laser light used for vibratio
excitation interfere with the photodissociation process.

The molecules in levelsv9>10 are photodissociated int
Na(3p3/2) and Na(3s1/2) fragments by thelPD5458 nm ra-
diation from an Ar1 ion laser via theB 1Pu state. The Ar1

laser beam with a power of typically 250 mW crosses
particle beam axis at right angles in the reaction chambe
is polarized perpendicularly to the particle beam axis a
focused to a spot ofca. 2 mm diam. The Na(3p3/2) frag-
ments are photoionized~or excited to high Rydberg states—
see Sec. III! by the frequency doubled radiation (lPI tunable
around 408 nm! of a mode locked Ti:Sa laser~Coherent
MIRA-900-P, 3 ps pulse length, 76 MHz repetition rate!, and
detected by an ion imaging detector.

C. ‘‘Field-free’’ ion imaging detector

A detailed description of the ‘‘field-free’’ imaging appa
ratus is given in Ref. 14. Briefly, a permanently field-fr
reaction zone is an essential feature of our imaging se
After fragmentation and possibly ionization, the particl

FIG. 3. ~a! The coupling scheme for STIRAP. The Stokes laser field coup
the intermediatev8J8 level with the desired finalv f9Jf9 level before the
interaction with the pump laser field takes place. Both laser frequencie
detuned by an equal amountDn from resonance with the molecular trans
tions, maintaining two-photon resonance.~b! The Stokes laser beam axis
shifted upstream from the pump laser beam. The molecules traveling in
particle beam with flow velocityv f are thus exposed to the Stokes laser fie
prior to the pump laser field.
Downloaded 04 Aug 2003 to 129.15.70.37. Redistribution subject to AI
er-
a

ce
is

ual
a
y
-

-
y

al

e
It
d

p.

propagate freely to the mesh that separates the field-free
and the ion optics region. Their location at the entrance
pends on the momentum perpendicular to the particle be
axis acquired in the fragmentation process. The ion op
consists of two cylindrical electrodes placed on the parti
beam axis downstream from the reaction chamber. The
optics accelerates and images the charged fragments o
position sensitive detector~PSD!, consisting of multichanne
plates ~MCPs! in the Chevron arrangement followed by
phosphor screen and a charge coupled device~CCD! camera
~La Vision, 6403480 pixels!. The two-dimensional~2-D!
photofragment images registered by the PSD are stored
processed using the La Vision DaVis 5.4.4 software. T
PSD is displaced from the particle beam axis to prevent
sodium atoms and molecules of the primary beam from
ting ~and thus destroying! the MCPs. The ionic fragments ar
deflected away from the particle beam axis onto the PSD
a homogeneous electrostatic field of the dodecapole im
shifter.17,18 The exit plane of the ion optics is screened fro
the deflection field by a fine mesh. The voltages applied
the electrodes of ion optics can be varied to switch betw
the space-mapping5 and velocity-mapping19 modes. The lat-
ter was preferred since it provides a significantly better re
lution of the images.

III. RESULTS

Figure 4 shows the photofragment 2-D images result
from the dissociation of Na2 from levelsv9510, 13, 17, and
23 in the ground electronic state. They correspond to
fragment kinetic energies of 27, 54, 87, and 136 meV,
spectively. We did not observe any fragmentation from
level v959, which shows that tunneling from this level

s

re

he

FIG. 4. Experimental 2-D images of photoionized Na(3p3/2) fragments re-
sulting from the photodissociation of Na2 molecules selectively excited to
robrivonic levelsv9, J959 in the electronic ground state:~a! v9510; ~b!
v9513; ~c! v9517; ~d! v9523. In order to increase the signal-to-noise ra
for reconstruction purposes, the images are two-fold symmetrized
smoothed using a 2-D Gaussian filter, averaging over five points.
P license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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negligible. The outer ring on each figure is the image
photoionized fragments resulting from the photodissociat
of the molecule. As expected, the radius of the ring increa
proportionally toy5A2E/m. However, the presence of th
inner ring clearly seen on images forv9517 and 23 and
hardly resolvable forv9513 is surprising. It is observed onl
when the molecules are vibrationally excited and the rad
tion of both the photodissociation laser and the photoion
tion laser is present. In addition, the radius of this inn
structure does not change with the vibrational levelv9. ~For
v9510 the inner ring overlaps with the ring of the phot
fragment image.! This observation suggests that the inn
structure of the images does not result from a direct pho
dissociation of Na2 .

The following observation leads us to the conclusion t
the particles observed near the center of the image are no
fragments of photodissociation. We tuned the energy of
photoionizing photons to just below the Na(3p3/2)→Na1

ionization threshold and excited the Na(3p3/2) fragments to
high Rydberg states. The particles should still be prope
imaged since they are ionized by the electrostatic fields
the ion optics immediately after entering it. These images
shown in Fig. 5. As expected, the photofragment ima
have remained unchanged compared to Fig. 4, while the
ner ring has contracted to a spot in the middle of the im
corresponding to zero velocity perpendicular to the prim
beam axis. Such a transformation of the inner structure w
the frequency of the ionizing laser is tuned below t
Na(3p3/2)→Na1 ionization threshold allows us to relate th
structure to Na(3p3/2) atoms. In Sec. V we shall show tha
they result from a dramatic radiative population redistrib
tion between the excited Na(3p3/2) photofragments and th
abundant Na(3s1/2) atoms from the sodium beam. The rat
of the number of particles in the middle spot correspond
to ‘‘slow’’ Na(3 p3/2) atoms to the number of faster phot
fragments in the outer ring is about 0.4. This value is
proximately the same for the dissociation from levelsv9
517 andv9523 as determined from the images in Fig.
and in Fig. 5. The determination of the ratio from images
photodissociation from levelsv9510 andv9513 is ambigu-
ous since the inner and outer structures are not resol
However, the determination of the ratio of slow-to-fast e
cited atoms from the raw images on Fig. 5 is not exac

FIG. 5. Experimental 2-D images of Na(3p3/2) fragments excited to high
Rydberg states. They result from the photodissociation of Na2 molecules
selectively excited to rovibronic levelsv9, J959 in the electronic ground
state:~a! v9517; ~b! v9523. The images are two-fold symmetrized an
smoothed using a 2-D Gaussian filter.
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correct. It is because the fast photofragments are distribu
within the entire area of the 2-D detector limited by the i
tense outer ring. Therefore the intensity of the central spo
the image includes also a nonzero contribution of the f
photofragments. Therefore the value of 0.4 is to be con
ered as the upper limit of the ratio. In order to correc
determine the ratio, the contributions of the fast and the s
excited atoms should be separated. As will be shown at
end of Sec. IV B, such separation is possible by reconstr
ing the original 3-D distribution of the excited atoms b
means of the inverse Abel transformation. Such separa
yields for the ratio of numbers of slow and fast excited ato
a value of 0.16 forv9517 and 0.22 forv9523.

The sensitivity of the ‘‘slow’’ Na(3p3/2) atoms to the
ionization threshold can be explained by the properties of
field-free imaging design~see Ref. 14 for a detailed descrip
tion!. Any stray electric fields in the permanently field-fre
zone of the reaction chamber affect the trajectories
charged particles and thus change the images beyond th
optics. Electric stray fields may arise from, e.g., any rest
patch surface potentials, or the presence of ions in the
ticle beam. Furthermore, the exposure of mesh separating
field-free reaction zone from the ion optics to the partic
beam leads to deposition of sodium onto the mesh. This
posure leads to a build-up of a contact potential between
stainless steel mesh and the deposited sodium. The im
quality becomes noticeably distorted after only 5 min of o
eration. The detrimental consequences of space charges
observed in a separate experiment in which Na1 ions were
created by means of two-step (3s→3p→continuum) photo-
ionization of Na(3s1/2) atoms from the primary beam.14

Already at moderate intensities of the laser exciting
3s→3p transition ~well below saturation! the ion density
was high enough to cause dramatic Coulomb repulsion
tween the photoions. In contrast, excitation of the Na(3p)
atoms to high Rydberg states showed no such repulsion
weak excitation of the 3s→3p transition. In fact, the Cou-
lomb repulsion is important for the ions traveling parallel
the beam axis, while the ionized photofragments leave
beam quickly and their trajectories are less sensitive to sp
charge near the particle beam axis. Therefore we conside
images taken with particles excited to high Rydberg state
properly reflecting their velocity distribution.

The photofragment images, Figs. 4 and 5, clearly sh
an anisotropy in the photofragment angular distribution. T
calculations presented below in Sec. IV suggest that the
tribution should be close to sin2 u, whereu is the angle be-
tween the polarization vector of the dissociating laser and
velocity direction of the photofragments. The laser polariz
tion direction defines the symmetry axis of the 3-D pho
fragment distribution and, consequently, the symmetry a
of its 2-D projection~the vertical axis in Figs. 4 and 5; se
also Fig. 7 for reference!. In order to correctly determine th
photofragment angular distribution, the original 3-D phot
fragment distribution should be restored. This is done in S
IV B, where a comparison with the theory is provided. Fro
the width of the measured 2-D images we find the ene
resolution of the field-free imaging detector to be, on av
age, 50 meV.
P license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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IV. ANALYSIS: PHOTODISSOCIATION

The photodissociation process under study is illustra
in Fig. 1. TheB 1Pu state correlates with the 3p3/213s1/2

states of separated atoms and exhibits a 46 meV high po
tial barrier above the dissociation asymptote.20 The absorp-
tion of one 458 nm photon from the Ar1 laser provides
enough energy for molecules from levelsv9>10 to pass over
the barrier and separate into Na(3p3/2) and Na(3p1/2) atoms.
The known experimental studies of this process have all b
performed without a well-defined initial rovibronic level o
Na2 and with no or only indirect angular or energy resoluti
of photofragments.21–24 A theoretical study25 predicted that
the 3p1/213s1/2 asymptote can also be populated due
nonadiabatic coupling at large internuclear distances.
though in the vapor cell experiment21 a relatively small
population in the 3p1/2 level was observed, experiments u
ing molecular beams22–24 failed to detect any fluorescenc
from the 3p1/2 level at photodissociation by the 458 nm las
photons. It is therefore justified to assume that only thj
53/2 component of the 3p state is populated in this disso
ciation.

A. Photodissociation cross sections

Since the potential curves of Na2 are well known,26 the
theoretical modeling of the photodissociation process
straightforward. Standard methods can be used to calcu
the photodissociation cross sections. The molecules are
cited from a rovibronic level with energyE(v9J9) in the
electronic ground state into a dissociation continuum of
B 1Pu state with energy«5E(v9J9)1hnAr1. In the Born–
Oppenheimer approximation, the initial and final molecu
eigenstates factorize into electronic and nuclear parts:

uX 1Sg
1 ,v9J9M 9&5uX 1Sg

1&eluv9J9M 9&nuc;

uB 1Pu ,«J8M 8&5uB 1Pu&elu«J8M 8&nuc,

whereM is the projection of the nuclear angular momentu
J onto the laboratoryz axis. The cross section of the phot
fragmentation depends on the photon energy and the sq
of the transition moment.27,28For linearly polarized light and
isotropic distribution of the molecular axis it can be writte
as

s~X 1Sg
1 ,v9J9→B 1Pu ,«J8!

5
8p

3c

n

2J911 (
J85J921

J911

RX 1S
g
1 ,v9J9→B 1Pu ,«J8

2

3jX 1S
g
1 ,J9→B 1Pu ,J8 .

Here,c is the speed of light,jX 1S
g
1 ,J9→B 1Pu ,J8 is the sum of

squares of the angular part of the transition moment over
magnetic quantum numberM with DM50,29,30

jX 1S
g
1 ,J9→B 1Pu ,J85 (

M52J

1J

uRJ9J8
rot u2

5
1

3
~2J911!~2J811!S J9 1 J8

0 1 21D 2
Downloaded 04 Aug 2003 to 129.15.70.37. Redistribution subject to AI
d

n-

en

l-

r

is
te
x-

e

r

are

e

and

RX 1S
g
1 ,v9J9→B 1Pu ,«J8

5E xX 1S
g
1 ,v9J9~R!m~R!xB 1Pu ,«J8~R!dR. ~2!

The transition dipole moment curves m(R)
5e^X 1Sg

1u(qi uB 1Pu&el ~wheree is the electron charge an
qi are the electronic coordinates! and the potential curves
were taken from Ref. 26. The radial wave functio
xX 1S

g
1 ,v9J9(R) andxB 1Pu ,«J8(R) in Eq. ~2! were integrated

numerically using the Numerov method.31 The resulting pho-
todissociation cross sections for the range of vibrational l
els of interest are given in Fig. 6. In the calculations we a
checked for a possible contribution of the fragmentation
molecules into Na(3p1/2) and Na(3s1/2) atoms via theA 1Su

1

state. We found that for the 458 nm photons this fragmen
tion channel is less efficient than the fragmentation via
B 1Pu state by several orders of magnitude and can thus
neglected. Besides theA 1Su

1 andB 1Pu states there are no
other singlet ungerade states in the accessible energy ra
so that theB 1Pu state provides the only dissociation path

B. Photofragment angular distribution

With the given photodissociation cross sections and la
intensities, only a small fraction~less than 1%! of the mol-
ecules in the (v f9 ,Jf959) level are fragmented as they trav
through the photodissociating laser beam. Therefore the
of the photodissociation varies linearly with the intensity
the photodissociating laser, and the photofragment ang
distribution does not depend on the laser intensity. As fi
shown by Zare and Hershbach,32 the angular distribution of
fragments ejected in a photodissociation process is gene
anisotropic. The particular distribution depends on fact
like the geometry of the experiment, polarization of the ph

FIG. 6. Cross sections for the photodissociation of Na2 (X 1Sg
1 ,v9,J9

59) molecules by 458 nm photons via theB 1Pu state as a function of the
vibrational quantum numberv9. For levelsv9<9 the energy«5E(v9J9)
1hnAr1 is not sufficient to overcome the potential barrier of theB 1Pu

state, the maximum of which lies 46 meV above the 3p3/213s1/2 dissocia-
tion asymptote~Ref. 20!. According to the calculations, for the initial leve
v959, j 959 a narrow resonance is expected at about the energy of the
nm photon. However, in the experiment no detectable photofragment sig
were observed at this wavelength when molecules were prepared to the
v959, j 959. For comparison, photodissociation cross sections by o
visible Ar1 laser lines are also shown.
P license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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todissociating laser beam, orientation of the dipole mom
of the molecule, alignment or orientation of the molecu
prior to dissociation, and the dynamics of the fragmentat
process~see, e.g., Refs. 33–36 and references therein!. We
therefore performed calculations of the photofragment an
lar distribution for the given geometry of the experiment~see
Fig. 7!. Before the photodissociation, the molecules
transferred from the initial rovibronic level of the groun
electronic state to the excited rovibronic level of the sa
electronic state by means of STIRAP. The transfer is indu
by a L-scheme coupling involving the transition
X 1Sg

1(v i950,Ji959)→A 1Su
1(v8,J8510)→X 1Sg

1(v f9 ,Jf9
59). The Stokes and pump lasers are linearly polarized
their electric field vectors are parallel to each other~this di-
rection defines the quantization axis!. Since the optical selec
tion rule DM50 applies here, the population transfer b
tween the magnetic sublevels occurs in a set of pure th
level systems. Each set involves only the magnetic suble
with the same magnetic quantum numberM: (Ji959,M )
→(J8510,M )→(Jf959,M ). Hence, there are 2Jf911 inde-
pendent subsystems. The efficiency of population transfe
close to unity in each of them.

When the rotational levels are chosen such thatJi95Jf9
,J8, the number of magnetic sublevels in the intermedi
J8 level is higher than in both lower levels. Therefore, t
initial population distribution overM will be mapped from
Ji9 into Jf9 . Thus, if the process starts from a rovibronic lev
with isotropically populated magnetic sublevels, the distrib
tion in the final level will also be isotropic. Similarly, whe
Ji9.J8.Jf9 , the final distribution will also be isotropic
though the population in sublevels withuM u5Ji9 ,Ji921 will
remain in the initial state. WhenJi95Jf9.J8, the uM u5Jf9
sublevels in the finalJf9 level will remain unpopulated and
thus the molecules will be aligned. ForJf9.J8.Ji9 a more
pronounced alignment will be induced, since the levelsuM u
5Jf9 , Jf921 remain unpopulated.

However, elastic and inelastic collision processes dur
the supersonic expansion lead to flow-induced alignm

FIG. 7. Geometry of the photodissociation experiment. The molecular b
propagates along they axis toward the imaging detector. The Stokes a
pump laser beams inducing population transfer by STIRAP, and the ph
dissociating laser beam cross the molecular beam at right angles, so th

axis x9, x8, andx are all parallel. The light polarization vectorsEW S , EW P ,

and EW PD of all three laser fields defining the direction ofz9, z8, and z,
respectively, are parallel to each other. The detectorxdet-zdet plane is parallel
to thex-z plane defined by the photodissociating laser.
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~see Ref. 37 for references on this subject!. This occurs be-
cause the interaction potential between the scattering p
ners is anisotropic. The spatial distribution of angular m
mentanJ(u) around angleu between theJ vectors and the
molecular beam axis is sensitive to the details of the exp
sion, like the pressure and temperature of the beam sou
diameter, and shape of the nozzle. It can generally be
scribed by an expansion of Legendre polynomialsnJ(u)
5n0(al Pl(cosu), whereby only even-order polynomials oc
cur because of cylindrical symmetry. From the existing stu
ies of flow-induced alignment in Na2 molecular beams38–40

we conclude that under our experimental conditions the
tial alignment is characterized by the value of thea2 coeffi-
cient between20.1 and20.4, while the coefficientsa4 and
higher are negligibly small. ForJi9 , Jf9,J8, andJi95Jf9 the
flow-induced alignment will be transferred by STIRAP to th
final level Jf9 .

The photodissociation thus starts from the aligned ro
bronic levelv f9 , Jf959 in theX 1Sg

1 state. The time of dis-
sociation in a direct photodissociation is usually mu
shorter than the rotational period of the molecule. Theref
the fragments depart in the direction of the molecular axis
the moment of photodissociation. Since the direction of
transition dipole momentd is fixed to the molecular axisr ,
the photofragment angular distribution will reflect the dist
bution of r created by the polarized dissociating radiati
field. Thus, the angular distribution of photofragmen
f (u,w) consists of two factors—the angular distribution
absorbing dipoles,r~u,w!, and the absorption probability fo
each dipole,G(u,w). The latter is simply the Hermitian
product of the transition dipole moment vectord and the
light polarization vectorE: G(u,w)5d"E* . The angleu is
measured with respect to the quantization axis given byE.

When the projectionL of the electronic momentum o
the diatomic molecule onto the internuclear axis does
change, as in transitionsS→S, P→P, etc., the transition
dipole moment of the optical transition is parallel to the m
lecular axis~the so-called parallel transitions!.36 The frag-
ments will then preferentially recoil in the direction of th
light polarization E. When the projectionL changes by
DL561 (S→P, P→D, etc.! the transition dipole mo-
ment is perpendicular to the molecular axis~perpendicular
transitions!. Consequently, the recoil direction of the fra
ments will be complementary to the distribution of dipo
moments immediately after the absorption. For isotropic d
tribution of the molecular axis~and, hence, the angular mo
menta! the well-known formula describing the photofrag
ment angular distribution applies:41

f ~u!}
1

4p
@11bP2~cosu!#, ~3!

where angleu is measured with respect to the direction
laser polarization, andb52 for a parallel andb521 for a
perpendicular transition. The corresponding angular distri
tion of X 1Sg

1→B 1Pu photodissociation fragments for th
case when the photodissociating laser is polarized par
and perpendicularly to the particle beam axis is shown
Figs. 8~a!–8~b!. The angular distribution is affected by th
flow-induced alignment. Figures 8~c!–8~d! show the photo-

m
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fragment distributions for the strongest possible flo
induced alignment with parametera2520.4.

There are several ways to compare the experimental
ages with the theoretical 3-D distributions of the fragmen
The most universal approach is to use the iterative forw
convolution of the theoretical 3-D distribution over the e
perimental parameters to simulate the 2-D images.44,45 Fig-
ure 9 shows an example of such forward convolution
the dissociation from levelv9523. For the convolution,
3-D photofragment distributions of Figs. 8~b! and 8~d! cor-
responding to the isotropic distribution of angular m
menta prior to dissociation and flow-induced alignment w
a2520.4 were used. A fraction of particles with zero ener
perpendicular to the particle beam axis@the slow Na(3p)
atoms# are added to this Monte Carlo simulation, while t

FIG. 8. Angular distribution of photofragments resulting from the photod
sociation of Na2(X 1Sg

1 ,v9J9) molecule via theB 1Pu state. The choice of
x, y, z axis is shown in Fig. 7.~a! and~b! are the isotropic distribution of the
molecular axis prior to the dissociation with the photodissociation~PD! laser
polarized parallel or perpendicular to the particle beam axis, respectiv
~c! and ~d! flow-induced alignment witha2520.4 and PD laser polarized
parallel or perpendicular to the particle beam axis, respectively.

FIG. 9. The forward convolution of theoretical photofragment distributio
of Figs. 8~b! and 8~d! for the photodissociation of molecules in rovibron
level v9523, J959. The convolution takes into account the presence o
fraction of 0.2 of slow Na(3p) atoms and the energy resolution of 50 me
~a! The isotropic distribution of the molecular axis prior to dissociation;~b!
flow-induced alignment witha2520.4.
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convolution takes into account the 50 meV energy resolut
of the experiment. A comparison with Fig. 5 confirms th
such convolution reproduces the experimental 2-D ima
fairly well.

From Fig. 8 it is obvious that a laser polarization pe
pendicular to the particle beam axis, as realized in this
periment, is favorable for the data analysis, since the 3
angular distribution of the fragments has cylindrical symm
try with the symmetry axis parallel to the 2-D detector plan
In such a situation the original 3-D distribution of the fra
ments can be reconstructed from the measured 2-D ima
using the inverse Abel transformation.42,43 Figure 10~a!
shows such a transformation of the experimental image
Fig. 5~b! for v9523. Rotation of the reconstructed imag
around the symmetry axis yields the original 3-D distributi
of the fragments. Figures 10~b!–10~c! show the inverse
transformation of the simulated images in Fig. 9 for the d
sociation of isotropically distributed and flow-aligned mo
ecules. The photofragment angular dependence show
Fig. 11 is obtained by suppressing the image due to s
Na(3p) atoms and summing radially the ion counts for ea
angleu. The relatively small difference between the theor
ical curves for the dissociation of molecules with an isot
pically distributed axis and with flow-induced alignme
with a2520.4 shows that the latter introduces only min
changes in the photofragment angular distribution. Althou
the scatter of experimental points does not allow us to d
quantitative conclusions about the flow-induced alignme
the simulated curve witha2520.4 is seen to be in some
what better agreement with the experiment than the curve
an isotropic distribution.

Having reconstructed the original 3-D distribution of th
atoms, we can now more accurately determine the ratio
the number of ‘‘slow’’ Na(3p) atoms to the number of fas
Na(3p) photofragments. The transformed image in F
10~a! represents the distribution of excited atoms in a sect
through the middle of a symmetric 3-D distribution, where
the complete 3-D distribution is obtained by rotating t
transformed image around the symmetry axis. Therefore
fore the determination of the ratio, each pixel of the tran
formed 2-D image must be weighted withr 5r sinu, wherer
is the distance between the pixel and the symmetry axis,r is
the distance between the pixel and the center of the ima

-

y;

a

FIG. 10. Slices through the reconstructed 3-D recoil distributions
Na(3p3/2) fragments excited to high Rydberg states resulting from the p
todissociation of Na2 molecules selectively excited to the rovibronic lev
v9523, J959. They were obtained by inverse Abel transformation of im
ages shown in Figs. 5~b!, 9~a!, and 9~b!. ~a! Transformation of the experi-
mental image@Fig. 5~b!#; ~b! transformation of the simulated image wit
isotropic distribution of the molecular axis prior to dissociation@Fig. 9~a!#;
~c! transformation of the simulated image with flow-induced alignment,a2

520.4 @Fig. 9~b!#.
P license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



nd

f

r
re

e

y
-
io
e
d
i

s

e

ed

lo
s

the
e

on
tely.

t

lly
:

els

rder
e

hes
as

to

x-

an-

ia-
the
re

ig
nts
tri
s

ls 10

3181J. Chem. Phys., Vol. 119, No. 6, 8 August 2003 Velocity redistribution. I
andu is the angle relative to the symmetry axis.7 After such
weighting, we obtain that the ratio of numbers of slow a
fast excited atoms,NNa

slow* /NNa
fast* , is 0.16 and 0.22 for the

photodissociation from levelsv9517 and v9523, respec-
tively.

V. ANALYSIS: EFFICIENT FORMATION OF SLOW
Na„3p … BY RADIATIVE EXCITATION TRANSFER

In the discussion below we shall refer to Na(3p) atoms
as fast when their velocity differs significantly from that o
the flow velocity of the particle beam, andslow when their
velocity is about equal with the flow velocity. For the obse
vation of slow Na(3p) atoms besides the fast fragments
sulting from the photodissociation process~1! rises the ques-
tion about the mechanism that is responsible for th
formation. A production of slow Na(3p) fragments in a two-
photon dissociation process of Na2 can be excluded. Only
the 458 nm radiation from the Ar1 laser and the frequenc
doubled radiation (l'408 nm) from the ps mode-locked la
ser are available for such a process in the reaction reg
The absorption of two Ar1 laser photons would either ioniz
the vibrationally excited Na2 molecules creating a boun
Na2

1 ion or excite them to a Rydberg state. The latter
expected to autoionize and should be detectable as Na2

1 ions.
No ions were detected in the experiment when the ps la
was shut off. Absorption of one Ar1 laser photon and one
frequency doubled photon~the same is valid also for th
absorption of two frequency doubled photons! can energeti-
cally lead to the photodissociation of vibrationally excit
Na2 into an Na1 ion and a Na(3s) atom. However, such a
process does not explain the change in the image of s
particles upon tuning the frequency doubled laser photon
below the Na(3p)1hn→Na11e ionization threshold.

FIG. 11. Photofragment angular dependence forv9523, as obtained from
the reconstructed experimental and theoretical recoil distributions in F
10~a!–10~c!. It is obtained by summing radially the photofragment cou
for each angleu. In the summation, the counts corresponding to the dis
bution of slow Na(3p) atoms in the center each of the images in Fig
10~a!–10~c! are suppressed.d—experiment;n—isotropic distribution of
molecular axis prior to dissociation;h—flow-induced alignment witha2

520.4.
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Three other mechanisms could, in principle, lead to
formation of Na(3p) atoms with small momentum relativ
to the flow velocity of the primary beam:~a! energy transfer
~ET! from electronically excited Na2 molecules to slow
Na(3s) atoms in the primary beam;~b! resonant ET from
fast Na(3p) photofragments to slow Na(3s) atoms from the
beam;~c! radiative excitation transfer from fast Na(3p) to
slow Na(3s) from the beam via the phenomenon of radiati
trapping. We consider each of these mechanisms separa

A. Energy transfer from excited Na 2 molecules

Energy transfer from excited Na2 molecules is the mos
straightforward mechanism. The slow Na(3p) atoms are pro-
duced by collisional energy transfer from an electronica
excited molecule to the Na(3s) atoms in the primary beam

Na2* ~1Lu!1Na~3s!→Na2~X 1Sg
1!1Na* ~3p!.

The studies of this process involving bound rovibronic lev
of the A 1Su

1 andB 1Pu states of Na2
46–48 have shown that

the corresponding cross sections are usually of an o
of 10214 cm2. In particularly favorable cases, when th
energy change in the molecule approximately matc
that in the atom, the cross sections are as large
10213– 10212 cm2.49–51Nevertheless, this mechanism has
be ruled out because there are no bound states of1Su

1 or 1Pu

symmetry, which could be excited from the vibrationally e
cited levelsv9>10 in the groundX 1Sg

1 state by either the
Ar1 laser or the frequency doubled ps laser radiation~see
Fig. 12!. Excitation from the levelv950, in which the mol-
ecules are initially concentrated after the supersonic exp
sion, can also be excluded. The 458 nm Ar1 laser line could
excite the molecules to bound rovibronic levels of theA 1Su

1

or theB 1Pu state, while the frequency doubled laser rad
tion around 408 nm would dissociate the molecules into
Na(3s)1Na(3p) fragments if only the photon energies a

s.

-
.

FIG. 12. Excited electronic states of Na2 ~Ref. 26!: ~1! b 3Pu ; ~2! A 1Su
1 ;

~3! 1 3Sg
1 ; ~4! 2 1Sg

1 ; ~5! B 1Pu ; ~6! 1 1Pg ; ~7! 1 3Pg ; ~8! 3 3Su
1 ; ~9!

3 1Sg
1 ; ~10! 2 3Sg

1 ; ~11! 2 1Su
1 , ~12! 3 3Su

1 , ~13! 1Sg
1 (Na11Na2). The

greyed area marks the energies that are reached from vibrational leve
<v9<23 in the ground electronic state by photons from either the Ar1 laser
or the frequency doubled ps laser.
P license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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considered. However, the Franck–Condon factors for
excitation scheme are negligibly small. Accordingly,
Na(3p) atoms~and no ions! were observed in the exper
ment when the STIRAP lasers were switched off, show
that only vibrationally excited molecules lead to the form
tion of excited atoms.

B. Resonant ET from fast Na „3p … to slow Na „3s …

Collisional excitation transfer from the fast Na(3p3/2)
photofragments to the slow Na(3s) atoms of the primary
beam,

fast Na* ~3p3/2!1slow Na~3s1/2!

→fast Na~3s1/2!1slow Na* ~3p3/2!, ~4!

is possible. The experimental studies~see the review;52 Ref.
53 gives more recent references! have shown that the colli
sional energy transfer between fine structure compon
j 51/2 andj 53/2 of resonance states proceeds in alkali ty
cally with cross sections of an order of 10214 cm2. The pro-
cess~4! is, however, a resonant process. Therefore its cr
section can be expected to be even larger. For this reaso
only consider the process~4! and disregard the complemen
tary process in which slow atoms in the otherj-component,
3p1/2, are produced.

The resonant process~4! is very efficient because of th
dipole–dipole interaction between the atoms:

V~R!5
D1D223~D1n!~D2n!

R3 ,

whereD1 and D2 are the dipole operators of the collidin
atoms,n is the unit vector of the direction between the ato
~internuclear axis!, and R is the internuclear distance. Est
mates of the cross section given in Ref. 54 lead to a sim
dependence on the reduced dipole matrix elementD of the
resonance transition and the collision velocityv ~in atomic
units!:

s;D2/v.

For D;1 and room temperature velocities the cross sec
is very large, s;1/v;(10213– 10212) cm2. The energy
transfer in~4! occurs mainly at large impact parameters a
hence, small scattering angles. Therefore the momen
transfer between the colliding partners is small and the s
Na(3p3/2) atoms do not depart from the vicinity of the pa
ticle beam axis.

A more detailed quantitative analysis55,56 shows that for
the 2P3/2→2S1/2 transitions the average cross section can
expressed as

s~2P3/2,2S1/2!51.66
pS

v
, ~5!

whereS is connected with the strength of the 3p3/2→3s1/2

transition and is thus related to the radiative lifetimet of the
3p3/2 level,

S5
3

64p3

l3

t
. ~6!
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Substitutingt516.25 ns,lvac5589.16 nm, andv5913 m/s
@for a representative kinetic energy of 0.1 eV that the f
Na(3p) fragments acquire in the dissociation# in ~5! and~6!,
one obtainss51.1310212 cm2.

Knowing the cross section of the process~4!, one can
estimate the ratio of the slow and fast Na(3p) atoms. Assum-
ing that the slow Na(3p) atoms are produced by process~4!
and decay by spontaneous emission, this process can b
scribed by a rate equation,

dnslow*

dt
5svn0nfast* 2

nslow*

t
, ~7!

where n0 , nslow* , and nfast* are the number densities o
Na(3s1/2), slow Na(3p3/2), and fast Na(3p3/2) atoms, re-
spectively. The pulse-to-period ratio of the ionizing ps las
is of the order of 1024, so that the ionization rate of Na(3p)
atoms can be disregarded in the balance equations. Fur
more, both the time necessary for the fast Na(3p) photofrag-
ments to leave the particle beam and the time the atoms n
for travel through the photodissociating laser beam are m
larger than the lifetime of the 3p state. One can therefor
assume steady-state conditions for the process~7!. The ratio
of the number densities of slow to fast Na(3p) atoms, which
is equal with the measured ratio of numbers of slow and
excited atoms, thus becomes

nslow*

nfast
5svtn053.331024. ~8!

This ratio is by nearly three orders of magnitude smaller th
the experimentally measured ratio, hence the process~4! can
explain the formation of only a small fraction of the ob
served slow Na(3p) atoms.

C. Formation of slow Na „3p … atoms by radiative
excitation transfer from fast Na „3p … photofragments

So far we have neglected a process that often affe
experiments involving atoms in the resonance states, nam
radiation trapping on atomic resonance transitions that
first described by Milne,57 Holstein,58 and Biberman59 in the
first half of the last century. If an excited atom is surround
by other atoms of the same species in the ground stat
high enough densities, the resonance radiation will be
sorbed and reemitted many time before it escapes from
volume occupied by the atoms. These multiple reabsorpti
and reemission of photons will thus decrease the effec
radiative decay rate of the sample compared to the nat
radiative decay rateGnat:

Geff5gGnat, ~9!

whereg is a dimensionless escape factor that can be rega
as the reciprocal of the number of emission and absorp
events before the escape.

Radiation trapping has two important consequences
the context of the present experiment. First, it implies t
the spontaneous lifetimet51/Gnat in Eq. ~8! has to be re-
placed by an effective lifetimeteff51/Geff increased due to
the radiation trapping. This, in turn, will lead to an increa
in the ratio ~8!. The calculations performed in a futur
P license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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paper16 ~hereafter referred to as Paper II! show that under the
conditions of the opacityk0R50.37 and beam radiusR
51 mm used in the present experiment, the escape factg
50.42, so thatteff52.35t. With this value the ratio~8! be-
comes 7.831024. This value is still much smaller than th
ratios of 0.16 and 0.22 measured in the experiment. Th
fore, even with radiation trapping properly taken into a
count, the resonant ET process~4! gives only a minor con-
tribution to the formation of slow Na(3p) atoms.

Another consequence of radiation trapping is the abso
tion of photons that are emitted by the fast Na(3p3/2) photo-
fragments by the abundant Na(3s1/2) atoms from the primary
beam, leading to the formation of slow Na(3p3/2) atoms. In
Ref. 60 it was shown that radiation trapping plays a dom
nant role in the thermalization of velocity selected excit
atoms in thermal vapors. Such a mechanism is feasible
under the conditions of the present experiment because
spontaneous lifetime of the 3p3/2 state is much shorter tha
the average time the photofragments need to escape from
primary particle beam. Most of the excited photofragme
are therefore expected to emit a photon while surrounded
the Na(3s) atoms at a density of 231011 cm23.

The detailed derivation of the theory of velocity redist
bution of excited atoms by radiation trapping is given
Paper II. Here we shall provide only a brief outline of th
theory and describe its consequences for the present ex
ment. In the collimated supersonic beam employed in
present experiment, the 1/e width of velocity distribution of
Na(3s) atoms along the beam axis measuresDv i

5300 m/s. In the direction perpendicular to the beam a
the atoms are collimated to a divergence of 0.8°, wh
yields a velocity spread ofDv'59 m/s. Such a small trans
verse velocity spread allows us to assume for further m
ematical analysis that the beam is ideally collimated, i.e.,
neglect the deviations of the velocity vectors of atoms fr
the direction of the particle beam axiseW y . The normalized
velocity distributionf (vW ) of Na(3s) atoms in the beam thu
becomes

f ~vW !5d~vx!d~vz! f b~vy!;
~10!

f b~v !5
1

ApDvat

expS 2
v2

Dvat
2 D ; E

2`

`

dv f b~v !51.

The velocityvy is measured relative to the beam flow velo
ity v f51340 m/s. The valueDvat5Dv i5300 m/s gives the
width of the distribution functionf b(v). Furthermore, we
assume that the spectral absorption and emission profileskn

and wn , are determined by the Doppler width. The abso
tion coefficient for a photon of frequencyn moving in the
directionnW is then given by the relation61

kn5s̄~r !Gnatn0

c

n0
E d3v f ~vW !dS nW vW 2

n2n0

n0
cD ;

~11!

s̄~r !5
l2

8p

g2

g1
,

wherec is the speed of light,n0 andl are the frequency and
wavelength of resonance photons in the center of the l
andg152 andg254 are the statistical weights of the lowe
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3s1/2 and the upper 3p3/2 levels, respectively. Using the dis
tribution ~10!, Eq. ~11! can be reduced to the form

kn5
k0

ucosuu
ApDvatf bS ṽ

ucosuu D ; ṽ5
n2n0

n0
c;

~12!

k05
l3

8p3/2

g2

g1

Gnat

Dvat
n0 .

Here,u is the angle between they ~i.e., beam! axis and the
directionnW of photon propagation, andk053.7 cm21 is the
absorption coefficient at the line center atl5589.16 nm.
From Eq.~12! it is clear that the absorption at the line cent
is large in the directions perpendicular to the particle be
axis because the Doppler linewidth decreases with anglu,
DnD;ucosuu. This effect outweighs the relatively sma
opacity k0R50.37 at beam radiusR51 mm, so that radia-
tion imprisonment becomes noticeable under the conditi
of a well-collimated supersonic beam.

Quantitatively the effect of radiation trapping
described by the generalized Holstein–Biberm
equation58,59,62determining the evolution of the excited sta
densityn* as a function of space coordinaterW:

]n* ~rW,vy ,t !

]t

52Gnatn* ~rW,vy ,t !1GnatE
vy8
E

V
d3r 8

3dvy8 n* ~rW8,vy8 ,t !G~rW,rW8,vy ,vy8!

1S~rW,vy ,t !. ~13!

Here, G(rW,rW8,vy ,vy8) gives the probability that radiation
emitted at pointrW8 will be absorbed at pointrW, andS(rW,vy ,t)
is the source term~cm23 s21! describing the external excita
tion rate, which in the present context corresponds to exc
tion of Na(3s1/2) atoms by photons emitted by fas
Na(3p3/2) photofragments. Such a separation of the sou
term is justified because the number density of fast Na(3s3/2)
photofragments is smaller~by several orders of magnitude!
than the density of slow Na(3s3/2) atoms in the beam. There
fore the reverse process, in which the fast Na(3s1/2) atoms
@which either arise from fast Na(3p3/2) after they have emit-
ted a photon, or represent the other dissociation fragm#
absorb the photons emitted by slow Na(3p3/2), is negligibly
inefficient. In other words, the fast Na atoms seed the e
tation into the system of slow atoms and leave the be
while the system of slow atoms diffuses this excitati
within the beam. In addition, the emission/absorption profi
of fast atoms are much broader than those of slow ato
which further reduces the probability of diffusing the excit
tion back from the slow to the fast atoms.

In such a situation, the same considerations as th
given above after the rate equation~7! apply, and it is rea-
sonable to treat Eq.~13! under steady-state conditions:

Gnatnslow* ~rW,vy!5S~rW,vy!1GnatE
vy8
E

Vb

d3r 8 dvy8

3nslow* ~rW8,vy!G~rW,rW8,vy ,vy8!, ~14!
P license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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whereVb is the beam volume andS(rW,vy) is determined by
the interplay of the emission profile of excited photofra
ments and the absorption profile of atoms in the prim
beam. The integral on the right-hand side of Eq.~14! de-
scribes the radiation imprisonment in the system of slow
atoms from the primary beam. In the case of an ideally c
limated beam the functions entering Eq.~14! can be factor-
ized in parts depending on the spatial variables and the
locity vy . The Doppler effect implies that for the atom
emitting a photon and for the atom absorbing this photon
conservation of the velocity projection onto the photon em
sion direction nW should fulfill (vy

(1)eW y)nW 5(vy
(2)eW y)nW , i.e.,

vy
(1)5vy

(2) . In other words, the velocity componentvy of
slow atoms involved in the emission-reabsorption proc
does not change. Furthermore, advantage can be taken o
possibility to factorize the source function. Since the em
sion profile«n of fast photofragments is much broader th
the absorption profilekn , one can assume that«n>«n50

>const within the absorption width. Therefore at the limit
small opacities the intensityI n(rW) of radiation emitted by fas
photofragments is nearly the same for all absorption frequ
cies of the slow Na(3s1/2) atoms at any pointrW inside the
beam: I n(rW);«n>«n50>const. The source function ca
then be expressed as

S~rW,vy!5kñI ñ~rW !; f b~vy!«ñ> f b~vy!«n50>const3 f b~vy!,

whereñ is the Doppler shifted frequency seen by the abso
ing atoms,ñ5n01vy /l•cosu. The above equation implie
that the velocity profile of the source function, which can
written asS(rW,vy)/S(rW,vy50)5 f b(vy)/ f b(vy50), does not
depend on the spatial coordinaterW. This is true for vanish-
ingly small opacities. At non-negligible opacities the abso
tion of photons inside the beam lead to a deformation of
intensity profileI n(rW), and the ratioS(rW,vy)/S(rW,vy50) be-
gins to deviate from the initial velocity distributio
f b(vy)/ f b(vy50) of slow atoms in the beam. As it is show
in Paper II, this deviation is very small at the opacities of t
present experiment. Therefore we can affirm with a suffici
accuracy that the source function can be factorized
S(rW,vy)5S(rW) f b(vy), whereS(rW)[S(rW,vy50)/ f b(vy50).

The above considerations allow us to substitute in
~14! nslow* (rW,vy)5nv* (rW) f b(vy) and to consider Eq.~14! for
each subensemble of atoms with fixed velocityvy5v sepa-
rately:

nv* ~rW !2E
Vb

d3r 8 nv* ~rW8!Gv~rW,rW8!5
S~rW !

Gnat
;

~15!

Gv~rW,rW8!5
1

4purW2rW8u2
kv exp~2kvurW2rW8u!,

where kv5(k0 /ucosuu)exp@2v2/(Dvat
2 cos2 u)# and u is the

angle between the beam axis and the direction of the ve
rW2rW8. Since the kernelGv(rW,rW8) is an exponentially de-
creasing function of its spatial variables, Eq.~15! can be
evaluated using the Fokker–Planck method. The calculat
in Paper II show that the number of slow Na(3p) atoms can
be expressed by a simple relation:
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NNa
slow* 5VPDS~rW50!

1

gGnat
, ~16!

whereVPD is the volume of the photodissociation zone, a
the source functionS(rW50) in the center ofVPD is deter-
mined by the densitynfast* and velocityvPD of the excited
photofragments,

S~rW50!5Gnatnfast* k0R
15pAp

64

Dvat

vPD
S 11

1

8

Dvat
2 1Dvmol

2

vPD
2

1
&

p
k0R@ ln~k0R!21.17# D . ~17!

Substituting Eq.~17! into Eq. ~16!, the ratio of numbers of
slow and fast Na(3p) atoms is expressed as

NNa
slow*

NNa
fast*

5
15p3/2

64

k0R

g

Dvat

vPD
S 11

1

8

Dvat
2 1Dvmol

2

vPD
2

1
&

p
k0R@ ln~k0R!21.17# D , ~18!

where NNa
fast* 5nfast* VPD. Inserting the respective values o

photofragment velocitiesvPD5857 m/s andvPD51065 m/s,
we obtain for the ratio~18! the values of 0.26 and 0.21 fo
the photodissociation from the levelsv9517 andv9523,
respectively. Interestingly, the main contribution to the pop
lation of the slow Na(3p) atoms is due to the photons emi
ted by photofragments perpendicularly to their fragmentat
velocity regardless of the direction of the fragmentation. A
though these theoretical values are in a fairly good agr
ment, the measured ones~see Table I!, they show a tendency
reversed to that observed in the experiment: the theore
ratio is larger for the dissociation from the lower vibration
level, whereas the experimental ratio is larger for the dis
ciation from the higher vibrational level.

This disagreement can be abolished by taking into
count the hyperfine splitting of Na energy levels. As sho
in the thermalization study of excited atoms,60 a non-
negligible hyperfine splitting should be taken into accou
when considering the radiation imprisonment. The hyperfi
splitting in the excited 3p3/2 state intoF50, 1, 2, and 3
sublevels is not resolved because it is much smaller than
Doppler widthDnD5Dvat/l5500 MHz associated with the
velocity distributionf b(v) of Na(3s) atoms in the beam. In
contrast, the 1772 MHz splitting between theF51 and
F52 sublevels of the 3s1/2 state is considerably larger tha
DnD . In Paper II it is shown that under such conditions t
radiation diffusion is described as two independent impris

TABLE I. Experimental and theoretical ratios of the numbers of slow a
fast Na(3p) atoms formed after the photofragmentation of Na2 in the levels
v9517 andv9523.

Na2

v9 level

NNaslow* /NNafast*

Experiment Theory, without HFS Theory, with HFS

17 0.16 0.26 0.13
23 0.22 0.21 0.19
P license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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ment processes occurring on the hyperfine transitions 3p3/2

→3s1/2, F51 and 3p3/2→3s1/2, F52. It leads to a de-
creased effective opacity of the mediumk0

(eff)R'A15/8k0R
50.19 and an increased effective escape factorgeff50.56.
For the levelv9517, the width of the emission profile of fas
Na(3p3/2) photofragments, which is determined by the Do
pler shift due to fragmentation velocity, extendsDn
561453 MHz from the center of each hyperfine transiti
and does not reach the frequency of the other hyperfine t
sition. The effective ratio of slow to fast Na(3p) atoms is
therefore expressed as a sum of two contributions co
sponding to two hyperfine transitions:

NNa
slow*

nNa
fast*
U

eff

5
NNa

slow*

NNa
fast*
U

F51

1
NNa

slow*

NNa
fast*
U

F52

, ~19!

where

NNa
slow*

NNa
fast*
U

F

5
15p3/2

64

ḡFk0
~F !R

8geff

Dvat

vPD
S 11

1

8

Dvat
2 1Dvmol

2

vPD
2

1
&

p
k0

~F !R@ ln~k0
~F !R!21.17# D .

Here, ḡF52F11 is the statistical weight of the hyperfin
level F of the ground state 3s1/2, the total weight of the 3s1/2

state is 31558, andk0
(F)5k0ḡF/8 is the respective partia

absorption coefficient of the hyperfine transition. Equat
~19! yields a ratio of 0.13 forv9517.

In the case of dissociation from the levelv9523, the
fragmentation velocityvPD51065 m/s is large enough to in
crease the width of the photofragment emission profile
Dn561805 MHz. Under such conditions, the photons em
ted by photofragments on each of the hyperfine transiti
can be absorbed by both hyperfine levelsF51 and F52
simultaneously, and the ratio of slow to fast Na(3p) atoms is
given by the relation

NNa
slow*

NNa
fast*
U

eff

5
15p3/2

64

k0R

geff

Dvat

vPD
S 11

1

8

Dvat
2 1Dvmol

2

vPD
2

1
&

p
k0

~eff!R@ ln~k0
~eff!R!21.17# D . ~20!

From Eq.~20! we obtain forv9523 a ratio of 0.19, which is
larger than that forv9517. One can see from Table I tha
the mechanism of radiative excitation transfer, which
counts for the HFS of the 3s1/2 state, correctly reproduces th
experimental observations. Note, that the larger ratio
v9523 is explained solely by the different conditions und
which the source function is formed. Forv9517, the radia-
tion emitted by the fast photofragments on a given hyper
transition is absorbed on the corresponding hyperfine tra
tion of slow Na atoms, whereas forv9523 the absorption
takes place on both hyperfine transitions of the slow ato
simultaneously.
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VI. CONCLUSION

In this paper we have presented a detailed study of
photodissociation process Na2(X 1Sg

1 ,v9,J9)1hn458 nm

→Na2* (B 1Pu)→Na* (3p)1Na(3s) in a supersonic beam
We use laser manipulation to prepare the molecules prio
dissociation selectively in predetermined quantum states
novel design of ion imaging apparatus with a permanen
field-free reaction zone was used to obtain two-dimensio
images of photofragments. Fragments with kinetic energ
differing by 50 meV could be resolved. The photofragme
angular distributions provided by two-dimensional imag
reflect the flow-induced alignment of molecules in the be
prior to dissociation, though its effect is not dramatic.

An important observation made in this study is the e
cient formation of excited Na(3p) atoms that have not ac
quired momentum relative to the flow velocity. Such atom
cannot result from direct dissociation. The use of the imag
technique allowed us to separate the fast Na(3p3/2) atoms
produced in the direct photodissociation process from s
Na(3p3/2) atoms produced in a secondary process. It w
identified as the excitation of Na(3s) atoms from the pri-
mary beam to the 3p3/2 state by photons emitted by the fa
Na(3p3/2) photofragments. This process could be well d
scribed in terms of the radiation trapping phenomenon. T
solution of the radiation trapping equation allowed us to e
press the ratio of slow excited atoms created in a secon
process to the fast photodissociation fragments by sim
analytical formulas. A very good agreement with the expe
mental observations is obtained, when the non-negligible
perfine splitting of the Na ground state is taken into accou
In this study we thus demonstrate that radiation trapping
imply dramatic changes in the apparent translation ene
distribution of excited species after a unimolecular fragm
tation process. Note that the radiative excitation transfe
on one hand similar to the dipole–dipole resonance exc
tion transfer discussed in Sec. V B, in the sense that the la
process can be seen as an exchange of virtual photons
tween the fast and the slow atoms. On the other hand
different, since the former process is an exchange of
photons between atoms. For the resonance excitation tran
to take place, a sufficiently close encounter of atoms is n
essary. Therefore this process is efficient only at sufficien
high atom densities, which are seldom achieved in beam
periments. In the process of radiation imprisonment, in c
trast, the excitation is transferred by photons and close
counters of atoms are not necessary. In principle, for
imprisonment only the opacity is of importance, and it can
efficient also at low densities provided that the extension
the media is sufficiently large. In conclusion, we emphas
the importance of a proper account of radiation trapping p
nomenon in any experiment involving atoms in resonan
states, even in media-like supersonic beams, where one
itively expects the effect of radiation trapping to be neg
gible.
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