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Velocity redistribution of excited atoms by radiative excitation transfer.
I. Experimental demonstration by photodissociation of Na 5
and field-free imaging
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Photodissociation of state-selected sodium molecuIesQ(X\I]i;Jr ,v")+hv—Na} (B 1)

—Na* (3ps;») + Na(3sy,) has been studied theoretically and experimentally using a novel
“field-free” ion imaging design. The experiment uses a supersonic Nabiéam in combination

with the stimulated Raman adiabatic passage technique to preparenblacules in selected
rovibronic levels of the electronic ground state. The Na&{3 fragments are photoionizegr

excited to high Rydberg statein 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(3;,) 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 fem levelsv”"=17 andv”=23,
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 NggBphotofragments to the abundant Naf&toms from the
primary beam, whereby the hyperfine splitting of treesBate must be taken into account. Analytical
formulas describing this mechanism show a ratio of slow to fast Na@oms of 0.13 for”

=17 and 0.19 fon" =23, which is in very good agreement with the experimental observations.
© 2003 American Institute of Physic§DOI: 10.1063/1.1589474

I. INTRODUCTION commonly used techniques for the study of uni- and bimo-
lecular fragmentation processesee the reviews'9.
The velocity and angular distributions of molecular re- lon imaging apparatus usually use electric fields to ex-

action fragments carry important information about the mo-ract the ionized fragments from the reaction region. How-
lecular dynamics. The determination of these distributions isver, when atoms or molecules in Rydberg states are in-
therefore essential in studies of chemical reactiorvolved, the extraction field will ionize theft.The resulting
dynamicsi? photofragmentatiofi, or dissociative electron high density of electrons and ions may blur the processes to
attachmenf.Some 15 years ago, Chandler and Housfon-  be studied?**We have therefore developed an ion imaging
posed and demonstrated the powerful ion imaging methodapparatus with a permanently field-free reaction Z8nale

By measuring the two-dimensional projection of the three-have applied this field-free apparatus to study the photofrag-
dimensional spatial fragment distribution simultaneous dementation of Na via the B 11, state(see Fig. I

tection of fragment velocity, angular, and internal energy dis-

tributions is achieved. lon imaging methods have becom@a,(X %! ,v")+hv—Nas(BI,)

9
—Na(3pgp) + Na(3sy,) + AEgidv").
dAuthor to whom correspondence should be addressed. Electronic mail: 3 v2 aisd
ekers@physik.uni-kl.de ()]
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i AR excitation transfer from the Naf8,,) photofragments to the
5F 3s+Na Na(3s) atoms in the primary beam. In Secs. Il and Ill we
! ] shall describe the experiment and give the results. Section IV
4 F ] is devoted to the theoretical description of the photodissocia-
: ] tion process(1). Section V explains the dramatic velocity
% 3 ] redistribution of excited atoms by radiation trapping. A full
~ ] derivation of this theory is given in the accompanying
o2 3s+3p ] At l6
] publication.
1t Il. EXPERIMENTAL SET-UP
ok — 3s+3s 4 A. Supersonic beam
\ . o For the experiments we use a single supersonic beam of

sodium atoms and moleculésee Fig. 2. The vacuum appa-
ratus consists of four differentially pumped chambers con-
FIG. 1. An illustration of the photodissociation scheme used in the presentlaInlng the source oven, the sectl_on fOT the opt|_cal prepara-
experiment. The Namolecules are selectively prepared in excited rovi- tion of molecules, the reaction region with ion optics, and the
bronic levels of the electronic ground staeX by means of STIRAP via  imaging detector. The expansion of sodium vapor from the
the_A12_J state. The molecules are photodissociat;d_ from the_se excitedource at 900 K temperature through a 0.4 mm diam nozzle
rovibronic levels by the.pp=458 nm photons from an Arion laser via the v 14g yiprationally and rotationally cold molecules with

B “II, state. The excess energ{E 4 is transformed in equal amounts into % of th |ati in th d vibrati Ll I

the translation energies of the N@ps,) and Na(3) fragments. The ex- 99% of the popu ation in t_ e _gro_un vi ratlon_a eve
cited N& (3pay;) photofragments are photoionized or excited to high Ryd- =0. The maximum of the distribution over rotational levels
berg statesXp~408 nm) and registered by an ion imaging detector. is atJ”"=7. The flow velocity isv;=1340 m/s, and the &/

widths of the longitudinal velocity distributions ar&uvy

As a two-body fragmentation with a single dissociation =300 m/s and\vy,,=260 m/s for the atoms and molecules,
channel, this process is suitable for assessing the propertiégspectively. The beam is collimated by two skimmers and a
of the field-free imaging setup. The molecules are selectivelyy MM diam aperture at the entrance of the reaction zone. The
prepared in single rovibronic levels using the stimulated Ralesulting divergence of 0.8° leads to a residual transverse
man adiabatic passagSTIRAP) techniquet® The well-  Doppler width of 30 MHz. The densities of atoms and mol-
defined initial quantum state in combination with the control€cules in the reaction region 20 cm downstream from the
of laser polarizations allows the production of photofagmentg10zzle are X 10** and 2x< 10" cm™®, respectively.

with well-defined kinetic energies and angular distributions.
As the potential energy curves of the Naolecule are well
known, it is straightforward to describe this fragmentation
process theoretically for comparison with the experimental  The relevant optical transitions are shown in Fig. 1. The
two-dimensional photofragment images. Surprisingly, the exmolecules are selectively prepared in excited ,J7) rovi-
periments reveal that this seemingly simple photofragmentadronic levels in the electronic ground state by means of the
tion process is accompanied by an efficient secondary prcSTIRAP techniqué® The Stokes laser fieldCoherent CR-
cess that produces low-energy Nag3) atoms. As will be 899 Ti:Sa, 1 MHz linewidth, a few hundred mW power
shown below, this observation is caused by efficient radiativeouples an intermediate (,10) level in theA 12: state with

5 10 15 20 R (au)

B. Optical preparation and fragmentation
of the molecules

photodiss.
o laser .
) Stokes  pump probe / image
skimmer laser laser laser ’ shifter
- /,M, —@ /
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ps
laser

FIG. 2. An arrangement of the experiment with field-free ion imaging. The partially overlapping Stokes and pump lasers serve for the seleaiva vibrati
excitation of the molecules by means of STIRAP. The probe laser allows monitoring of the vibrational excitation, and it is shut off during the detectio
fragments by ion imaging. The photodissociation laser fragments themééecules into Na(B) and Na(3) atoms inside the electrostatically screened

reaction chamber. The frequency doubled radiation from a picosdpsnidser ionizes the Na(® fragments or excites them to high Rydberg states. The ions

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 thepielgcity ma
mode and focuses the ions onto a two-dimensional position sensitive d¢fe8r The PSD is displaced from the molecular beam axis to prevent neutral

atoms and molecules of the primary beam from reaching its surface. The ions are correspondingly deflected away from the beam axis toward the detector by
a homogeneous field of the electrostatic image shifter.
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(a) A - scheme (b) timing
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FIG. 3. (a) The coupling scheme for STIRAP. The Stokes laser field couples -
the intermediatev’J’ level with the desired finabfJ; level before the v
interaction with the pump laser field takes place. Both laser frequencies are & 4. '»
detuned by an equal amouft from resonance with the molecular transi- 3

tions, maintaining two-photon resonan¢l) The Stokes laser beam axis is '
shifted upstream from the pump laser beam. The molecules traveling in the
particle beam with flow velocity ; are thus exposed to the Stokes laser field
prior to the pump laser field.

FIG. 4. Experimental 2-D images of photoionized Npg3) fragments re-
the desired final «f,9) level in theX 12g state before a sulting from the photodissociation of Nanolecules selectively excited to
pump laser fieldCoherent CR-699, DCM dye, 1 MHz line- robrivonic levelsy”, 3"=9 in the electronic ground statéa) v”= 10; (b)
width, a few hundred mw pow}acouples the initiaI(O, 9) v"=13;(c) v":'l7; (d)yv”"=23.In orqier to increase the signal-to-noi;e ratio
. . . . for reconstruction purposes, the images are two-fold symmetrized and
with the Inter_medlate |eV€[_FIg. 3@)]. Both laser be_ams smoothed using a 2-D Gaussian filter, averaging over five points.
cross the particle beam at right angles and are polarized per-
pendicularly to the particle beam axis. They are focused by a
cylindrical lens with the focus placed at the particle beampropagate freely to the mesh that separates the field-free zone
axis in the optical preparation chamber. The proper sequenand the ion optics region. Their location at the entrance de-
of laser pulses is achieved by shifting the Stokes laser axipends on the momentum perpendicular to the particle beam
slightly upstream from the pump laser beésee Fig. 8)]. axis acquired in the fragmentation process. The ion optics
Both laser frequencies are detuned off resonance by an equabnsists of two cylindrical electrodes placed on the particle
amount of A»=200 MHz. The above scheme ensures abeam axis downstream from the reaction chamber. The ion
population transfer efficiency of up to 99%, as monitored byoptics accelerates and images the charged fragments onto a
probing the population in the desired final level by laser-position sensitive detectdPSD), consisting of multichannel
induced fluorescence on th&'S [ (v,,,10)—X 2, (vf,9)  plates(MCPs in the Chevron arrangement followed by a
transitions downstream from the optical preparation champhosphor screen and a charge coupled dei@&D) camera
ber. The optical preparation of the molecules is spatiallyLa Vision, 640<x480 pixelg. The two-dimensional2-D)
separated from the reaction regisee Fig. 2to avoid that  photofragment images registered by the PSD are stored and
any processes induced by the laser light used for vibrationgdrocessed using the La Vision DaVis 5.4.4 software. The
excitation interfere with the photodissociation process. PSD is displaced from the particle beam axis to prevent the
The molecules in levels” =10 are photodissociated into sodium atoms and molecules of the primary beam from hit-
Na(3ps,) and Na(3,,,) fragments by the.pp=458 nm ra-  ting (and thus destroyinghe MCPs. The ionic fragments are
diation from an AF ion laser via theB 11, state. The Af deflected away from the particle beam axis onto the PSD by
laser beam with a power of typically 250 mW crosses thea homogeneous electrostatic field of the dodecapole image
particle beam axis at right angles in the reaction chamber. khifter}”*® The exit plane of the ion optics is screened from
is polarized perpendicularly to the particle beam axis andhe deflection field by a fine mesh. The voltages applied to
focused to a spot ofa. 2 mm diam. The Na(f3,) frag- the electrodes of ion optics can be varied to switch between
ments are photoionize@r excited to high Rydberg states— the space-mappifgnd velocity-mapping modes. The lat-
see Sec. )l by the frequency doubled radiation § tunable  ter was preferred since it provides a significantly better reso-
around 408 nrof a mode locked Ti:Sa las€iCoherent Ilution of the images.
MIRA-900-P, 3 ps pulse length, 76 MHz repetition natend
detected by an ion imaging detector. IIl. RESULTS

Figure 4 shows the photofragment 2-D images resulting
from the dissociation of Nafrom levelsyp” =10, 13, 17, and

A detailed description of the “field-free” imaging appa- 23 in the ground electronic state. They correspond to the
ratus is given in Ref. 14, Briefly, a permanently field-free fragment kinetic energies of 27, 54, 87, and 136 meV, re-
reaction zone is an essential feature of our imaging setugspectively. We did not observe any fragmentation from the
After fragmentation and possibly ionization, the particleslevel v”=9, which shows that tunneling from this level is

C. “Field-free” ion imaging detector
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correct. It is because the fast photofragments are distributed
within the entire area of the 2-D detector limited by the in-
tense outer ring. Therefore the intensity of the central spot of
the image includes also a nonzero contribution of the fast
photofragments. Therefore the value of 0.4 is to be consid-
ered as the upper limit of the ratio. In order to correctly
determine the ratio, the contributions of the fast and the slow
excited atoms should be separated. As will be shown at the
end of Sec. IV B, such separation is possible by reconstruct-
ing the original 3-D distribution of the excited atoms by
FIG. 5. Experimental 2-D images of Nag3,) fragments excited to high E2nS of the inverse Abel transformation. Such'separauon
Rydberg states. They result from the photodissociation of Melecules  Yields for the ratio of numbers of slow and fast excited atoms
selectively excited to rovibronic levels’, J’=9 in the electronic ground @ value of 0.16 fow”=17 and 0.22 fow"=23.
state: (a) v"=17; (b) v"=23. The images are two-fold symmetrized and The sensitivity of the “slow” Na(3s,) atoms to the
smoothed using a 2-D Gaussian filter. ionization threshold can be explained by the properties of the
field-free imaging desigfsee Ref. 14 for a detailed descrip-

negligible. The outer ring on each figure is the image oftion). Any stray electric fields in the permanently field-free
photoionized fragments resulting from the photodissociatio?on€ of the reaction chamber affect the trajectories of
of the molecule. As expected, the radius of the ring increasegharged particles and thus change the images beyond the ion
proportionally tov=\2E/m. However, the presence of the optics. Electric stray fields may arise from, e.g., any rest or
inner ring clearly seen on images fof =17 and 23 and patch surface potentials, or the presence of ions in the par-
hardly resolvable fop” = 13 is surprising. It is observed only ticle beam. Furthermore, the exposure of mesh separating the
when the molecules are vibrationally excited and the radiafield-free reaction zone from the ion optics to the particle
tion of both the photodissociation laser and the photoionizab&am leads to deposition of sodium onto the mesh. This ex-
tion laser is present. In addition, the radius of this innerPOsure leads to a build-up of a contact potential between the
structure does not change with the vibrational layel (For ~ Stainless steel mesh and the deposited sodium. The image
v”=10 the inner ring overlaps with the ring of the photo- duality becomes noticeably distorted after only 5 min of op-
fragment image. This observation suggests that the innereration. The detrimental consequences of space charges were
structure of the images does not result from a direct photoobserved in a separate experiment in which"Nens were
dissociation of Na. created by means of two-stepg-3>3p— continuum) photo-

The following observation leads us to the conclusion thafonization of Na(3,, atoms from the primary beaff.
the particles observed near the center of the image are not tifdready at moderate intensities of the laser exciting the
fragments of photodissociation. We tuned the energy of thé@s—3p transition (well below saturation the ion density
photoionizing photons to just below the Na(g,)—Na’ was high enough to cause dramatic Coulomb repulsion be-
ionization threshold and excited the Na(3,) fragments to tween the photoions. In contrast, excitation of the N3(3
high Rydberg states. The particles should still be properlyatoms to high Rydberg states showed no such repulsion at a
imaged since they are ionized by the electrostatic fields oWveak excitation of the 8—3p transition. In fact, the Cou-
the ion optics immediately after entering it. These images arédomb repulsion is important for the ions traveling parallel to
shown in Fig. 5. As expected, the photofragment image¢he beam axis, while the ionized photofragments leave the
have remained unchanged compared to Fig. 4, while the ineeam quickly and their trajectories are less sensitive to space
ner ring has contracted to a spot in the middle of the imageharge near the particle beam axis. Therefore we consider the
corresponding to zero velocity perpendicular to the primaryimages taken with particles excited to high Rydberg states as
beam axis. Such a transformation of the inner structure wheproperly reflecting their velocity distribution.
the frequency of the ionizing laser is tuned below the  The photofragment images, Figs. 4 and 5, clearly show
Na(3ps,) — Na' ionization threshold allows us to relate this an anisotropy in the photofragment angular distribution. The
structure to Na(Bs,) atoms. In Sec. V we shall show that calculations presented below in Sec. IV suggest that the dis-
they result from a dramatic radiative population redistribu-tribution should be close to i, where @ is the angle be-
tion between the excited Nap3,,) photofragments and the tween the polarization vector of the dissociating laser and the
abundant Na(8,,) atoms from the sodium beam. The ratio velocity direction of the photofragments. The laser polariza-
of the number of particles in the middle spot correspondingion direction defines the symmetry axis of the 3-D photo-
to “slow” Na(3 ps;) atoms to the number of faster photo- fragment distribution and, consequently, the symmetry axis
fragments in the outer ring is about 0.4. This value is ap-of its 2-D projection(the vertical axis in Figs. 4 and 5; see
proximately the same for the dissociation from levels also Fig. 7 for referengeln order to correctly determine the
=17 andv”"=23 as determined from the images in Fig. 4 photofragment angular distribution, the original 3-D photo-
and in Fig. 5. The determination of the ratio from images offragment distribution should be restored. This is done in Sec.
photodissociation from levels’=10 andv”=13 is ambigu- 1V B, where a comparison with the theory is provided. From
ous since the inner and outer structures are not resolvethe width of the measured 2-D images we find the energy
However, the determination of the ratio of slow-to-fast ex-resolution of the field-free imaging detector to be, on aver-
cited atoms from the raw images on Fig. 5 is not exactlyage, 50 meV.
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IV. ANALYSIS: PHOTODISSOCIATION

A L S B A, NM

. . o g 6L ] —e—458.06

The photodissociation process under study is illustrated & ° | | —o—465.92

in Fig. 1. TheB 11, state correlates with thep,+ 3s;» ,_5 5k 1 —o—472.82

states of separated atoms and exhibits a 46 meV high poten-g al ] ——476.62

tial barrier above the dissociation asympt&tahe absorp- i —v—488.12

tion of one 458 nm photon from the Arlaser provides & 31 1 —0—496.65

enough energy for molecules from levels=10to passover = , | ] = 30L85

the barrier and separate into Ng3,) and Na(34,,) atoms. 5 TSIATS
The known experimental studies of this process have all beeng ! i ]
performed without a well-defined initial rovibronic level of £ 0} . . ; . ¢ -

Na, and with no or only indirect angular or energy resolution
of photofragmenté!=2* A theoretical stud$? predicted that
the 3p,,+3sy, asymptote can also be populated due to
nonadiabatic coupling at large internuclear distances. Al- _ o FREU
though in the vapor cell experiméﬁta relatively small Iil;; 6. Cross sections for the pho_todlssomatlon of, NX Eg_ 0",

) molecules by 458 nm photons via tBe'I1,, state as a function of the
population in the By, level was observed, experiments Us- yibrational quantum number”. For levelsy”<9 the energys =E(v"J")
ing molecular beanté2?* failed to detect any fluorescence +hwy+ is not sufficient to overcome the potential barrier of ®éll,
from the 304/, level at photodissociation by the 458 nm laser state, the maximum of which lies 46 meV above thgy3+ 3s,, dissocia-
photons. It is therefore justified to assume that onIy ihe tion asymptotgRef. 20. According to the calculations, for the initial level

10 15 20 25 30
Iy~ "
Na (X ):g ), v'-level

. . . . v"=9,j"=9 a narrow resonance is expected at about the energy of the 458
=3/2 component of the 3 state is populated in this disSO- nm photon. However, in the experiment no detectable photofragment signals
ciation. were observed at this wavelength when molecules were prepared to the level

. o . v"=9, j"=9. For comparison, photodissociation cross sections by other
A. Photodissociation cross sections visible Ar* laser lines are also shown.

Since the potential curves of Mare well knowr?® the q
theoretical modeling of the photodissociation process i
straightforward. Standard methods can be used to calculaRy s+ ,ny_ g1y 43
the photodissociation cross sections. The molecules are ex- !
cited from a rovibronic level with energf(v”J") in the B
electronic ground state into a dissociation continuum of the ~ ~— | XX oy (R u(R) X, o0 (RIAR. )

1 H _ " _
g Hgn;t:itri:rm: e?gigrr)fa;icl)zrf Ut;e)i:izgfgﬁ(jl r:‘ig;ﬁ rigqgcularThe transition dipole  moment  curves u(R)
bp bp ’ =e(X 12g|2qi |B1,) (Whereeis the electron charge and

eigenstates factorize into electronic and nuclear parts: q; are the electronic coordinajeand the potential curves

|X 12g+ 0"J"M"y=|X 12;>eI|U”JNM”>nuc; were taken from Ref. 26. The radial wave functions
Xxis} wrr(R) and xgin  5(R) in Eq. (2) were integrated
[B*I,,83'M")=|BI,)ele" M)y, numerically using the Numerov methdtThe resulting pho-

whereM is the projection of the nuclear angular momemumtodissociation cross sections for the range of vibrational lev-
J onto the laboratory axis. The cross section of the photo- els of interest are given in Fig. 6. In the calculations we also

fragmentation depends on the photon energy and the squaf8€cked for a possible contribution of the frggmengatifn of
of the transition momert-2For linearly polarized light and Molecules into Na(By;) and Na(3,;) atoms via theA °X,,
isotropic distribution of the molecular axis it can be written Stéte- We found that for the 458 nm photons this fragmenta-

as tion channel is less efficient than the fragmentation via the
B 11, state by several orders of magnitude and can thus be
o(X'2y 0" —BMl,,ed") neglected. Besides th&!> [ andB 11, states there are no
Yia other singlet ungerade states in the accessible energy range,
8m v 2 R2 so that theB 11, state provides the only dissociation path.
= ax " X12+, [AAN:¥A | e’
3¢ 20"+ 1, 55y g ue B. Photofragment angular distribution
X éxlz; Jr—Blm, 3" - With the given photodissociation cross sections and laser

] ) ) intensities, only a small fractiofless than 1%of the mol-
Here,cis the speed of lighty s - yrgim, o' IS the SUM Of  gcyles in the 7 ,J7=9) level are fragmented as they travel
squares of the angular part of the transition moment over theéhrough the photodissociating laser beam. Therefore the rate

magnetic quantum numb@f with AM = 0,220 of the photodissociation varies linearly with the intensity of
w3 the photodissociating laser, and the photofragment angular
Exist p gl 3= 2 |Rrot 12 distribution does not depend on the laser intensity. As first
X2y =B Iy shown by Zare and Hershbaththe angular distribution of
, 2 fragments ejected in a photodissociation process is generally
=E(2J”+1)(2J’+1) 1 ) anisotropic. The particular distribution depends on factors
3 0 1 -1 like the geometry of the experiment, polarization of the pho-

Downloaded 04 Aug 2003 to 129.15.70.37. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



J. Chem. Phys., Vol. 119, No. 6, 8 August 2003 Velocity redistribution. | 3179

z"z' z (see Ref. 37 for references on this subjethis occurs be-
e ” et cause the interaction potential between the scattering part-
i i 4 ners is anisotropic. The spatial distribution of angular mo-

mentan;(#) around angled between thel vectors and the
molecular beam axis is sensitive to the details of the expan-
sion, like the pressure and temperature of the beam source,
diameter, and shape of the nozzle. It can generally be de-
scribed by an expansion of Legendre polynomialg6)
=ny=a,P,(cosé), whereby only even-order polynomials oc-

p cur because of cylindrical symmetry. From the existing stud-
s i Derecton ies of flow-induced alignment in Namolecular bean§~%°

3 * plane we conclude that under our experimental conditions the ini-
FIG. 7. Geometry of the photodissociation experiment. The molecular bearrtll_al alignment is characterized bY the value Of hecoeffi-
propagates along thg axis toward the imaging detector. The Stokes and Ci€Nnt between-0.1 and—0.4, while the coefficients, and
pump laser beams inducing population transfer by STIRAP, and the photohigher are negligibly small. Fat/, J{<J’, andJ/'=J{ the
dissociating laser beam cross the molecular beam at right angJes, so that theyw-induced alignment will be transferred by STIRAP to the
axisx”, x", andx are all parallel. The light polarization vectoks;, Ep, final level J’f’-

and Epp of all three laser fields defining the direction Bf, z', andz The photodissociation thus starts from the aligned rovi-

respectively, are parallel to each other. The detect®iZ%® plane is parallel b ic | lb” 3"=9 in th X12+ tate. The ti f di

to thex-z plane defined by the photodissociating laser. ror,“C. eve, Uty 91— in the <9 S,a,e' . € ime or dis-
sociation in a direct photodissociation is usually much
shorter than the rotational period of the molecule. Therefore

todissociating laser beam, orientation of the dipole momenth€ fragments depart in the direction of the molecular axis at
of the molecule, alignment or orientation of the moleculesth® moment of photodissociation. Since the direction of the
prior to dissociation, and the dynamics of the fragmentatiorfransition dipole moment is fixed to the molecular axis,
process(see, e.g., Refs. 33-36 and references ther¥ile the_photofragment angular dlstrlputlon WI|| rgflept the @s;n—
therefore performed calculations of the photofragment anguPution of r created by the polarized dissociating radiation
lar distribution for the given geometry of the experimésee ~ field. Thus, the angular distribution of photofragments
Fig. 7). Before the photodissociation, the molecules aref(f:¢) consists of two factors—the angular distribution of
transferred from the initial rovibronic level of the ground @bsorbing dipoless(6,¢), and the absorption probability for
electronic state to the excited rovibronic level of the same®ach dipole,G(6,¢). The latter is simply the Hermitian
electronic state by means of STIRAP. The transfer is induce@roduct of the transition dipole moment vectdrand the

by a A-scheme coupling involving the transitions light polarization vectoiE: G(6,¢)=d-E*. The angled is

X 125(0;/ —0J/=9)—AS (v',J' =10)— X 125(0}1 J measured with regpe(_:t to the quantlzano_n axis givereby
=9). The Stokes and pump lasers are linearly polarized and When the projection\ of the electronic momentum of
their electric field vectors are parallel to each otttais di-  the diatomic molecule onto the internuclear axis does not
rection defines the quantization axiSince the optical selec- change, as in transitios—%, II—1IT, etc., the transition
tion rule AM=0 applies here, the population transfer pe-dipole moment of the optical transition is parallel to the mo-
tween the magnetic sublevels occurs in a set of pure threecular axis(the so-called parallel transition’ The frag-

level systems. Each set involves only the magnetic sublevel$1€Nts WiII'the'n preferentially recoill in .the direction of the
with the same magnetic quantum numbdr (J/=9M) light polarization E. When the projectionA changes by

—(3'=10M)—(J/=9M). Hence, there are¥+1 inde- AA==1 (=TI, [I-A, etc) the transition dipole mo-

pendent subsystems. The efficiency of population transfer ig'€nt is perpendicular to the molecular afgerpendicular
close to unity in each of them. transitiong. Consequently, the recoil direction of the frag-

i ments will be complementary to the distribution of dipole
When the rotational levels are chosen such tat J} P y P

<J', the number of magnetic sublevels in the intermediaténom?”ts immediately after t_he absorption. For isotropic dis-
J' level is higher than in both lower levels. Therefore, thelriPution of the molecular axisand, hence, the angular mo-

initial population distribution oveM will be mapped from Menta the well-known formullzlé('jescribing the photofrag-
J into J . Thus, if the process starts from a rovibronic level MeNt angular distribution appli€s:

"

with isotropically populated magnetic sublevels, the distribu- 1

tion in the final level will also be isotropic. Similarly, when f(6)e E[ZH—BPZ(COSH)], 3
J/'>J'>Jf, the final distribution will also be isotropic,

though the population in sublevels withl|=J!",J/—1 will  where angled is measured with respect to the direction of

remain in the initial state. Whed!=J7>J’, the [M|=J{ laser polarization, ang=2 for a parallel angd=—1 for a
sublevels in the finalf level will remain unpopulated and perpendicular transition. The corresponding angular distribu-
thus the molecules will be aligned. Faf>J'>J/ a more tion of X' —B ™I, photodissociation fragments for the
pronounced alignment will be induced, since the ley®$  case when the photodissociating laser is polarized parallel
=J{, J{—1 remain unpopulated. and perpendicularly to the particle beam axis is shown in
However, elastic and inelastic collision processes durindg-igs. §a)—8(b). The angular distribution is affected by the
the supersonic expansion lead to flow-induced alignmenfiow-induced alignment. Figured&-8(d) show the photo-
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FIG. 10. Slices through the reconstructed 3-D recoil distributions of
Na(3p3») fragments excited to high Rydberg states resulting from the pho-
todissociation of Na molecules selectively excited to the rovibronic level
v"=23,J"=9. They were obtained by inverse Abel transformation of im-
ages shown in Figs.(B), 9(a), and 9b). (a) Transformation of the experi-
mental imaggFig. 5b)]; (b) transformation of the simulated image with
isotropic distribution of the molecular axis prior to dissociatjéiig. 9a)];

(c) transformation of the simulated image with flow-induced alignmapt,
=—0.4[Fig. 9Ab)].

convolution takes into account the 50 meV energy resolution
of the experiment. A comparison with Fig. 5 confirms that
such convolution reproduces the experimental 2-D images

fairly well.
FIG. 8. Angular distribution of photofragments resulting from the photodis- = ; . ; At
C . _ rom Fig. 8 it is obvious that a laser polarization per-
sociation of Na(X ' ,v"J”) molecule via theB 'I1, state. The choice of 9 P P

X, y, zaxis is shown in Fig. 7(a) and(b) are the isotropic distribution of the pendicular to the particle beam axis, as realized in this ex-
molecular axis prior to the dissociation with the photodissociaRd) laser ~ periment, is favorable for the data analysis, since the 3-D
polarized parallfel or perpgndicular to the particle beam axis, respgctivelyangmar distribution of the fragments has cylindrical symme-
éﬂrgﬂ‘gl(g)r g‘;‘r";g;%‘ijccjlirat'gg[‘h”e‘e;;r‘t’;’glr:%:e;n?':Xi""sndre':;'se'caﬁs\gl polarized 1y \vith the symmetry axis parallel to the 2-D detector plane.
' v In such a situation the original 3-D distribution of the frag-
ments can be reconstructed from the measured 2-D images

fragment distributions for the strongest possible flow-Using the inverse Abel transformatiéh?® Figure 1@a)

induced alignment with parametay=—0.4. shows such a transformation of the experimental image of

There are several ways to compare the experimental inFig. 5b) for v”=23. Rotation of the reconstructed image
ages with the theoretical 3-D distributions of the fragmentsaround the symmetry axis yields the original 3-D distribution
The most universal approach is to use the iterative forwar®f the fragments. Figures ()-10(c) show the inverse
convolution of the theoretical 3-D distribution over the ex- transformation of the simulated images in Fig. 9 for the dis-
perimental parameters to simulate the 2-D imdjésFig-  sociation of isotropically distributed and flow-aligned mol-
ure 9 shows an example of such forward convolution forecules. The photofragment angular dependence shown in
the dissociation from leveb”=23. For the convolution, Fig. 11 is obtained by suppressing the image due to slow
3-D photofragment distributions of Figs(t8 and 8d) cor-  Na(3p) atoms and summing radially the ion counts for each
responding to the isotropic distribution of angular mo-angled. The relatively small difference between the theoret-
menta prior to dissociation and flow-induced alignment withical curves for the dissociation of molecules with an isotro-
a,=—0.4 were used. A fraction of particles with zero energypically distributed axis and with flow-induced alignment
perpendicular to the particle beam axtbe slow Na() with a,= —0.4 shows that the latter introduces only minor
atomg are added to this Monte Carlo simulation, while the changes in the photofragment angular distribution. Although
the scatter of experimental points does not allow us to draw
quantitative conclusions about the flow-induced alignment,
the simulated curve witla,=—0.4 is seen to be in some-
(a)a,=0 what better agreement with the experiment than the curve for
an isotropic distribution.

Having reconstructed the original 3-D distribution of the
atoms, we can now more accurately determine the ratio of
the number of “slow” Na(3) atoms to the number of fast
Na(3p) photofragments. The transformed image in Fig.
10(a) represents the distribution of excited atoms in a section
through the middle of a symmetric 3-D distribution, whereby
the complete 3-D distribution is obtained by rotating the
FIG. 9. The forward convolution of theoretical photofragment distributions transformed image around the symmetry axis. Therefore be-
of Figs. 8b) and &d) for the photodissociation of molecules in rovibronic fore the determination of the ratio, each pier of the trans-

level v”"=23,J"=9. The convolution takes into account the presence of a . . . .
fraction of 0.2 of slow Na(B) atoms and the energy resolution of 50 meV. formed 2-D image must be weighted witk- p sin 6, wherer

(a) The isotropic distribution of the molecular axis prior to dissociatiam; 1S the distance between the pixel and the symmetry axis,
flow-induced alignment witta,= —0.4. the distance between the pixel and the center of the image,
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FIG. 11. Photofragment angular dependenceuvfbr 23, as obtained from FIG. %2; Excitedlelgctronic ?tates of MfEf' 26: (12 b*Ml,; (2)3 A:ELT ;
the reconstructed experimental and theoretical recoil distributions in Figs(?’) 1°35, (#2725, (5 BI; (6) 1Tlg; (7) 1°1g; (8) 3 2}1 ; (9)
10()-10(c). It is obtained by summing radially the photofragment counts 3 35:(102°% (1D 2 123_' (123°%, (13 '35 (Na'+Na'). The
for each angled. In the summation, the counts corresponding to the distri- 9reyed area marks the energies that are reached from vibrational levels 10
bution of slow Na(®) atoms in the center each of the images in Figs. <v"<23in the ground electronic state by photons from either thelaser
10(a)-10(c) are suppressedd—experiment; A—isotropic distribution of ~ OF the frequency doubled ps laser.
molecular axis prior to dissociatiori;]—flow-induced alignment witte,
=-0.4.
Three other mechanisms could, in principle, lead to the
formation of Na(3®) atoms with small momentum relative
and ¢ is the angle relative to the symmetry a%iafter such {0 the flow velocity of the primary beanta) energy transfer
weighting, we obtain that the ratio of numbers of slow and(ET) from electronically excited Na molecules to slow
fast excited atomsNyg:  /Nyge , is 0.16 and 0.22 for the Na(3s) atoms in the primary beanip) resonant ET from
photodissociation from levels”=17 andv”=23, respec- fast Na(3) photofragments to slow Na} atoms from the
tively. beam;(c) radiative excitation transfer from fast NggpB to
slow Na(3s) from the beam via the phenomenon of radiation

V. ANALYSIS: EEFICIENT EORMATION OF SLOW trapping. We consider each of these mechanisms separately.

Na(3p) BY RADIATIVE EXCITATION TRANSFER

In the discussion below we shall refer to Na)3atoms A. Energy transfer from excited Na -, molecules

asfastwhen their velocity differs significantly from that of Energy transfer from excited Namolecules is the most
the flow velocity of the particle beam, arsiow when their  straightforward mechanism. The slow Ng)3atoms are pro-
velocity is about equal with the flow velocity. For the obser-duced by collisional energy transfer from an electronically
vation of slow Na(®) atoms besides the fast fragments re-excited molecule to the Nag} atoms in the primary beam:
sulting from the photodissociation proce4s rises the ques- %1 1<+ "

tion about the pmechanism that pis responsible f(lr their N&z (“Ay) +Na(3s) — Nay(X 29 )+ Na" (3p).

formation. A production of slow Na(®) fragments in a two- The studies of this process involving bound rovibronic levels
photon dissociation process of Naan be excluded. Only of the A'S ! andB I, states of Ng*®~*®have shown that
the 458 nm radiation from the Arlaser and the frequency the corresponding cross sections are usually of an order
doubled radiation X ~408 nm) from the ps mode-locked la- of 10 **cn?. In particularly favorable cases, when the
ser are available for such a process in the reaction regiornergy change in the molecule approximately matches
The absorption of two Af laser photons would either ionize that in the atom, the cross sections are as large as
the vibrationally excited Namolecules creating a bound 10 *-10"1? cn?.*9-®1Nevertheless, this mechanism has to
Na; ion or excite them to a Rydberg state. The latter isbe ruled out because there are no bound stat& pfor 11,
expected to autoionize and should be detectable Zg‘siohis. symmetry, which could be excited from the vibrationally ex-
No ions were detected in the experiment when the ps lasarited levelsv”=10 in the groundX 12; state by either the
was shut off. Absorption of one Arlaser photon and one Ar™ laser or the frequency doubled ps laser radiatieee
frequency doubled photofthe same is valid also for the Fig. 12. Excitation from the level”=0, in which the mol-
absorption of two frequency doubled photbean energeti- ecules are initially concentrated after the supersonic expan-
cally lead to the photodissociation of vibrationally excited sion, can also be excluded. The 458 nni Aaser line could

Na, into an N& ion and a Na(8) atom. However, such a excite the molecules to bound rovibronic levels of &,
process does not explain the change in the image of slowr the B 11, state, while the frequency doubled laser radia-
particles upon tuning the frequency doubled laser photons tion around 408 nm would dissociate the molecules into the
below the Na(®)+hv—Na' + e ionization threshold. Na(3s) + Na(3p) fragments if only the photon energies are
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considered. However, the Franck—Condon factors for thaSubstitutingr=16.25 ns,\,,c=589.16 nm, and =913 m/s
excitation scheme are negligibly small. Accordingly, no[for a representative kinetic energy of 0.1 eV that the fast
Na(3p) atoms(and no iong were observed in the experi- Na(3p) fragments acquire in the dissociatian (5) and(6),
ment when the STIRAP lasers were switched off, showingone obtainsr=1.1x 10 12 cn?.
that only vibrationally excited molecules lead to the forma-  Knowing the cross section of the procegs, one can
tion of excited atoms. estimate the ratio of the slow and fast Naj3atoms. Assum-

ing that the slow Na(B) atoms are produced by procegs

and decay by spontaneous emission, this process can be de-

B. Resonant ET from fast Na (3p) to slow Na (3s) scribed by a rate equation,

* *
Collisional excitation transfer from the fast Na{3,) dnS'OW:UUnOnf* _ Nsiow @)
photofragments to the slow NagB atoms of the primary dt st
beam, where ny, n%.,, and nfg are the number densities of
fast N& (3pasj) +slow N&3sy)) Na(3sy2), slow Na(JPs), and fast Na(Bz,) atoms, re-
spectively. The pulse-to-period ratio of the ionizing ps laser
—fast Nd3sy)) +slow N& (3psp), (4) s of the order of 10%, so that the ionization rate of Nap}

is possible. The experimental studieee the review? Ref. ~ atoms can be disregarded in the balance equations. Further-
53 gives more recent referengdsmve shown that the colli- mMore, both the time necessary for the fast N&)(Bhotofrag-
sional energy transfer between fine structure component®€nts to leave the particle beam and the time the atoms need
j=1/2 andj = 3/2 of resonance states proceeds in alkali typi-fOf travel through the photodissociating laser beam are much
cally with cross sections of an order of 1% cm?. The pro- larger than the lifetime of the (8 state. One can therefore
cess(4) is, however, a resonant process. Therefore its cros8Ssume steady-state conditions for the pro¢égsThe ratio
section can be expected to be even larger. For this reason vpé the number densities of slow to fast Ngj3atoms, which
only consider the procesd) and disregard the complemen- is equal with the measured ratio of numbers of slow and fast
tary process in which slow atoms in the otfjemomponent, ~€Xcited atoms, thus becomes
3p12, are produced. n¥
The resonant proces8) is very efficient because of the =
dipole—dipole interaction between the atoms: Nfast
D,D,— 3(D,n)(D,n) This ratio_is by nearly three order_s of magnitude smaller than
3 , the experimentally measured ratio, hence the pro@bssan
R explain the formation of only a small fraction of the ob-
whereD; and D, are the dipole operators of the colliding Served slow Na(B) atoms.
atoms,n is the unit vector of the direction between the atoms
mates of i cross section given I Ref. 54 foal 1 4 simplE. EITAon f kow Na_(3p) atoms by radiatve
dependence on the reduced dipole matrix elenieif the p)Pp g
resonance transition and the collision veloaity(in atomic So far we have neglected a process that often affects
units): experiments involving atoms in the resonance states, namely,
5 radiation trapping on atomic resonance transitions that was
o~Dv. first described by Miln&” Holstein® and Biberma?? in the
For D~1 and room temperature velocities the cross sectioffirst half of the last century. If an excited atom is surrounded
is very large, o~ 1/~ (10 *-10"1%) cn?. The energy by other atoms of the same species in the ground state at
transfer in(4) occurs mainly at large impact parameters and high enough densities, the resonance radiation will be ab-
hence, small scattering angles. Therefore the momentuisorbed and reemitted many time before it escapes from the
transfer between the colliding partners is small and the slowolume occupied by the atoms. These multiple reabsorptions
Na(3ps,) atoms do not depart from the vicinity of the par- and reemission of photons will thus decrease the effective

=ogvmny=3.3X10 4. (8

V(R)=

ticle beam axis. radiative decay rate of the sample compared to the natural
A more detailed quantitative analy¥is® shows that for radiative decay rat€
the 2P4,—2S,, transitions the average cross section can be I=al
eff =~ 91 nat, (9)

expressed as
whereg is a dimensionless escape factor that can be regarded

TS . o .
0(2Pgj5,%S,,) = 1.66—, (5)  as the reciprocal of the number of emission and absorption
v events before the escape.
where S is connected with the strength of the3,—3sy, Radiation trapping has two important consequences in

transition and is thus related to the radiative lifetimef the ~ the context of the present experiment. First, it implies that

3pay, level, the spontaneous lifetime=1/T",5; in Eq. (8) has to be re-
. placed by an effective lifetime.4=1/T" o increased due to

S— 3 N ©6) the radiation trapping. This, in turn, will lead to an increase
647 7 in the ratio (8). The calculations performed in a future
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papet® (hereafter referred to as Papershow that under the 3s;,, and the upper B, levels, respectively. Using the dis-
conditions of the opacityxgR=0.37 and beam radiuR tribution (10), Eq. (11) can be reduced to the form
=1 mm used in the present experiment, the escape factor

=0.42, so thatres=2.35r. With this value the ratid8) be- =0 \/;Avatfb(L> . g=2R0
comes 7.& 10 . This value is still much smaller than the |cosé| |cosd)| Vo
ratios of 0.16 and 0.22 measured in the experiment. There- A% g, Tog (12)

fore, even with radiation trapping properly taken into ac- KOZW——A_nO.
count, the resonant ET proce&) gives only a minor con- ™ 01 Alat
tribution to the formation of slow Na(® atoms. Here, 6 is the angle between the(i.e., beam axis and the
Another consequence of radiation trapping is the absorpdirectionfi of photon propagation, andy=3.7 cm ! is the
tion of photons that are emitted by the fast Np¢3) photo-  absorption coefficient at the line center )at=589.16 nm.
fragments by the abundant Nag;3) atoms from the primary  From Eq.(12) it is clear that the absorption at the line center
beam, leading to the formation of slow Naf{33,) atoms. In s large in the directions perpendicular to the particle beam
Ref. 60 it was shown that radiation trapping plays a domi-axis because the Doppler linewidth decreases with afgle
nant role in the thermalization of velocity selected excitedA vp~|cosé|. This effect outweighs the relatively small
atoms in thermal vapors. Such a mechanism is feasible alsgpacity k;R=0.37 at beam radiuR=1 mm, so that radia-
under the conditions of the present experiment because th@n imprisonment becomes noticeable under the conditions
spontaneous lifetime of thepg,, state is much shorter than of a well-collimated supersonic beam.
the average time the photofragments need to escape from the Quantitatively the effect of radiation trapping is
primary particle beam. Most of the excited photofragmentdescribed by the generalized Holstein—Biberman
are therefore expected to emit a photon while surrounded bgquatior®°*%2determining the evolution of the excited state
the Na(3) atoms at a density of 210** cm™ 3. densityn* as a function of space coordinate
The detailed derivation of the theory of velocity redistri-

bution of excited atoms by radiation trapping is given in an* (Foy,t)

Paper Il. Here we shall provide only a brief outline of this gt

theory and describe its consequences for the present experi-

ment. In the collimated supersonic beam employed in the :—Fnap*(r*,uy,t)+rnatf J d¥’
present experiment, theelividth of velocity distribution of vy

Na(3s) atoms along the beam axis measurdg,
=300 m/s. In the direction perpendicular to the beam axis
the atoms are collimated to a divergence of 0.8°, which +S(F,vy,t). (13
yields a velocity spread akv , =9 m/s. Such a small trans- L, . . L
verse velocity spread aIIow; us to assume for further mathHer.e’ G(r.r ’.UV,'UV.) gives the probab_lhty that Ead|at|0n
ematical analysis that the beam is ideally collimated, i.e., weem'tted at point W'”?f {iltl)sorbed_ at poir, andS(r,vy,t)_
neglect the deviations of the velocity vectors of atoms from'> the source ter_n(lcm s ) describing the external excna-.
the direction of the particle beam axis. The normalized tion rate, which in the present context corresponds to excita-

L - : tion of Na(3sy,) atoms by photons emitted by fast
I f f N h h v
velocity distributionf(v) of Na(3s) atoms in the beam thus Na(3ps,) photofragments. Such a separation of the source

Xdoy n* (", vy 1)G(F,F"vy,vy)

becomes term is justified because the number density of fast Ng¢B
f(0)=6(vy) o(v,)fp(vy); photofragments is smalléby several orders of magnitude
) (100  than the density of slow Nag&3,,) atoms in the beam. There-

fo(v)= 1 exp( _ v f” dv fo(v)=1 fore the reverse process, in which the fast Na{} atoms
NCI AvZ)’ — b ' [which either arise from fast NafB,,) after they have emit-

ted a photon, or represent the other dissociation fragment
absorb the photons emitted by slow Nag3), is negligibly
inefficient. In other words, the fast Na atoms seed the exci-

width of the distribution functionf,(v). Furthermore, we (4iinn into the system of slow atoms and leave the beam,
assume that the spectral absorption and emission prafiles, |\ nhile the system of slow atoms diffuses this excitation

gnd ¢y, are determined by the Doppler Width'_Th? absorp-yithin the beam. In addition, the emission/absorption profiles
tion coefficient for a photon of frequenay moving in the ot tast atoms are much broader than those of slow atoms,
directionfi is then given by the relati6h which further reduces the probability of diffusing the excita-
v— ) tion back from the slow to the fast atoms.

Cl;

The velocityv, is measured relative to the beam flow veloc-
ity v¢=1340 m/s. The valudv,=Av;=300 m/s gives the

Vo
In such a situation, the same considerations as those
(11) given above after the rate equatiér) apply, and it is rea-
sonable to treat Eq13) under steady-state conditions:

Ao —

Cc
KV:E(r)FnatnOV_j d%v f(v) 6
0

2
—n_ N9
8w gl'

* rd — > 3,7 !
wherec is the speed of lighty, and\ are the frequency and Frafsiont F1vy) =S(T0y) +F“aIJ’,,;bed ' doy

wavelength of resonance photons in the center of the line, . )
. . . 7! i
andg,; =2 andg,=4 are the statistical weights of the lower XNgouk 7 0y)G(FF vy ,0y), (14
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where(},, is the beam volume arﬁ(F,vy) is determined by TABLE I. Experimental and theoretical ratios of the numbers of slow and
the interplay of the emission profile of excited photofrag-f"’}?t Na(3) a}oms formed after the photofragmentation of, Nathe levels
ments and the absorption profile of atoms in the primany} — -/ 21%"=23.
beam. The integral on the right-hand side of Et4) de- Npa /Nug
scribes the radiation imprisonment in the system of slow Na N& . How__oxt :
atoms from the primary beam. In the case of an ideally col-" level  Experiment  Theory, without HFS  Theory, with HFS
limated beam the functions entering E@4) can be factor- 17 0.16 0.26 0.13

ized in parts depending on the spatial variables and the ve- 23 0.22 0.21 0.19

locity vy. The Doppler effect implies that for the atom
emitting a photon and for the atom absorbing this photon the
conservation of the velocity projection onto the photon emis-

1

ion direction R il (w®e)i= (v D6 )A. i -
S|(c11)n dl(rze)ctlonn should fulfill (vy ey)_n—(vy é)n, ie., NNa*| = QppS(F=0) = (16)
vy =vy”. In other words, the velocity component, of slow 9! nat

slow atoms involved in the emission-reabsorption procesghere()pp is the volume of the photodissociation zone, and
does not change. Furthermore, advantage can be taken of th& source functiors(F=0) in the center of)pp is deter-

possibility to factorize the source function. Since the emismined by the density,, and velocityvpp of the excited
sion profilee,, of fast photofragments is much broader thanppotofragments,

the absorption profilex,, one can assume that=¢,_g 5 )
= const within the absorption width. Therefore at the limit of g . 1+ v o 1577 Avy | 1 Avat Avpg
small opacities the intensity,(r) of radiation emitted by fast nafVast<0 64 vpp 8 vap
photofragments is nearly the same for all absorption frequen-

cies of the slow Na(8;,) atoms at any poinf inside the n QKQR['”(KOR)_]..].?J). (17)
beam: | (" ~¢&,=¢,_o=const. The source function can T

then be expressed as

Substituting Eq(17) into Eqg. (16), the ratio of numbers of

S(F,0y) = K3 5(F) ~ F5(0,) 832 o0y &, 0=CONSK (1), slow and fast Na(f) atoms is expressed as

wherev is the Doppler shifted frequency seen by the absorb-

Nia,, 1573 koR Avm( L LAvEHAvh,
- Q 2

ing atoms,v=wvy+uv,/\-cos6. The above equation implies Nt 649 veo 8 UPD

that the velocity profile of the source function, which can be 2

written asS(f",v)/S(f,v,=0)=fy(v,)/fy(v,=0), does not + — koR[IN(koR) — 1.17J) , (18)
depend on the spatial coordinate This is true for vanish- ™

ingly small opacities. At non-negligible opacities the absorp-ynere Nig:_= n%.Qpp. Inserting the respective values of

tion of photons inside the beam lead to a deformation of the . _ _
intensity profilel (), and the raticS(F,v,)/S(F,v,~0) be- photofragment velocities pp=857 m/s ant pp= 1065 m/s,

gins to deviate from the initial velocity distribution we obtain for the ratid18) the values of 0.26 and 0.21 for

. o the photodissociation from the levets' =17 andv”=23,
fo(vy)/p(vy=0) of slow atoms in the beam. As it is shown respectively. Interestingly, the main contribution to the popu-
in Paper I, this deviation is very small at the opacities of the P Y- gy, Pop

ation of the slow Na(®) atoms is due to the photons emit-

present experiment. Therefore we can affirm withasufficienl hotof icularl heir f :
accuracy that the source function can be factorized ase? b)_/tp oto réalgmen;stkﬁ) erdpendt{cu a;){;o; el raq[rrlgntaitl)n

N oy N i - Velocity regardless of the direction of the fragmentation. Al-
S(F,vy) =S(F) fy(vy), whereS(r)=S(f,v,=0)/fy(v,=0).

. . ; : though these theoretical values are in a fairly good agree-
The above considerations allow us to substitute in Eq.ment the measured onésee Table)l they show a tendenc
(14) N¥oulFrvy) =N* () fp(vy) and to consider Eq(14) for ' Y y

I . reversed to that observed in the experiment: the theoretical
each subensemble of atoms with fixed velogity=v sepa- e : L I
rately: ratio is larger for the dissociation from the lower vibrational

level, whereas the experimental ratio is larger for the disso-
ciation from the higher vibrational level.

n:(r)_f d3r' n* (F)G,(F,F")= S(r)’ This disagreement can be abolished by taking into ac-

Qp Ut count the hyperfine splitting of Na energy levels. As shown
(15  in the thermalization study of excited atofifsa non-

G, (F.F")= 1 k, XH — K, |[F—]) negligible hyperfine splitting should be taken into account

v 4|7 — r*’|’Z v v ' when considering the radiation imprisonment. The hyperfine

splitting in the excited B, state intoF=0, 1, 2, and 3
where KU:(Ko/lCOSﬂDeX[i—vZ/(AUgtCOSZ #)] and 6 is the  sublevels is not resolved because it is much smaller than the
angle between the beam axis and the direction of the vectdboppler widthA vp=Av 5/ =500 MHz associated with the
r—r'". Since the kernelG,(r,r") is an exponentially de- velocity distributionf,(v) of Na(3s) atoms in the beam. In
creasing function of its spatial variables, Ed5) can be contrast, the 1772 MHz splitting between tfe=1 and
evaluated using the Fokker—Planck method. The calculations =2 sublevels of the §,/, state is considerably larger than
in Paper Il show that the number of slow Ng(3atoms can Awp. In Paper Il it is shown that under such conditions the
be expressed by a simple relation: radiation diffusion is described as two independent imprison-
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ment processes occurring on the hyperfine transitigng,3 VI. CONCLUSION
—3syp, F=1 and 33,—3syp, F=2. It leads to a de-
creased effective opacity of the mediugff™R~/15/8«,R
=0.19 and an increased effective escape fagigr=0.56.
For the leveb” =17, the width of the emission profile of fast
Na(3p3,) photofragments, which is determined by the Dop-

In this paper we have presented a detailed study of the
photodissociation ~ process NX 'S, ,v",3") +hvasgnm
—Naj (B 11,) —Na* (3p) + Na(3s) in a supersonic beam.
We use laser manipulation to prepare the molecules prior to
pler shift due to fragmentation velocity, extendsy dlssomathn seleptlvgly in predetermined quantum states. A

novel design of ion imaging apparatus with a permanently

= +1453 MHz from the center of each hyperfine transition,. ! . . ;

. field-free reaction zone was used to obtain two-dimensional
and does not reach the frequency of the other hyperfine trari]r'na es of photofragments. Fragments with kinetic energies
sition. The effective ratio of slow to fast Nap3 atoms is 9 P 9 | 9 9

therefore expressed as a sum of two contributions correqiffering by 5.0 rr_leV COUId.be resolved. The photofrz_igment
sponding to two hyperfine transitions: angular distributions provided by two-dimensional images
' reflect the flow-induced alignment of molecules in the beam
prior to dissociation, though its effect is not dramatic.
An important observation made in this study is the effi-
' (19 cient formation of excited Na({® atoms that have not ac-
F=2 quired momentum relative to the flow velocity. Such atoms
cannot result from direct dissociation. The use of the imaging
where technique allowed us to separate the fast Nm(3 atoms
produced in the direct photodissociation process from slow
15732 Gk 'R Avg [ 1 Avi+Avs, Na(3ps,) atoms produced in a secondary process. It was
~ 64 80 UPD( §U—I%D identified as the excitation of Nag} atoms_from the pri-
F mary beam to the 85, state by photons emitted by the fast
N Na(3ps,) photofragments. This process could be well de-
+ —KgHR[ln(KgF)R)—l_l?])_ scribed in terms of the radiation trapping phenomenon. The
™ solution of the radiation trapping equation allowed us to ex-
o press the ratio of slow excited atoms created in a secondary
Here,gr=2F+1 is the statistical weight of the hyperfine process to the fast photodissociation fragments by simple
level F of the ground states3,, the total weight of the 8, analytical formulas. A very good agreement with the experi-
state is 3-5=8, and«{”) = kg¢/8 is the respective partial mental observations is obtained, when the non-negligible hy-
absorption coefficient of the hyperfine transition. Equationperfine splitting of the Na ground state is taken into account.
(19) yields a ratio of 0.13 fop"=17. In this study we thus demonstrate that radiation trapping can
In the case of dissociation from the level=23, the  jmply dramatic changes in the apparent translation energy
fragmentation velocity pp=1065 m/s is large enough to in- dijstribution of excited species after a unimolecular fragmen-
crease the width of the photofragment emission profile tqation process. Note that the radiative excitation transfer is
Av= %1805 MHz. Under such conditions, the photons emit-on one hand similar to the dipole—dipole resonance excita-
ted by photofragments on each of the hyperfine transitiongon transfer discussed in Sec. V B, in the sense that the latter
can be absorbed by both hyperfine levEls1 andF=2  process can be seen as an exchange of virtual photons be-
simultaneously, and the ratio of slow to fast Naj&atomsis  tween the fast and the slow atoms. On the other hand it is

NI\
Naslow

[\
Fo1 Nap ot

N+
Naslow

= N *
eff Nafast

N
Naslow

n
N a:ast

N Na:low

Niat,

given by the relation different, since the former process is an exchange of real
photons between atoms. For the resonance excitation transfer

NNa’;,OW 1577 koR Av g 1 Avi+Av2, to take place, a sufficiently close encounter of atoms is nec-

N Y g_ v (1 8 02 essary. Therefore this process is efficient only at sufficiently
Nfastl eff FD PD high atom densities, which are seldom achieved in beam ex-

periments. In the process of radiation imprisonment, in con-

V2 (et (e ) trast, the excitation is transferred by phot dcl .

+ — kSR IN(kEMR) —1.17] |. (20) rast, the excitation is transferred by photons and close en

™ counters of atoms are not necessary. In principle, for the

imprisonment only the opacity is of importance, and it can be
From Eq.(20) we obtain forv” =23 a ratio of 0.19, which is  efficient also at low densities provided that the extension of
larger than that fon”=17. One can see from Table | that the media is sufficiently large. In conclusion, we emphasize
the mechanism of radiative excitation transfer, which acthe importance of a proper account of radiation trapping phe-
counts for the HFS of thes3,, state, correctly reproduces the nomenon in any experiment involving atoms in resonance
experimental observations. Note, that the larger ratio fostates, even in media-like supersonic beams, where one intu-
v"=23 is explained solely by the different conditions underitively expects the effect of radiation trapping to be negli-
which the source function is formed. Fof =17, the radia- gible.
tion emitted by the fast photofragments on a given hyperfine
t_ransmon is absorbed on the corresponding hyperfine .tranS!&CKNOWLEDGMENTS
tion of slow Na atoms, whereas for'=23 the absorption
takes place on both hyperfine transitions of the slow atoms This work was supported by the Deutsche Forschungs-
simultaneously. gemeinschaft. One of the authoi&.E.) was supported by

Downloaded 04 Aug 2003 to 129.15.70.37. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



3186 J. Chem. Phys., Vol. 119, No. 6, 8 August 2003 Kaufmann et al.

the EU Marie Curie Individual Fellowship HPMF-CT-1999- 28A. Messiah, Quantum MechanicgNorth-Holland, Amsterdam, 1962
00080. Partial support by the INTAS-2001-155 grant, the Vol. 2.
Latvian Science Council, and the NATO Collaboration Link- 29I(. L(ovacsl, Rotatioréal Strug);ure in the Spectra of Diatomic Molecules
Adam Hilger, London, 19
age, Grant No. PST.CLG. _979129’ are aCknOWledged' WQ’B. R. Judd,Angular Momentum Theory for Diatomic Moleculé&ca-
thank H. Hotop for helpful discussions. demic, New York, 1975
31B. R. Johnson, J. Chem. Phy&¥, 4086(1977.

W, R. Simpson, A. J. Orr-Ewing, and R. N. Zare, Chem. Phys. a2, 32R. N. Zare and D. R. Hershbach, Proc. IEEE 173(1963.

163(1993. 33R. Schinke,Photodissociation DynamicéCambridge University Press,
2M. Brouard, S. Duxon, P. A. Enriquez, and J. P. Simons, J. Chem. Soc., New York, 1993.

Faraday Trans39, 1435(1993. %4R. N. Zare, Mol. Photochend,, 1 (1972.
3J. W. Hepburn, inAtomic and Molecular Beam Methqgdedited by G. %5R. N. Zare,Angular MomentunfWiley, New York, 1988.

Scoles(Oxford University Press, New York, 1992Vol. 2, p. 261. 38M. Auzinsh and R. Ferbefptical Polarization of Molecule§€Cambridge
4T. Oster, A. Kihn, and E. lllenberger, Int. J. Mass Spectrom. lon Processes University Press, New York, 1995
589, 1(1989. 87V, Aquilanti, D. Ascenzi, M. de Castro Vitores, F. Pirani, and D. Cappel-
6D. W. Chandler and P. L. Houston, J. Chem. PI8/5.1445(1987). letti, J. Chem. Physl11, 2620(1999.

P. L. Houston, J. Phys. Cherh00, 12757(1996. 3M. P. Sinha, C. D. Caldwell, and R. N. Zare, J. Chem. PlI6fs.491
“A. J. R. Heck and D. W. Chandler, Annu. Rev. Phys. Chd@). 335 (1974,
8(1995" ) o %A, G. Visser, J. P. Bekooy, L. K. van der Meij, C. de Vreugd, and J.
D. H. Parker, inPhotoionization and Photodetachment, ParAtivanced Korving, Chem. Phys20, 391 (1977.

Series in Physical Chemistry, Vol. 10A, edited by C.-Y. \Wgorld Scien-
tific, Singapore, 2000 p. 3.
9D. W. Chandler and D. H. Parker, iwdvances in Photochemistry, Vol.,25

. - ; 4IR. J. van Brunt and R. N. Zare, J. Chem. Ph48&. 4304 (1968.
dited by D. C. Neckers, D. H. Vol ,and G. nau (Wiley, N . '
\e(olﬂf 19349 b Sgec ers oiman, an vonriu (Wiley, New 42R. N. Strickland and D. W. Chandler, Appl. Of0, 1811(1991).

43 ; ;
10B. J. Whitaker, inResearch in Chemical Kinetics, Vol, ddited by R. G. L. M. Smith and D. R. Keefer, J. Quant. Spectrosc. Radiat. Tra8s867

40y, Hefter, G. Ziegler, A. Mattheus, A. Fischer, and K. Bergmann, J. Chem.
Phys.85, 286 (1986.

Compton and G. HancodlElsevier, Amsterdam, 1993p. 307. 44(198& ) )

1T, F, GallagherRydberg Atom¢Cambridge University Press, Cambridge, L S- Bontuyan, A. G. Suits, P. L. Houston, and B. J. Whitaker, J. Phys.
1994, Chem.97, 6342(1993.

127 Ekers, O. Kaumann, and K. Bergmann, Latv. J. Phys. Tech.1S&i 4SA. S. Bracker, E. R. Wouters, A. G. Suits, and O. S. Vasyutinskii, J. Chem.
(2002. Phys.110, 6749(1999.

130, Kaufmann, A. Ekers, C. Gebauer-Rochholz, K. U. Mettendorf, M. Keil, “°M. L. Janson and J. P. Klavins, Chem. Phys. L86, 453 (1982; E. K.
and K. Bergmann, Int. J. Mass. Spectra205, 233 (2001). Kraulinya, E. K. Kopeikina, and M. L. Jansoinid. 39, 565(1976.

140. Kaufmann, A. Ekers, C. Gebauer-Rochholz, and K. Bergmann, in*’E. K. Kraulinya and M. L. Yanson, Opt. Spectrod6, 629 (1979; E. K.
preparation for Rev. Sci. Instrum. Kopeikina and M. L. Yansonibid. 41, 217 (1976.

15K. Bergmann, H. Theuer, and B. W. Shore, Rev. Mod. P@&.1003  “8H. Hulsman and P. Willems, Chem. Phy4.9, 377 (1988.
(1998; U. Gaubatz, P. Rudecki, S. Schiemann, and K. Bergmann, J*M. Jansons, J. Klavins, V. Grushevsky, L. Caiyan, and S. Svanberg, Z.

Chem. Phys92, 5363(1990. Phys. D: At., Mol. Cluster81, 55 (1994.
'®N. N. Bezuglov, A. Ekers, O. Kaufmann, K. Bergmann, F. Fuso, and M.5°G_ Baumgartner, H. P. Keller, and W. Preuss, Z. Phys. D: At., Mol. Clus-
Allegrini, J. Chem. Phys(submitted. ters1, 295(1986.
N. Yonekura, C. Gebauer, H. Kohguchi, and T. Suzuki, Rev. Sci. Instrums13. perouard and N. Sadeghi, Chem. Phys. LEt1, 353 (1984).
Lo/ 0 3265(1999. _ %2L, Krause, Adv. Chem. Phy8, 267 (1975.
oI+ Szilagyi, Electron and lon OpticéPlenum, New York, 1988 53C. Vadla, M. Movre, and V. Horvatic, J. Phys. B, 4611 (1994; M.
g' L JlsfrkeErngndk:n? ? BH Esgl(nekr ?eé.hzri:. :;]r?;r@u;mz;é;é(glggn Movre, V. Horvatic, and C. Vadlabid. 32, 4647(1999; V. Horvatic, C.
R N P : ! ’ Vadla, M. M , and K. Ni , Z. Phys. D: At., Mol. Clust 101
20 Tiemann, Z. Phys. D: At., Mol. Clustefs 77 (1987. (fgg% ovre, an lemax ys ol. Clustes,
21 .
M. L. Janson and S. M. Papernov, J. Phys1$ 4175(1982. 54 . . . i
22G. Gerber and R. Meer, AIP Conference Proceedinggol. 146, edited by sBla'\r;I Smirnov, Excited AtomgEnergoatomizdat, Moscow, 198an Rus

R. G. Lerner(American Institute of Physics, Woodbury, NY, 1986 55 )
23E. W. Rothe, U. Krause, and R."Ban, J. Chem. Phyd2, 5145 (1980; T. Watanabe, Phys. Re®38 A1573 (1965; Adv. Chem. Ser82, 176

Chem. Phys. Lett72, 100 (1980. 1968,
4G, Gerber and R. Meer, Phys. Rev. Lett55, 814 (1985. 57Yu. A. Vdovin and N. A. Dobrodeev, Sov. Phys. JEZ8, 544 (1969.
25E. A. Gordeev, E. E. Nikitin, and A. I. Sushin, Mol. Phs, 1611(1977. & Mine, J. London Math. Sod, 1 (1926.
?°1. Schmidt, Dissertation(Universita Kaiserslautern, Kaiserslautern 1987 T. Holstein, Phys. Rewr2, 1212(1947.

The potentials and transition moment functions are available upon requestL- M. Biberman, Zh. E&sp. Teor. Fiz17, 416 (1947).

from W. Meyer. 603, Huennekens, R. K. Namiotka, J. Sagle, Z. J. Jabbour, and M. Allegrini,
273.-A. Beswick and J. Durup, ialf Collisions Induced by Laserro- Phys. Rev. A51, 4472(1995.

ceedings of the Summer School on Chemical Physics, Les Houche$!V. V. Ivanov, Transfer of Radiation in Spectral LingblBS Special Pub-

France, edited by P. Glorieux, D. Lecler, and R. Vett€NRS, Paris, lication No. 385(U.S. GPO, Washington, 1973

1979. 627, Holstein, Phys. Re\83, 1159(1951).

Downloaded 04 Aug 2003 to 129.15.70.37. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



