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Kensuke Matsubara,* Yumi Tajima, Masaaki Baba,” Jun Kawai, and Hajime Kat6*

Department of Chemistry, Faculty of Science, Kobe University, Nada-ku, Kobe 657

(Received June 10, 1996)

In a plane perpendicular to a magnetic field a collimated cesium beam was crossed at right angles by a pump laser
beam. Cs; molecules were excited to the le{f (v=46, J=54) level, which predissociated selectively to Cs(6sZS ! ) +

Cs(6p2P% ) atoms. The m;-resolved excitation spectra of the Cs(8s2S 1

v < 6p°P3 ) transitions at a magnetic field of
' 3.mj

1.91 kG were measured using a probe laser beam propagated either along the magnetic field or along the pump beam. The

31

population of Cs(GpZP% ».) atoms was found to be in the ratio 77:136:100:46 for m; = 3, 3, ~%, and —% based on an
i

analysis of the line intensities. From the line shapes of the excitation spectra, Cs(6p>P 341 ) atoms were found to recoil

predominantly parallel to the magnetic field H, and Cs(6p2P%, +1 ) atoms were found to recoil predominantly perpendicular

to H.

From the excitation spectra of the photofragments we can
obtain information about the distribution of the recoil veloc-
ity vector and the orientation of the fragments in addition to
the rotational, vibrational, and electronic state distributions.
With the development of lasers, the spatial distribution of
the velocity vectors of photofragments has been studied by
the Doppler line shape of the excitation spectrum, and by its
dependence on the directions of the polarization and propaga-
tion of the probe laser beam."® The Doppler line shape of the
atomic fluorescence, following the photodissociation of a di-
atomic molecule, was formulated by studying the correlation
between the transition dipole moment of the parent molecule
and the anisotropic distribution of the recoil velocity vec-
tor of the atomic fragments. The degree of polarization of
the atomic fluorescence was related to the anisotropy in the
angular distribution.” The transition moment of the atomic
fragment depends on the total angular momentum quantum
number j and the component r; along the space-fixed Z axis.
If an external magnetic field is applied along the Z axis, the
m; components can be separated by the Zeeman splitting. We
shall report on the m; dependence of the Doppler line shape
and intensity of the excitation spectrum of the photodissoci-
ated atoms. These are fundamental and important physical
quantities for understanding the dynamics of the photodis-
sociation; this is the first report concerning the m;-resolved
Doppler line shape, as far as the authors know.

When a discrete state B, which predissociates, and an-
other discrete state A can interact, some levels of A, which
are accidentally close in energy with B and have a significant
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interaction with B, are observed to predissociate. This phe-
nomenon is called indirect (or accidental) predissociation.”
In such cases a single predissociative level can be selec-
tively excited with narrow-linewidth laser light, and one can
then study the dissociation from a chosen electronic-vibra-
tional-rotational level. The D'} state of the Cs; molecule
was found to dissociate selectively to the separated atoms
Cs(6p2P%) + Cs(6s%S ! ),9 and the line broadening and the
vibrational level shifts were observed in some of the transi-
tion lines.”® This dissociation was extensively studied, and
could be attributed to indirect predissociation caused by the
spin—orbit interaction between discrete levels, D'} (vJ) and
(2)*Ig, (v'J), and the L-uncoupling interaction between the
discrete level (2)°TIy, (v'J) and the dissociative continuum
c3ZF (veN).” When an external magnetic field was applied, a
shortening of the lifetime was observed for the D!ZF (v=27
and 47, J) levels.'® A variation in the linewidth with the
strength of the magnetic field H was observed for a number
of transition lines.!" ‘

The Cs,D'S} (v=46, J=54) —X'Z} (v=0, J=55) tran-
sition was chosen as a pump transition, because the line was
isolated from other transition lines and the effect of the mag-
netic field had been well studied.'” When a molecular beam
of cesium was excited to the D'SF (v=46, J=54) level, a
strong emission of the Cs(6p?P 3 = 6525% ) transition was

observed as a result of dissociation to Cs(6p2P% )+Cs(6szs%)
atoms. Cs(6s25%) atoms coexist within a molecular beam

of cesium; the ratio of Cs to Cs, is about 10?. Therefore,
we could not measure the excitation spectrum of the disso-
ciation product Cs(6s>S ) separately. We shall study the m;
dependence of the popufation and the Doppler profile of the
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dissociation products Cs(6p2P% ij) by measuring the excita-

tion spectrum of the Cs(8s28%’m{ «— 6p*P; ;) transition in a

J 2’
magnetic field.

Experimental

The scheme for measurement of the m;-resolved excitation spec-
trum is shown in Fig. 1. In a magnetic field, the excitation spectrum
of Cs, was measured by scanning the wavenumber of the pump
laser; the wavenumber of the pump laser was then fixed to the
center of a line of the D'S} (v=46, J=54) « X'Z} (v=0, J=55)
transition. In this case only one atomic emission of the Cs(6p°P 3
— 65°S ! ) transition was observed in addition to the molecular flu-
orescence D'Z} (v=46, J=54) — X'Z! (v/,J =55 and 53). We
scanned the wavenumber of the probe laser around the region of
the Cs(8sS 1= 6p2P 3 ) transition at 12584.82 cm ™! while measur-

ing the emission intensity of the Cs(8s?S; — 6pP, ) transition at
2 2

13138.93 cm™'. The excitation spectrum of each mj component of
the dissociation product Cs(6pP 3 .m;) could be measured separately

in a magnetic field of 1.91 kG.

A collimated cesium beam was crossed at right angles by the
pump laser beam, and the electric vector of the pump beam was
set at right angles to the propagation vector of the cesium beam.
An external magnetic field H was applied parallel to the electric
vector of the pump beam: m-polarization. The apparatus is shown
schematically in Fig. 2. The probe laser beam was propagated ei-
ther parallel to H (passed through the holes at the center of the
pole pieces, as shown in Fig. 2(b)) or parallel and in the opposite
direction to the propagation vector of the pump laser beam (the
electric vector of the probe laser beam was perpendicular to H: o-
polarization). The magnetic field was generated by an electromag-
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net, whose coils were located outside of a chamber, and the pole Fig. 2. A schematic diagram of our experimental setup. (a)

pieces were extended to inside of the chamber shielded by O rings.
The pole pieces were 55 mm diameter and tapered to 25 mm diam-
eter, and a hole of 5 mm diameter was located at the center. The
magnitude of the magnetic field was measured by a Gauss meter; a
maximum of 2.4 kG could be obtained at a separation of 70 mm.
The cesium beam was generated by an oven cell, which contained
cesium metal (99.9% purity) and was kept at 600 K, equipped with
an orifice of 300 um in a high vacuum chamber (<107 Torr, 1

is the over view and (b) is the side view. The probe laser
beam is propagated parallel to the magnetic field in this
setup. In another setup, the probe laser beam is propagated
parallel and opposite (anti-parallel) to the propagation vec-
tor of the pump laser beam. EM, PMT, and F represent,
respectively, an electric magnet, a photomultiplier, and an
optical bandpass filter.

mjz1/2 2
e 8881
2

1
D Zt s PROBE
S 0o EMISSION

PUMP PRE- s mi3/2 5
DISSOCIATION ™ Y2 6p P3
1/2 3
) 2

mjz1/2

j 2

12 6PP1

X'z ——
Cs,

Cs

Fig. 1. The scheme of measurement of mj-resolved excitation spectrum of the Cs(6p’P 3 ».) atoms predissociated from the
i

Cs,D'=F (v=46, J =54) level.
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Torr=133.322 Pa). The cesium beam was collimated by a conical
skimmer having an inner diameter of 1 mm and crossed with the
laser beam at the center of the magnetic field. The distance between
the nozzle and skimmer was 10 mm, and the distance between the
skimmer and the crossing point was 30 mm. The cesium beam was
trapped by a liquid-nitrogen trap set.

A single-mode tunable dye laser (Coherent 699-29, linewidth 500
kHz) with R6G dye was used as the pump laser, and a single-mode
tunable Ti :Sapphire laser (Coherent 899-29, linewidth 500 kHz)
was used as the probe laser. The diameters of the pump and probe
laser beams were both 1 mm at the sampling point. The Cs(8s”S | 1

6p°P, ) emission was collected by lenses through a bandpass ﬁlter
* which transmitted light between 759 and 763 nm, and was detected
by a photomultiplier (Hamamatsu R943-02). The photocurrent was
amplified and counted by a photon counter (Hamamatsu C767).
While scanning the probe laser around 12584.82 cm™!, we found
thatthe A'S} « X'Z} transition was also induced and the resulting
fluorescence had an intensity around 761 nm. The initial level of
the A « X transition was not X'Z;g (v=0, J=55). We modulated
the pump beam by a chopper synchronized with the photon counter,
and measured the difference between the photon number counted
when both the pump and the probe beams were incident and the
one counted when only the probe beam was incident. We could
thus remove the effects of obstractive emission, because the emis-
sion intensity originating from the A'S} — X'S} transition was
independent of the pump transition D'S} (v=46, J=54) — X'=!
(v=0, J=55). In order to check the stability of the excitation, we
monitored the intensity of the 6p” Px — 657 S; emission (the D,
line) during a measurement of the excitaion spectrum This was
collected by another set of lenses through a bandpass filter, which
transmitted light between 847 to 857 nm, and was detected by a
photomultiplier (RCA C31034). The photocurrent was amplified
and counted by a photon counter (EG&G PARC Model 1109 and
1191). These data were processed by a computer (NEC 9801). By
confirming that the intensity of the D, line was linear to the power
of the pump laser beam and that the intensity of the excitation spec-
trum of the Cs(6p”P 3 ij) atoms was linear to the power of the probe

laser beam, we removed the effects of laser power saturation.

The mj-resolved excitation spectrum of the Cs(8sS, e
7

J
6p2P% m;) transition observed by the probe beam propagated paral-
lel to H is shown in Fig. 3. The excitation spectrum observed by
the probe beam propagated anti-parallel to the pump beam is shown
in Fig. 4. -Considerable differences are observed in both the line
intensity and the line shape. We shall discuss these observed results

below.

Theoretical

1. Splitting and Intensity of the CS(SSZS% m =
6p2P%’
tion spectra of the Cs(85251

m;) Transition. In order to analyze the excita-

;= 6p Pa ) transitions, let

us calculate the energy sphttmgs and the lme intensities. The
133Cs atom has a nuclear spin of /=7/2. The magnetic hy-
perfine constant A, is reported to be 50.31 MHz for the 6p2P%

state and 218.88 MHz for the 8s%S 1 state, and the electric

quadrupole interaction constant B; is reported to be —0.38
MHz for the 6p2P3 state and zero for the 8s”S state.'” Let
us express the total angular momentum of an atom as F =j+1,
wherej is the sum of the orbital angular momentum L and the
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Fig. 3.  Upper trace is the excitation spectrum of the
Cs(6p2P% ,mj) atoms at H=1.91 kG observed by the probe

laser beam propagated parallel to the magnetic field, where
the electric vector of the probe beam was perpendicular to
the magnetic field : o-polarization. The assignments of m;
are indicated for each line. In the lower trace, a broken line
is the simulated excitation spectrum including effects of
the self-absorption. A solid line is the simulated excitation
spectrum without the self-absorption.

spin angular momentum S of electrons, and I is the nuclear
spin angular momentum. For the basis function |LSjIFM
>, the nonvanishing matrix elements of the hyperfine inter-
action Hy; are given by'>"?

<LSjIFmg|Hyys|LSjIFm>
By

LAy
5 Uk 21Q21—1)2j(2j—1)

{ (FIIFL1+1) 21(1+1)J(1+1)}
)

where [FIjl=F(F+1)—I(I+1)—j(+1). If we neglect the
magnetic moment originating from the nuclear spin, which
is much smaller than that of the electrons, the matrix elements
of the Zeeman interaction Hz are given by'¥

< LSjIF myp|Hy|LSjIFmp >
=usH Z < Imyjmy|F' my > < Imyjm;|Fmp > -
my,mj mp,,ms

X < LmLSms[]'mj >< LmLSms[]'mj > (my +2mg), 2)

where m;, mg, m;, and m; are, respectively, the projections
of L, S, j, and I on the Z axis, and <j,jommy|jzms > is the
Clebsch—Gordan coefficients.

For excitation by light polarized along the space-fixed X
axis, the nonvanishing transition moments are expressed as'¥
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Fig. 4. Upper trace is the excitation spectrum of the

Cs(6p°P %,m) atoms at H=1.91 kG observed by the probe
laser beamj propagated anti-parallel to the pump beam,
where the electric vector of the probe beam was perpen-
dicular to the magnetic field : o-polarization. The assign-
ments of m; are indicated for each line. In the lower trace, a
broken line is the simulated excitation spectrum including
effects of the self-absorption. A solid line is the simulated
excitation spectrum without the self-absorption.

< 85’S, F’m}[,ux|6p2P3 Fmp >

3.7
_Z < 2m,:l:l m1|FmF>< m,2m1|Fmp>

P 2

X(i)ui\/(%ﬂij) (37m): 3

where u is the electric dipole transition moment.

For the basis functions of |6p2P% Fmp > and |8s%S y Fmp
> we calculated the eigenfunctions and eigenvalues of the
Hamiltonian Hys+H7 for a magnetic field of H=1.91 kG by
solving a secular equation composed of the matrix elements
given by Eqs. 1 and 2; the resulting eigenenergies are shown
schematically in Fig. 5. For the eigenfunctions we calculated
the transition moments. The vertical lines in Fig. 5(a) show
the allowed transitions in order of increasing transition en-
ergy from the left to the right. If we assume that all levels of
the 6p2P% are equally populated, the line intensity is propor-
tional to the square of the transition moment. The transition
probability is shown by the length of the bars in Fig. 5(b).
At H=1.91 kG, the Zeeman splitting is much larger than
the hyperfine splitting, and the transitions can be grouped to
the 88251 _1 — 6p2P3 é’ 8S Sl 1 — 6p2P3 ; 88 Sl ; —
6p2P3 3 and 8s2S1 1 « 6p? P3 ! transitions. The ratio
of the transition prof)ablhtles is calculated to be 1:3:3: 1,
which is coincident with that in the absence of the hyperfine
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Fig. 5. (a) The level splitting of the 8s? Sn and 6p°P; states
caused by the hyperfine interaction and ‘the Zeema%n inter-
action at H=1.91 kG. The vertical lines show the allowed
transitions by the o-polarization, and the transition energy
increases from the left to the right. (b) A square of the tran-
sition moment of each allowed transition is shown by the
length of a vertical line, which is plotted against the energy
shift.

interaction.'¥

2. Population on Magnetic Sublevels of the Predissoci-
ated Atoms. The predissociation of the D‘Zl’; wJ) levels
was shown to occur through a combination of the spin—orbit
interaction between the D'S! (vJ) and (2)*ILou(ev'J) lev-
els and the L-uncoupling interaction between the (2)*IT,
(ev'J) and c*ZF (v.N=JJ) levels.” The potential curve of
the c>=* state is repulsive, and decomposes into Cs(6p*P 2)
and Cs(6sZS%) atoms. The nonvanishing matrix elements of

the spin—orbit interaction Hsp between the D‘Z: (vJ) and
(2)’Tou(ev'J) levels are”

<! StvIM|Hso| ToweV' IM >= £, @)

where  is the spin-orbit coupling constant. The nonvan-
ishing matrix elements of the L-uncoupling interaction Hj;
between the (2)3TIg,(ev'J) and c>=t (v NJ) levels are”

< *Towev' IM|Hy )P ZiveN = JIM >=\/TJJ+ DB,  (5)

where B;=<v| % <1|L4]0* >|v¢> is the L-uncoupling con-
stant.

The effects of an external magnetic field on the predisso-
ciation were also studied in detail.’®'" If we neglect small
energies due to the spin-spin interaction and the spin-rota-
tion interaction, the > (W=JJ: F,), 3Si(WN=JJ+1:F)),
and 32 (vN=JJ —1: F3) levels are degenerate. The eigen-
functions of a 3%} state in the presence of a magnetic field
are15.16)
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3 J+M)Y(J+M+1) 5,
ToVN=IME;=2ugH>=4 | ——————~|"Z vN=J.
["SivN=IMEz=2us H> \/ 20D ["ZevN=JJ+1M>

J+MYT—M+1) 5.,
R St WN=JIM
+ e | SN=IIM>

U=MT=M+1) 5.
_—— | N=. —1
W | RN,
Ih ar e J+M+1)(J—M+1) 5 _
P! VN=IME;=0>= ‘/W(M)(zm) P vN=JJ+1M>

M 35+
A PStN=IIM>
N IZuy

U+MT=M) 3o 0 1r
+ J2i+) |"ZgvN=JJ—1M>,

S _ [U—MrDU-M) s,
St VN=IMEz=—2pg H>= s DD | S eNIM>

J—M)(J+M+1) 3

4y

2J(2J+1)

J+MY(J+M+1) 34
T PN
i) | 1M>,

(6

SivN=JIM>

and the eigenenergies are, respectively, E.,+B,N(N+1)+
2upH, Eoy+B,N(N+1), and E,,+B,N(N+1)—2ugH, where
E,, is the vibrational-electronic energy, B, is the rotational
constant, ug is the Bohr magneton, and H is the magnetic
field. The nonvanishing matrix elements of the Zeeman
interaction Hz between the (2)’Tg,(ev'J) and c*Zi(v.NJ)
levels are given in Ref. 11.

The nonvanishing matrix elements of H,;,+Hz between
the (2)*Tp,(ev'J) and c*=} (v. NEz) levels are calculated from
Eq. 15 of Ref. 11, Eq. 5, and Eq. 6 as

< *Towev' IM|H, + Hz*StveN = J +2MEz = 2upH >

1 U+M+ DI - M+ DI —M+2)J —M+3) .,
T 2027 +3) 2J+1)(2J +5) ’
< *Towev' IM|H + HzPZiveN = J + 2MEz = 0 >

1 (J+M+1)(J+M+2)(J—M+1)(J—M+2)CH
T2J+3 2027+ 1)(2J +5) ’

< *ToweV' IM|Hy + Hz*StveN = J + 2MFE7 = 2 H >

_ 1 (.I+M+1)(J+M+2)(J+M+3)(J—M+I)CH
T 2027+3) Q@J+ 12T +5) ’
< *Towev' JM|Hy + Hz|’ZiveN = IMEz = 2ugH >

1 2M — 1
=VUI+MJT—M+1){ —=B, — ———
T+M)(J M+1){\/§BL 202J - 1)2J+3) }

< *Touev' JM|Hy + Hz|*ZiveN = IME; = 0 >
V2L —J =12 = M?)
=MB CH,
LY T IS D)2 +3) ’

< *Mowev' IM|H; + Hz’SiveN = IMEz = —2upH >

=TI =B - 5 2

V2 i 20— 1)@ +3)
< ToweV' IM|Hy, + Hz|*ZiveN = J — 2MEz = 2ugH >

_ 1 (J—M)(J+M)(J+M~1)(J+M—2)CH
T2 -1) Q7+ D@2J=3) ’

< *Tlowev IM|H, + Hz|*ZiveN = J — 2MEz =0 >
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1 (J—M)(J+M)(J+M—l)(J—M—l)CH
T27-1 2027 + 1D(2J —3) ’

< *Towev' JM|Hy + Hz|’ZiveN = J — 2MEz = —2usH >

_ 1 (J+M)(J—M)(J~M—1)(J—M—2)CH
T22-1) (2J+1)(2J —3) '

)

where C=2""2<V/| <1|L,|0* > v > ug.

The rules for determining what type of atomic states re-
sult from the dissociation of a given molecular electronic
state were derived by Wigner and Witmer,'” and worked
out by Mulliken.'® Singer, Freed, and Band'” studied the
photodissociation of diatomic molecules by considering the
conservation of the angular momenta, including the rota-
tional angular momentum. By extending the theory given
in Ref. 19, Kat6 and Onomichi'¥ calculated the probability
of producing a Cs(6p2P%’mj) atom by dissociation from the
S (v.N=JMEz=0 and +2ugH) levels. The probability is
denoted by the symbol MA[PZ! (v.N=JMEz) — 6p2P% 7’"]‘]
and the algebraic formulas are listed in Table 1 of Ref. 15.

For excitation by plane-polarized light with its electric
vector along the space-fixed Z axis, the nonvanishing transi-
tion moment for the P branch of the ! <——'Eg transition is
given by'®

T s _[UMEDI =M+
< ZV T+ IM |z ZvIM > =y T3 ®)

where 4 is the electronic transition moment along the molec-
ular axis.
The probability of producing a Cs(6p2P% ,mj) atom via

the molecular states (2)*TIp,(ev'JM) and ¢*Zf(v.N=J or
JE2MEz) following the excitation D' St (vIM) —X'Z¥ (V" J+
1M) is proportional to the following factor:

| <"V T+ 1M1z ZivIM > P| < 'SivIM|Hso| Towev' JM > |
x| < *Howev' IM|H, + Hz|* SiveN=Jor) £ 2MEz > |
xMA['Z; (veN = Jor] £ 2MEz) — 6p°Py , . ©

Let us express this factor as P['Z}(v"J+1M)—"Z{(vIM)
—3H0u(ev'JM)—32,’;(ch=J or J+ 2ME7) — 6p2P%,mj]. Al-
gebraic formula can be obtained by substituting Egs. 4, 7,
and 8, and the formulas in Table 1 of Ref. 15 into Eq. 9. The
algebraic formulas of '

—J
L STPI'ZO T+ 1M) — 'S (vIM) — *Tou(ev' M)
2J+1 ¢

35 weN=J or J+2MEz) — 6p2P% ] (10)
are listed in Table 1.

Discussion

By comparing the observed excitation spectra of the Cs-
(8528% w 6pZP% m,-) transitions (Figs. 3 and 4) and the
o .

calculated splittings and intensities (Fig. 5), we can assign
the four lines from low to high energy as the 8s25%1_% —

6p°Ps 1, 85281 1 « 6p?P; 3, 8sS1 1 « 6p*P: s, and
252 2032 2272 2,73
85?8, |« 6pPy,

)

1 transitions. The observed intensity ratio

N o
(SN

)
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—J
Table 1. Algebraic Formulas of Y P['Sf (vV'J+1M)—'S! (WM)—'Tloy (ev'JM)—
M=J .
S5 (veN=J or J:EZMEZ)~6p2P%,mj 1/(2J+1) in Units of p{C* (J+1)/{1260m(2J+1)}

Ez mj Mi:fl PI2J+1)
+2upH +3 CPHA(J+2)(28° + 1007+ 1297 +54)/{8(2J + 1)(2J +3)* }
+2usH 41 CPH2(J+2)(40J° +148J%+174J+81)/ {12(2J + 1)(2J +3)*}
+2usH T3 CPHA(J+2)(28° +100%+ 1297 +54)/ {24(2J +1)(2T +3)*}
+2usH T2 0
0 +3 C*HA(J+1)(J+2)(1077+217+15) /{42 + 1)(2T+3)*}
0 +3 CP H X (J+2)(14° +49J2 4587 +27) /{427 +1)(2J+3)*}
2usH 3 U™ /{8(2J—1)*(2J+3)*}
—2upH -3 VP /{827 1)*(2J+3)*}
2usH : W9 /{1220 — 1)*(2J+3)*}
—2upH -1 x9 /{1220 - 1)*(27+3)*}
2usH ~1 UP /{2420~ 1)2(2J+3)*}
—2ugH 1 VP /{2427 -1)*(2J+3)*}
+2pusH 3 0
0 +3 Y9 /{427 -1’ (2J+3)’}
0 +1 Z0 /{4 —1)*(2J+3)*}
+2usH +3 CPHAI(J = 1)(7J~2)/ {4Q2J+1)(2J - 1)*}
+2upH +1 CPH2I(J —1)(5]—4)/ {3(2J+1D)(2J - 1)*}
+2usH F3 CPHA (T — 1)(77 —2) /{122 +1)(2T — 1)*}
+2usH Fi 0
0 +3 CPH (I —1)(5T = 1)/ {4Q2J+ 12T~ 1)*}
0 +4 CPH2I(J —1)(7J =5)/{42J+1)(2J ~1)*}

a)  U=J{C?H*(32J* + 124J3 + 172J% + 23] — 120) + 42V 2CHBJ(2J — 1)(2] + 3)* + 6B} 2/
—12QJ+32(16J2+37J+24)}.  b) V=J{CPH?(32J*+124J3 + 17224237~ 120)—~42+/2CHB J (2]
—1)(2J+3)%+6B2 (2 — 1)2(21+3)2(16J2+37J+24)}.  c) W=J{C?H*(32J*+112/+76]*— 16J+69)
—42+/2CHB; (2J— 1)(2J+3)2+6B2 (2] — 1)*(2J+3)2(247%+52]+15)}.  d) X=J{C*H*(327*+112.]%
+76J% — 16] + 69) + 42v/2CHB (2] — 1)(2J + 3)? + 6B3 (2] — 1)*(2J + 3)2(24J2 + 52J + 15)}.
e) Y={2C2H2(100J°+416J*+413J° —209J% —279J+105)+3B3 J(2J+ 1)(2J — 1)* 2T +3)2(5]+9)}.
) Z={2CPH%(108)° +392J* + 287J° — 265/% — 193] + 105) + BFJ(2J + 1)(2] — 1)*(2J

+3)2(13J+15)}.

is deviated from 1:3:3:1, which is the ratio of the squares
of the transition moments. This indicates an anisotropic
population on the magnetic sublevels 6p2P% - The Doppler
profiles of the excitation spectra of the Cs(6p2P%) +%) and Cs-
(6p2P%,_% ) atoms are similar, and those of the Cs(6p?P 141)

and Cs(6p*P; _,) atoms are also similar. However, those of

20 2

the Cs(6p2P%)i%) atoms shown in Fig. 3, where the probe
laser beam is propagated along the magnetic field with the
o-polarization, are different from those in Fig. 4, where the
probe laser beam is propagated anti-parallel to the pump laser
beam with the o-polarization. ’

1. Doppler Profiles of Excitation Spectra of the Cs-
(6p2P%7mj) Atoms. The Doppler profiles of the photofrag-
ments have been used to determine the angular anisotropy
of the recoil velocities in photodissociation.'—?*—29 When
the pump laser is polarized along the Z axis and the angular

distribution of photofragments of fixed kinetic energy %mvﬁ
is measured by the probe laser propagated at an angle y with
the Z axis, the probability of finding the photofragments is
given by

P(H',)() = Po[1+ 5 Pa(cos 0')P2(cos 01, (11

where Py is a constant, S is the anisotropy parameter,
P;(cos ) is the second degree Legendre polynomial, and
6’ is the angle between the propagation vector of the probe
laser beam and the recoil velocity. This formula is valid when
the recoil energy is large compared to the rotational energy,
which is the case of this experiment. When the probe laser
beam is propagated at right angles to the direction of the
molecular beam, cos 6’ is given by

cosB':( <

WVr

)(v— ), (12)
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where 1 is the frequency which would be absorbed by
molecules at a stand, v, is the recoil velocity, and c is the
speed of light. When the probe laser beam is propagated
along the Z axis, y=0, the Doppler line profile is given by

2
P(v) =Py [1+§{3 (Vocv) (v—w) — 1}] .13

When the probe laser beam is propagated anti-parallel to the
pump laser beam, y=r/2, the Doppler line profile is given

by
. 2
P(v) =P, [1 - é {3 (VOCV ) v=w)— 1}] NG V)

The energy of the Cs;D!S! (v=46, J=54) molecule is
redistributed to the dissociated atoms Cs(6s>S 1 ,mj') and Cs-
(6p2P%’mj). If we neglect the small energy of the Zeeman

interaction, the magnitude of the recoil velocity v; is evalu-
ated to be 435 ms~! from the relation

%m(;svf = %{E[DIZ:(V =46,J = 54)] — E[6p2P% + 6szs%]}, (15)
where mcs is the mass of a 13*Cs atom, E[D'Zf(v=46, J=
54)] is the term value of the D!Z!(v=46, J=54) level, and
E[6p2P% +6sZS%] is the electronic energy of the dissociated
atoms Cs(6p2P%) and Cs(6szs%). '
When we analyze the excitation spectrum of the photodis-
sociated Cs(6p2P% ) atom, we have to take into account the
fact that a large number of Cs(6sS;) atoms coexist within
the molecular beam of Cs;; the ratio of Cs to Cs, is about
10%. The Cs(6p2P% — 6828 1) emission (D; line) can be ab-

sorbed by the Cs(6s%S ! ) atoms in the molecular beam. Thisis’

called self-absorption. The Cs(6p*P; ) atoms produced by the
self-absorption can also be excited f)y the probe laser beam.
Since the velocity vectors of these atoms are aligned along
~ the propagation vector of the molecular beam, the linewidth
of the excitation spectrum of these atoms can be estimated
to be about 30 MHz (FWHM), which is the residual Doppler
width in our experimental setup. The linewidth due to life-
time broadening is evaluated to be 1.7 MHz (FWHM) from
the reported lifetime 95 ns of the Cs 8s2S state,?” and there-
fore can be neglected. We evaluated the m; dependence of
- population and the effect of self-absorption by simulating the
observed spectra. The line positions and the transition prob-
abilities are assumed to be the same with those in Fig. 5, and
the lineshape of each transition is expressed by the Gaussian
function of the linewidth 30 MHz (FWHM). The relative
intensity of the transition induced by self-absorption to the
one in the absence of self-absorption was fit to the observed
excitation spectra. The results are shown in Figs. 3 and 4.
The Doppler line profile of a transition to each hyperfine
component for the probe beam propagated along the Z axis is
given by Eq. 13, and that for the probe beam propagated anti-
parallel to the pump beam is given by Eq. 14. The line profile
of each Zeeman component was simulated by the superpo-
sition. By a least-squares fitting to reproduce the Doppler
line profiles, we determined the anisotropy parameters to be
B =—0.86 for mj=:|:% and £=0.45 for mj=j:%. The resulting

Bull. Chem. Soc. Jpn., 69, No. 10 (1996) 2845

line profiles are shown in Figs. 3(b) and 4(b); the solid lines
show the spectra without self-absorption, and the broken lines
show the spectra including the effect of self-absorption. The -
angular distribution of the recoil velocity v, pumped by a laser
beam polarized along the Z axis is given by> 1+/P,(cos 6),
where 8 is the angle between the recoil velocity and the Z
axis, which is coincident with the direction of the magnetic
field H. The values of 1—0.86P5(cos 8) for Cs(6p2P%7 +3)
and 14+0.45P,(cos 6) for Cs(6p2P%7i%) are plotted against 6
in Fig. 6. It shows that the Cs(6p2P%,i%) atoms recoil pre-
dominantly parallel to H and the Cs(6p2P% 43 ) atoms recoil
predominantly perpendicular to H.

~ If we express the eigenfunction of the atomic state by basis
functions |Lmy > |Sms >, where |Lmy > and [Smg > are,
respectively, the orbital part and the spin part, the wave func-
tions of the ZP% 3 and ZP% +1 states are, respectively, given
by [1£1>[1£]> and /Y11 Fi>+/2]10> 1+ 1>,
When the Cs(6p2P%’i%) atom recoils perpendicular to H,
the 6p orbital is directed predominantly perpendicular to H.
When the Cs(6p2P% + %) atom recoils parallel to H, the 6p or-
bital is directed predominantly parallel to H. These are shown

Angular Distribution

0.0 - T
0 % /4
Angle between v and H [rad.]
Fig. 6. Angular distribution of the recoil velocity of the

Cs(6p2Pg 43 ) and Cs(6p2P; +1 ) atoms are respectively
shown bzy a full line and a broken line as a function of
angle between the recoil velocity and the magnetic field.
~In the upper area, the recoil velocity and the orientation of
the 6p orbital of the dissociating Cs(6p*P 3 ’mj) atom is illus-
trated. (a) In case the Cs(6p°P 341 ) atom recoils parallel to

H. (b) In case the Cs(6p°P 3,43 ) atom recoils perpendicular
to H.
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schematically in Fig. 6; it seems reasonable because the Cs,
molecule excited to the D'} state dissociates through the
3%+ state, and therefore the 6p orbital is directed along the
molecular axis.

2. Population Analysis.  For the 8825%7% — 6p2P%,%,
8823%’_% — 6p2P%’%, SSZS%’% — 6p2P%7_%, and 8525%’_% —
6p2P% -3 transitions, the line intensities were observed to be
in the ratio of 234:139:100: 136 in the spectrum shown in
Fig. 3(a), and 229:132:100: 138 in the spectrum shown in
Fig. 4(a). The line intensity is proportional to the product of
the population of the Cs(6p2P%’mj_) atoms and the probability
of the 8s%S Lt GpZP%ij transition. The transition prob-
abilities of the 8325%7% — 6p2P%7%, 8525%7 !
8828%’% — 6p2P%’_%, and SSZS%,_% — 6p2P%,_% transitions

2
_1 <« 6p Py,
are in the ratio of 3:1:1:3 for the o-polarization. There-
fore, the ratio of the population of the Cs(6p2P% ,mj) atoms

to w:%,%,—%,—% was evaluated to be 78:139:100:45
from the spectrum in Fig. 3(a), and 76:132:100:46 from
the spectrum in Fig. 4(a); the average is in the ratio of
77:136:100: 46.

The population ratio of the Cs(6p2P%,mj) atoms produced

by the predissociation following the D'Z(v=46, J=54) «
X‘Eg(v=0, J=55) excitation can be calculated by the alge-
braic formulas in Table 1 and it depends on the ratio of B; to
CH. The ratio B, : CH may be evaluated by 7;%3 : "BT;{, where

R. is the internuclear distance at the crossing point of the
potential curves of the (2)*TIy, and 032: states. The R, is es-
timated to be 12 aq from ab initio MO calculation,?® where ag
is the Bohr radius. The ratio By : CH is evaluated tobe 1: 10
for H=1.91 kG and R.=12 ay. Calculated ratios of the Cs-
(6p2P%1mj) atoms for H=0, B, : CH=1:10, and B, : CH=1:50

are listed in Table 2. From the results, we can see that the
effects of the interaction between the (2)* Ty, (ev' J=54) and
c3ZF (veN=52 or 56 Ez) levels are small, and can be neglected
at H=1.91 kG. The predissociation increases significantly at
By : CH=1:50 only through the c32f;(ch=54 E7=0)level. If
we assume that the predissociation occurs independent of £z,
the population to the Cs(6p2P%’mj) levels were calculated to

be in the ratio of 82:100:100: 82 for m;=3,1,—1 and —3.
This result is coincident with the experimental result that the

Cs(6p2P%i%) levels are more preferentially populated than
the Cs(6p2P% 43 ) levels. However, this calculation cannot
reproduce the observed results that the Cs(6p2P%,%) level is
more preferentially populated than the Cs(6p2P%,_ 1 ) level
and the Cs(6p2P%1 %) level is more preferentially populated
than the Cs(6p’P 1.3 ) level.

The overlap integral <V'|v. > depends on the Zeeman en-
ergy Ez, and can be sensitive to the level energy near to the
potential crossing. If the potential curve of the 032:(chEZ)
state has a gradient of —100 cm™~'/A around the intersection
with the potential curve of the (2)*IIo,(ev'J) state, the vibra-
tional wave function |v, of c3Zj(ch =54 Ez=0) > is shifted
toward the long internuclear distance by 0.002 A from the

mj-Resolved Doppler Spectroscopy

—54

Table 2. Ratio of the Values of » | P['Sy (v'55M)—'Z;

M=54
(v54M)—>*TIg, (ev'54M)—3Z} (v.N=54 or 54 + 2ME;z)
— 6p2P%,mj]/109 for H=0, By, : CH=1:10, and By, : CH=

1:50
N B m= 5 5 -3 =3
H=0 56  +2usH 0 0 0 0
56 0 0 0 0 0
56 —2usH 0 0 0 0
54  +2usH 453 452 151 0
54 0 145 124 124 145
54 —2ugH 0 151 452 453
52 +2usH 0 0 0 0
52 0 0 0 0 0
52 —2usH 0 0 0 0
Total 598 727 727 598
B,:CH=1:10 56 +2ugH 1 1 0 0
56 0 0 1 1 0
56 —2usH 0 0 1 1
54 +2ugH 454 452 151 0
54 0 149 129 129 149
54 —2usH 0 151 452 453
52 2usH 1 1 0 0
52 0 0 1 1 0
52 —2usH 0 0 1 1
Total 605 736 736 604
Bi:CH=1:50 56 +2usH 14 13 5 0
56 0 100 14 14 10
56 —2usH 0 5 13 14
54 +2ugH 463 457 154 0
54 0 246 232 232 246
54 —2usH 0 153 457 459
52 +2upH 14 13 5 0
52 0 10 14 14 10
52 —2usH 0 5 13 14
Total 757 906 907 753

vibrational wave function |v, of ¢*=f(v.N=54 Ez=2usH) >
at H=1.91 kG. The magnitude of the overlap integral <v'|v,
> may change considerably with this amount of shift. If
the overlap integrals of vibrational wave functions <v' of
(2)° Mgy (ev'J=54M)|v, of *ZH(v.N=54 Ez=2upH) >, <V
of (2)*TIg,(ev' J=54M)|v, of *Z(v.N=54 Ez=0) >, and <V'
of (2)*Mou(ev'J=54M)|v,. of >Zt(v.N=54 Ez=~2usH) >
are in the ratio of about 7: 6 : 5, the population ratio between
6p2P%’%, 6p2P%’%, 6p2P%’_%, and 6p2P%’ 3 is calculated to

be 118:131:107:71. This result is in agreement with the
observed population ratio of 77 : 46 between the 6p2P%7% and
6p°P; _; levels and the ratio 139: 100 between the 6p’P 11
and 6p*P 3.1 levels. However, the observed population ra-

tio of the 6p’P; 43 levels to the 6p*P; 41 levels is about

2/3 of the calculated one. The present theoretical analysis
on the M dependence of the predissociation can not explain
this discrepancy, because the dissociation rate is symmetric
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with respect to M, as we can see from the algebraic formula
of P['Z{(V"J+1M)—"Z}(vIM)—>Tlou(eV' IM)—>Z; (v N =]
or JiZMEZ)—6p2P%,mj]. More extensive studies are nec-
essary to solve this discrepancy.
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