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The relative intensities of rotational lines in resolved fluorescence spectra are dependent on the detection direction and
choice of the detection scheme when a grating monochromator is used. These differences arise from the spatially anisotro
distribution of the fluorescence, the rotational branch dependence of the fluorescence polarization, and the polarizati
dependence of the monochromator grating efficiency. Both the anisotropy of the emission and the rotational branch depende
of the fluorescence polarization are enhanced in double-resonance excitation schemes. In the present work, we analyze
relative intensities in the7Li 2 13S g

2 3 1(b) 3P u and 13D g 3 1(b) 3P u resolved fluorescence spectra, observed following
double-resonance excitation, for three different detection schemes.© 1999 Academic Press

Key Words: fluorescence detection; spectral patterns of fluorescence;7Li 2-resolved fluorescence; polarization of
fluorescence.
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I. INTRODUCTION

Laser-induced fluorescence (LIF) has become a classic
ique of laser spectroscopy. LIF spectra are recorded in

ormats,fluorescence excitationand resolved fluorescence.A
uorescence excitation spectrum is recorded by monito
otal fluorescence while the laser frequency is scanned
olved fluorescence spectroscopy involves scanning the m
hromator while holding the laser frequency fixed to a sele
ransition.

Resolved fluorescence spectra provide abundant inform
bout the upper and lower states. Relative intensities of trans

nto different vibrational levels of the lower state give informa
bout Franck–Condon factors and transition dipole moments
otational structure of a transition (spectral patterns and re
ntensities of rotational lines), from a single upper rovibronic le
o a lower vibrational level, is often used to determine the s
etries of the upper and lower states.
In resolved fluorescence experiments, the laser-induce

rescence can be collected with several different dete
chemes. The relative intensities of rotational lines in
esolved fluorescence spectra, however, may depend o
articular scheme chosen. For experiments utilizing dou
esonance excitation, the polarization behavior is much m
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omplex than the well-understood and frequently treated
hoton excitation case. Here we show examples and qua

ively explain the differences in the relative rotational bra
ntensities for perturbation-facilitated optical–optical dou
esonance (PFOODR) resolved fluorescence spectra of7Li 2, as
tudied using three of the most common geometries.

II. OBSERVATIONS

The experimental setup has been described in Refs. (1) and
2). Lithium vapor was generated in afive-armheatpipe ove
Fig. 1a]. Two continuous-wave (CW) single-mode, frequ
y-stabilized CR 699-29 dye lasers were used as the PUM
ROBE lasers to excite 13S g

2 (v 5 0, N 5 9, J 5 10) 4
3P u (v9 5 19, N9 5 10, J9 5 11) 4 X1S g

1 (v0 5 4, J0
10), 13D g (v 5 9, N 5 9, J 5 10) 4 b3P u (v9 5 19,

9 5 10, J9 5 11)4 X1S g
1 (v0 5 1, J0 5 10), or 13D g (v

17, N 5 9, J 5 10)4 b3P u (v9 5 19, N9 5 10, J9 5
1)4 X1S g

1 (v0 5 1, J0 5 10) transitions of7Li 2. Theb3P u

v9 5 19, N9 5 10, J9 5 11) intermediate level is perturb
y theA1S u

1 (v9 5 13, J9 5 11) level and therefore acts
window level through which thedark triplet states can b

iewed. Both lasers were linearly polarized along the s
irection and co- or counterpropagated coaxially. OODR
rescence from the upper 13S g

2 or 13D g level excited by th
asers, to theb3P u state, was resolved with a Spex 0.85
ouble-grating monochromator. The relative detection sy
fficiency, as a function of wavelength, was measured us
alibrated tungsten–halogen lamp (“white light source”)3).

6,
0022-2852/99 $30.00
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198 CHEN ET AL.
ince the reflection efficiency of the two monochromator g
ngs depends strongly on the polarization of the incident l
e used a sheet polarizer, in conjunction with the white l
ource, to measure separately the efficienciese\(l) ande'(l)
or light-polarized parallel and perpendicular to the gra
rooves. We note that these curves are approximatel
quare (because there are two gratings) of the grating effic
urves provided by the manufacturer, multiplied by the ph
ultiplier wavelength response function.
Because several detection schemes were used in the p

ork, we must be careful in our definitions of the coordinate a
e define the primed set of axes (x9, y9, z9) as the fixed coordina

xes of the heatpipe oven as shown in Fig. 1a. The vertical a
abeledz9 while the two lasers propagate along thex9 axis. We
lso introduce an unprimed set of axes (x, y, z) which are define
elative to the laser polarization and fluorescence detection
ions. In this work, both lasers were linearly polarized along
ame axis, which is taken to bez. Fluorescence was detec
ropagating in a direction lying in thexzplane at an angleu with
espect to thez axis (see Fig. 1b). The OODR fluorescence
ollected using three detection schemes.

FIG. 1. (a) The heatpipe oven with the space fixed (x9, y9, z9) coordinate
xes. (b) The laser polarization and fluorescence collection (x, y, z) coordinate
xes and the two polarization componentsI ' and I \ of the detected fluore
ence perpendicular and parallel to thexz plane, respectively.
Copyright © 1999 by
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Scheme 1. Both lasers are polarized vertically (i.e., thz
xis coincides with thez9 axis). Figure 2a gives a top vie
alongz9) of the back fluorescence detection arrangemen

FIG. 2. (a) The back fluorescence collection scheme viewed from a
long with the (x, y, z) coordinate axes associated with this laser polariza
nd fluorescence detection scheme. Laser-induced fluorescence was c

hrough the entrance window of the PUMP and PROBE laser beams. (b
rrangement for the side fluorescence collection scheme is shown alon

he (x, y, z) coordinate axes associated with this laser polarization
uorescence detection scheme. Two mirrors were used to rotate the fl
ence image by 90°. Lenses were used to focus the fluorescence onto
ut are not shown in the figure. (c) The top fluorescence collection sche
hown along with the (x, y, z) coordinate axes associated with this la
olarization and fluorescence detection scheme.
Academic Press
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199RESOLVED FLUORESCENCE SPECTRA DETECTION SCHEMES
at broadband high-reflection mirror with a 4-mm diame
ole in the middle is placed just outside one of the heat
indows along the laser propagation (x9) axis. The surface o

he mirror is oriented parallel to thez9 ( z) axis and at a 45
ngle relative to thex9 and y9 axes. The laser beams p

hrough the hole in the center of the mirror, but fluoresce
mitted within a small solid angle propagating along thex9
xis is reflected by the mirror and directed onto the entranc
f the monochromator. Since the fluorescence detection d

ion is x9, the primed and unprimed coordinate systems c
ide for this detection scheme, and the detection angleu 5 90°.
n this arrangement, thez9 direction of the oven interio
laser-polarization axisz) is imaged parallel to the entrance
nd the grooves of the monochromator gratings. Similarly
9 ( y) axis is imaged onto the slit but perpendicular to the
nd grating grooves. Since fluorescence light is collected

he entire laser path through the vapor, this scheme typi
rovides the largest fluorescence signals and is therefo
articular value for very weak signals. However, this sch
an suffer from contamination of the fluorescence signal
timulated emission and/or laser scatter and care must be
o avoid such problems. This fluorescence collection sche
alledbackcollection throughout this paper.

Scheme 2. Both lasers are polarized vertically. The las
gain propagate along thex9 axis, but fluorescence is collect

hrough a side window (y9 direction) as shown in Fig. 2
hus the unprimed coordinate system is rotated 90° abou
9 ( z) axis relative to the primed coordinate system (x 5 y9
nd y 5 2x9). The detection angleu 5 90°. Two flat
roadband mirrors are used to rotate the fluorescence i
which appears as a bright strip oriented along the laser
gation directiony 5 2x9) from horizontal to vertical. In thi
rrangement, thex9 axis of the oven interior (y) is imaged onto

he monochromator entrance slit, parallel to the slit, and
llel to the grooves of the gratings. Thez9 axis of the oven
laser-polarization axisz) is imaged perpendicular to the s
nd grating grooves. We note that this type of image rotati
ommonly used in side direction fluorescence collectio
aximize the light transmitted through the monochrom
ntrance slit. This scheme is calledsidecollection throughou

his paper.

Scheme 3. This scheme involves the same arrangeme
cheme 2 except that we rotate the polarization direction
oth lasers by 90° (i.e., both lasers are linearly polar
orizontally along they9 axis). In this arrangement, fluore
ence is also collected from the side window, perpendicul
he laser propagation direction (x9) but along the laser pola
zation direction (see Fig. 2c). Thus the unprimed coordi
ystem is obtained from the primed coordinate system
90° rotation about the laser propagation (x9) axis, followed
y a 90° rotation about the newz axis (i.e.,x 5 2z9, y 5
x9, andz 5 y9). The detection angleu 5 0°. Note that this

etection scheme is equivalent to collecting fluorescence
Copyright © 1999 by
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he top window if the laser polarizations had not been rota
he image rotation mirrors again are used to rotate the
escence image from horizontal to vertical. Again, thex9 axis
f the oven interior (y) is imaged onto the monochroma
ntrance slit, parallel to the slit, and parallel to the groove

he gratings, while thez9 axis (x) is imaged perpendicular
he slit and grating grooves. However, since bothx andy are
erpendicular to the laser polarization direction, the im
otation has no effect in this case. This collection schem
alled top collection throughout this paper.
Figures 3a–3c display the resolved fluorescence spec

he 13S g
2 (v 5 0, N 5 9, J 5 10) 3 b3P u (v9 5 0)

ransitions with back, side, and top collection schemes, re
ively. In Fig. 3b (side collection), theQ line is stronger tha
he P andR lines. However, in Fig. 3a (back collection), t
elative intensities of theP andR lines remain the same, b
he relative intensity of theQ line is weaker by a factor of 2
n Fig. 3c (top collection), the rotational pattern is similar
hat displayed in Fig. 3b. Since the PUMP and PROBE la
xcite the same PFOODR transition for all three detec
chemes, the differences of the relative intensities of th
olved fluorescence lines must be due to the difference
ween the three detection schemes.

A second example is given in Figs. 4a–4c, which show
esolved fluorescence spectra of the 13D g (v 5 17, N 5 9,
5 10)3 b3P u (v9 5 4) transitions for the back, side, a

op collection schemes, respectively. Here it can be seen
he relative intensities of theP andR lines remain the sam
hile the relative intensity of theQ line increases as we mo

rom back to side to top collection. One final example
rovided by Figs. 5a–5c, which display the resolved fluo
ence spectra of the 13D g (v 5 9, N 5 9, J 5 10)3 b3P u

v9 5 9) transitions for the back, side, and top collec
chemes, respectively. In Fig. 5b, theQ line is as strong as th
line and much stronger than theP line, but in Figs. 5a an

c, theQ line is stronger than theR line by a factor of 2. In th
ext section, we analyze the emission and detection prop
f the fluorescence in order to explain these results.

nalysis

Due to the polarization of the excitation light field, las
nduced fluorescence invariably exhibits some degree o
arization and anisotropy. Molecular fluorescence lines co
ponding to rotational transitionsDJ 5 Jupper 2 J lower 5 21,
, and11 (P, Q, and R lines, respectively) have differe
olarization properties. Zare (4) has described the polarizati
ehavior of fluorescence induced by a single linearly polar

ight field. In the present work, the observed fluorescence
nduced via two sequential transitions excited by two line
olarized laser beams.
Figure 6 depicts the OODR excitation and resolved fluo

ence energy level diagram for7Li 2. ug&, ui &, ue&, and u f & are
he ground (X1S g

1), intermediate (b3P u), upper (13S g
2 or
Academic Press
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200 CHEN ET AL.
3D g), and final (b3P u) levels, respectively.ê1, ê2, andê3 are
he unit vectors (in general, complex) that specify the po
zation of the electric field of the PUMP, PROBE, and fl
escence radiation, respectively. Let all states be characte
y good quantum numbersa, J, andMJ. Thus if we ignore th
yperfine structure, we may writeug& 5 ua g, Jg, Mg&, ui & 5

a i , Ji , Mi&, ue& 5 ua e, Je, Me&, and u f & 5 ua f, Jf, Mf& (5).
he ground state (ug&) is isotropic (i.e., allMg levels are
qually populated) in the absence of the PUMP laser.
The distribution of population within the intermediate s

FIG. 3. Resolved fluorescence spectra of 13S g
2 (v 5 0, N 5 9, J 5 10

etection schemes.
Copyright © 1999 by
r-

ed

i sublevels,nJi Mi, pumped from the isotropic ground state
weak (i.e., small intensity compared to the saturation in

ity) linearly polarized laser is given by:

nJiMi
}

nJg

2Jg 1 1 O
Mg

u^agJgMguê1 z mY ua iJiMi&u 2, [1]

here mY 5 erY is the electric-dipole moment operator. T
istribution of population within the upper stateMe sublevels

3 b3P u (v9 5 0) transitions observed using (a) back, (b) side, and (c
e)
Academic Press
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201RESOLVED FLUORESCENCE SPECTRA DETECTION SCHEMES
JeMe, pumped from the oriented or aligned intermediate s
y a weak linearly polarized PROBE laser is given by:

nJeMe
} O

Mi

nJiMi
u^a iJiMiuê2 z mY uaeJeMe&u 2. [2]

he fluorescence from the anisotropically populated ex
tate to the final state is partially polarized. The intensit
uorescence polarized along theê3 direction is

I ê3 } O
Mf

O
Me

nJeMe
u^aeJeMeuê3 z mY ua f Jf Mf&u 2. [3]

n the present work, both PUMP and PROBE lasers w
olarized along thez axis, so thatê1 5 ê2 5 ẑ and ê1 z mY 5

ˆ 2 z mY 5 m z. [Note that the expressions given below wo
ave to be modified if, for example, the lasers were circu
olarized or if the linear polarizations of the two beams w
rossed.] The detection propagation direction lies in thxz
lane at an angleu. We collect fluorescence with two ortho
nal polarizations:I ' corresponding to polarizationê3 5 ŷ,
hich is orthogonal to the laser polarization axis, andI \ cor-

esponding toê3 5 sin uẑ 2 cos ux̂, which is orthogonal t
' but generally has a component along the laser polariz
xis (see Fig. 1b). Thus we find

' }
nJg

2Jg 1 1 O
Mf

O
Me

O
Mi

O
Mg

u^agJgMgumzua iJiMi&u 2

3 u^a i JiMiumzuaeJeMe&u 2u^aeJeMeumyua f Jf Mf&u 2

[4]

nd

FIG. 3—
Copyright © 1999 by
te
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re
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I \ }
nJg

2Jg 1 1 O
Mf

O
Me

O
Mi

O
Mg

u^agJgMgumzua iJiMi&u 2

3 u^a iJiMiumzuaeJeMe&u 2
[5]

3 u^aeJeMeumzsin u 2 mxcosuua f Jf Mf&u 2.

he components of the dipole moment vectormY can be used t
onstruct a spherical tensor operatorm q

k of rank k 5 1: m 1
1 5

(2)21/ 2e( x 1 iy), m 0
1 5 ez, andm21

1 5 (2)21/ 2e( x 2 iy).
hen, according to the Wigner–Eckart theorem (4),

aJMum q
1ua9J9M9&

5 ~21! 11J92J^J9M9, 1quJM&^aJ\mY \a9J9&,
[6]

here^J9M9, 1quJM& is the Clebsch–Gordan coefficient a
aJ\mY \a9J9& is the reduced matrix element. The square of
educed matrix element is proportional to the linestrength
he Honl–London factor) of theJ 3 J9 transition,

u^aJ\mY \a9J9&u 2 } S~ J, J9!, [7]

hich can be calculated from the formulas given by Kovacs6),
nd the Clebsch–Gordan coefficient vanishes unlessq 1 M9 5 M.
hus the quadruple sums in Eqs. [4] and [5] reduce to single
verMg [ M and the fluorescence intensities reduce to prod
f rotational linestrengths and Clebsch–Gordan coefficients

ntinued
Academic Press
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202 CHEN ET AL.
I ' } S~ Jg, Ji!S~ Ji, Je!S~ Je, Jf!
1

2Jg 1 1

[8]

3 O
M

1
2 $u^Jf M 21, 11uJeM&u 2

1 u^Jf M 11, 121uJeM&u 2}

3 u^JeM, 10uJiM&u 2u^JiM, 10uJgM&u 2

5 S~ Jg, Ji!S~ Ji, Je!S~ Je, Jf! A'

FIG. 4. Resolved fluorescence spectra of 13D g (v 5 17, N 5 9, J 5 1
etection schemes.
Copyright © 1999 by
nd

I \ } S~ Jg, Ji!S~ Ji, Je!S~ Je, Jf!
1

2Jg 1 1

3 O
M

$u^Jf M, 10uJeM&u 2sin2u

1 1
2 @u^Jf M 21, 11uJeM&u 2

3 b3P u (v9 5 4) transitions observed using (a) back, (b) side, and (c
0)
Academic Press



w

a

A

N ty
o nd
c e
v no
r pe
fi .
[ e
q -
t
M th
s

r itted
i b).
T ffects
o in
s en to
t

ular
d

I

N n be
o

d by
m gth-
d n at
t into
a . We
a

i -
u

I

-

Co
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1 u^Jf M 11, 121uJeM&u 2]cos2u}

3 u^JeM, 10uJiM&u 2u^JiM, 10uJgM&u 2

5 S~ Jg, Ji!S~ Ji, Je!S~ Je, Jf!@A\sin2u 1 A'cos2u#, [9]

ith

A' ;
1

2Jg 1 1 O
M

1
2 $u^Jf M 21, 11uJeM&u 2

[10]
1 u^Jf M 11, 121uJeM&u 2}

3 u^JeM, 10uJiM&u 2u^JiM, 10uJgM&u 2

nd

\ ;
1

2Jg 1 1 O
M

u^Jf M, 10uJeM&u 2

3 u^JeM, 10uJiM&u 2u^JiM, 10uJgM&u 2.

[11]

ote that the rotational linestrength factors depend on the
f electronic transition considered, as well as the Hu
oupling case, but the factorsA' andA\ only depend on th
arious J values as long as the hyperfine structure is
esolved in either the excitation or detection step. If the hy
ne structure is resolved, thenA' andA\ are still given by Eqs
10] and [11] (andI ' andI \ by Eqs. [8] and [9]), but with th
uantum numbersF, MF replacingJ, MJ. (If hyperfine struc

ure is partially resolved, sums over contributingF as well as
F values must be used in Eqs. [1]–[3] and carried through

ubsequent analysis.)
It is important to emphasize that the intensitiesI ' and I \

FIG. 4—
Copyright © 1999 by
pe
’s

t
r-

e

epresent the two polarization components as they are em
n the directionu from the center of the oven (see Fig. 1
hus these expressions do not yet take into account the e
f various mirrors (especially the image rotator used
chemes 2 and 3) that steer the fluorescence from the ov
he monochromator entrance slit.

The total fluorescence intensity radiated in the partic
irectionu (the sum of both polarizations) is given by

total 5 I ' 1 I \ } S~ Jg, Ji!S~ Ji, Je!S~ Je, Jf!

3 @A\sin2u 1 A'~1 1 cos2u !#.
[12]

ote that the total fluorescence emitted into all angles ca
btained from [12] by integrating over solid angle sinududf.
Finally, expressions for the detected signals are obtaine
ultiplying each polarization component by the wavelen
ependent detection system efficiency for that polarizatio

he appropriate wavelength. In this step, we must take
ccount the effects of the image rotator in schemes 2 and 3
nalyze each of the three detection schemes separately.
For scheme 1, back collection, we haveu 5 90°; I \ is

maged along the grating grooves andI ' is imaged perpendic
lar to the grooves. The detected signal is thus

back5 I 'e' 1 I \e \ 5 FA'e' 1 A\e \

A' 1 A\
G I total

} S~ Jg, Ji!S~ Ji, Je!S~ Je, Jf!@A'e' 1 A\e \#.

[13]

For Scheme 2, side collection, we again haveu 5 90°. There

ntinued
Academic Press
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204 CHEN ET AL.
ore, I' andI \ are identical to those of scheme 1. But due to
mage rotator,I' is imaged along the grating grooves whileI \ is
maged perpendicular to the grooves. The detected signal is giv

side5 I 'e \ 1 I \e' 5 FA'e \ 1 A\e'

A' 1 A\
G I total

} S~ Jg, Ji!S~ Ji, Je!S~ Je, Jf!@A'e \ 1 A\e'#.

[14]

Finally for scheme 3, top collection, we haveu 5 0°, and

FIG. 5. Resolved fluorescence spectra of 13Dg (v 5 9,N5 9,J5 10)3 b3Pu
Copyright © 1999 by
e

by

onsequentlyI ' and I \ are different from those of scheme
nd 2. In the top collection case,I ' is imaged along the gratin
rooves andI \ is imaged perpendicular to the grooves a
cheme 2. From Eqs. [8] and [9], we see thatI ' 5 I \ 5 I total/ 2
nd the fluorescence emitted in this direction is unpolar
he detected signal in this case is given by

top 5 I 'e \ 1 I \e' 5 1
2 ~e \ 1 e'!I total

} S~ Jg, Ji!S~ Ji, Je!S~ Je, Jf!~e \ 1 e'! A'.
[15]

5 9) transitions observed using (a) back, (b) side, and (c) top detection sche
Academic Press
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205RESOLVED FLUORESCENCE SPECTRA DETECTION SCHEMES
he gratings of the Spex 1404 monochromator are hologr
ratings with 1800 grooves/mm, whose reflectivity is stron
ependent on the polarization and the wavelength of the inc

ight (7). Figure 7a gives the polarization and wavelength de
ence of the reflection efficiencies of a single grating, as prov
y the manufacturer (8). We note that since the Spex 1404
ouble grating monochromator, the total efficiencies shoul

FIG. 6. Energy level diagram of the OODR excitation and reso
uorescence spectra of7Li 2. ug&, ui &, ue&, and u f & represent the groun
X1S g

1), intermediate (b3P u), upper (13S g
2 or 13D g), and final (b3P u) levels,

espectively.ê1, ê2, and ê3 are unit vectors of the PUMP, PROBE, a
uorescence polarization, respectively.

FIG. 5—
Copyright © 1999 by
ic
y
nt

n-
d

e

iven by the single grating curves squared. We also us
alibrated tungsten–halogen lamp (3) and a sheet polarizer
easure the total relative detection efficiencies, as a functi
olarization and wavelength, for the complete detection sys

ncluding both gratings plus the photomultiplier tube (PM
hese results are given in Fig. 7b. The polarization depende
etermined almost entirely by the two gratings, while the ov
avelength dependence is determined by both the gratings a
MT. Thus we expect that the measured ratioe'(l)/e\(l) of Fig.
b should agree with the square of the ratio of the single gr
urves from Fig. 7a, and this appears to be roughly true. From
we can see that not only is the detection system effici

avelength dependent, but also strongly polarization depen
he differences of the relative intensity patterns with back vs.
ollection schemes, shown in Figs. 3 and 4, aremerelya conse
uence of the different polarization efficiencies,e'(l) ande\(l),

n combination with the image rotator used in the side collec
cheme. On the other hand, the differences of the relative int
atterns with side vs. top collection schemes, shown in Figs.
nd 5, result from the different polarization and angular dist

ion properties of the OODRP, Q, andR fluorescence lines.
In Figs. 3, 4, and 5 the OODR excitation transitions

3S g
2 (v 5 0, N 5 9, J 5 10)4 b3P u (v9 5 19, N9 5 10,

9 5 11)4 X1S g
1 (v0 5 4, J0 5 10), 13D g (v 5 17, N 5

, J 5 10)4 b3P u (v9 5 19, N9 5 10, J9 5 11)4 X1S g
1

v0 5 1, J0 5 10), and 13D g (v 5 9, N 5 9, J 5 10) 4
3P u (v9 5 19, N9 5 10, J9 5 11) 4 X1S g

1 (v0 5 1, J0
10), respectively. Since the7Li 2 b3P u state is in the Hund’

ase b coupling limit,DN Þ DJ transition strengths are mu
eaker thanDN 5 DJ transitions. In all three cases, t

ntinued
Co
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206 CHEN ET AL.
UMP and PROBE transitions areDJ [ Jupper 2 J lower 5 1 (R)
nd 21 (P) transitions, respectively, and the three rotatio

ines in the 13S g
2 3 b3P u or 13D g 3 b3P u fluorescenc

pectra correspond toDJ 5 21, 0, and11 (P, Q, and R
ines). For a given OODR excitation, the ratios of detected
ntensities for back, side, and top detection schemes ar
ained from Eqs. [13]–[15]:

ack:
~P!:I ~Q!:I ~R! 5 S~ Je, Jf 5 Je 1 1!

3 [A' ~ Jf 5 Je 1 1!e' ~ Jf 5 Je 1 1!

1 A\ ~ Jf 5 Je 1 1!e \ ~ Jf 5 Je 1 1!]:

S~ Je, Jf 5 Je!

3 @A' ~ Jf 5 Je!e' ~ Jf 5 Je!

1 A\ ~ Jf 5 Je!e \ ~ Jf 5 Je!]:

S~ Je, Jf 5 Je 2 1!

3 @A' ~ Jf 5 Je 2 1!e' ~ Jf 5 Je 2 1!

1 A\ ~ Jf 5 Je 2 1!e \ ~ Jf 5 Je 2 1!],

[16]

TAB
Ratios of Linestrengths S(JL
Copyright © 1999 by
l

e
b-

ide:

~P!:I ~Q!:I ~R! 5 S~ Je, Jf 5 Je 1 1!

3 @A' ~ Jf 5 Je 1 1!e \ ~ Jf 5 Je 1 1!

1 A\ ~ Jf 5 Je 1 1!e' ~ Jf 5 Je 1 1!]:

S~ Je, Jf 5 Je!

3 @A' ~ Jf 5 Je!e \ ~ Jf 5 Je!

1 A\ ~ Jf 5 Je!e' ~ Jf 5 Je!]:

S~ Je, Jf 5 Je 2 1!

3 @A' ~ Jf 5 Je 2 1!e \ ~ Jf 5 Je 2 1!

1 A\ ~ Jf 5 Je 2 1!e' ~ Jf 5 Je 2 1!],

[17]

op:

~P!:I ~Q!:I ~R! 5 S~ Je, Jf 5 Je 1 1!

3 @e \ ~ Jf 5 Je 1 1! 1 e' ~ Jf 5 Je 1 1!#

3 A' ~ Jf 5 Je 1 1!:

1

P) for 3L 3 3P Transitions

LE

, J
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207RESOLVED FLUORESCENCE SPECTRA DETECTION SCHEMES
S~ Je, Jf 5 Je!

3 @e \ ~ Jf 5 Je! 1 e' ~ Jf 5 Je!#

3 A' ~ Jf 5 Je!:

S~ Je, Jf 5 Je 2 1!

3 @e \ ~ Jf 5 Je 2 1! 1 e' ~ Jf 5 Je 2 1!#

3 A' ~ Jf 5 Je 2 1!. [18]

he Hund’s case b relative linestrengthsS( Je, Jf) of theP, Q,
ndR fluorescence lines are listed in Table 1 for represent

ow and intermediateJe 5 Jupper values (10 and 30, respe
ively) as well as for theJe 5 Jupper 5 ` limit (6). TheA' and

\ values can be calculated from Eqs. [10] and [11] using

FIG. 7. (a) Reflection efficiency curves of a single holographic grati
or polarization direction parallel to the grooves (p plane), ande' is the reflec
urve is the reflection efficiency for unpolarized light1

2 (e' 1 e\). These curv
8). (b) Measured efficiency curves for the full detection system (both m
Copyright © 1999 by
e

r

xample, the formulas given on page 57 of Zare’s book4).
hese are listed in Table 2 for the sameJe values. Measure
fficiencies,e'(l) ande\(l), at each relevant wavelength,

aken from Fig. 7b. With these data, we can use Eqs. [16]–
o calculate the ratios ofP, Q, andR fluorescence line inten
ities as observed using each detection scheme.
For the 7Li 2 13S g

2 case,Jg 5 10, Ji 5 11, Je 5 10. The
alculated relative intensities of theP, Q, andR linesafter the
onochromator with back, side, and top detection of 13S g

2

v 5 0, N 5 9, J 5 10)3 b3P u (v9 5 0, N9 5 8, 9, and
0) emission are given in Table 3 where they are compar

he measured intensities for back vs. side vs. top dete
chemes. We note that these fluorescence lines occur nel 5
40 nm wheree'(l) is very small (see Fig. 7b). Therefore,

(1800 lines/mm) for the Spex 1404 monochromator.e\ is the reflection efficienc
efficiency for polarization perpendicular to the grooves (s plane). The middl
ere measured under Littrow conditions relative to the reflectance of alu

ochromator gratings and the PMT).
ng
tion

es w
on
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208 CHEN ET AL.
his case, the monochromator is acting as an almost pe
olarizer. Withe'(l) ' 0, the back, side, and top detect
cheme signals [see Eqs. [16]–[18]] reduce toI back } A\e \, I side

A'e \, and I top } A'e \. SinceA\ andA' are very differen

TAB
A' and A| Values for P, Q, and R Line Fluoresc

Note.The PUMP transition/PROBE transition designationPQ means the P
Jupper 5 J lower), etc. The PUMP and PROBE beam polarizations are par
see Fig. 6). Numbers in parentheses refer to theJc 5 ` case.

TAB
Measured and Calculated OODR Fluo

(vv 5 0, N 5 9, J 5 10)3 b3Pu (vv* 5 0) Tra
Detection Schemes
Copyright © 1999 by
ctespecially for theQ line), we see a dramatic difference in
:Q:R ratios for back and side detection. However, the
nd top signals are virtually the same.
From our calculations we note that the ratio ofR to P line

2
e Following Various OODR Excitation Schemes

P laser excites aP line (Jupper 5 J lower 2 1) while the PROBE excites aQ line
l.s the upper state rotational quantum number of the OODR excitation sc

3
cence Line Intensity Ratios for 7Li2 13Sg

2

tions Detected with the Back, Side, and Top
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209RESOLVED FLUORESCENCE SPECTRA DETECTION SCHEMES
ntensities in the back, side, and top detection schemes s
e approximately 0.7–0.8, while the observed ratio wa

act, closer to 0.4 in both cases. This is due to a quan
nterference effect: the upper 13S g

2 (v 5 0, N 5 9, J 5 10)
evel is perturbed by the 23P g (v 5 26, N 5 9, J 5 10) level
1), and since both upper states have comparable tran
mplitudes to theb3P u (v9 5 0) level, quantum interferenc
ccurs (9). As a result of the perturbation, not only does
/(P 1 R) intensity ratio decrease, but also theP line
ecomes much stronger than theR line. Nonetheless, th
ifferencesbetween the back, side, and top detection scan
xplained well by the ideas presented above.
Table 4 gives the calculated results for the 13D g (v 5 17,
5 9, J 5 10)3 b3P u (v9 5 4) emission nearl 5 461

m for back, side, and top detection and compares them
easured ratios. In this case,e'(l) ande\(l) are almost equa
hich minimizes the polarizing effects of the monochroma

f e'(l) ande\(l) were exactly equal, we would expect [fro
qs. [16]–[18]] thatI back } A' 1 A\, I side } A' 1 A\, andI top

2A'. Thus the calculations indicate that the back and
otational line intensity patterns should be similar. On the o
and, theQ line is enhanced in the top scan becauseA' is
uch larger thanA\ for theQ line, whileA' is smaller thanA\

or the P and R lines. In general, the agreement betw
bservation and calculation is very good in this case.
Table 5 gives the calculated results for the 13D g (v 5 9,

TAB
Measured and Calculated OODR Fluor

(vv 5 17, N 5 9, J 5 10) 3 b3Pu (vv* 5 4) T
Top Collection Schemes

TAB
Measured and Calculated OODR Fluor

(vv 5 9, N 5 9, J 5 10) 3 b3Pu (vv* 5 9) T
Top Collection Schemes
Copyright © 1999 by
uld
in
m

on

re

he

r.

e
r

n

5 9, J 5 10)3 b3P u (v9 5 9) emission nearl 5 548
m for back, side, and top detection and compares them
easured ratios. In this case,e'(l) is much larger thane\(l).

f we neglect the contributions to the signals frome\(l), we
ould expect [from Eqs. [16]–[18]] thatI back } A'e ', I side }

\e ', andI top } A'e '. Thus we expect that the back and
ignals should be similar. However, we again haveA' much
arger thanA\ for the Q line, while A' is smaller thanA\ for
he P andR lines. So we expect to see a dramatic drop of

line intensity relative to theP andR lines when we switc
rom top or back to side detection. Again, these ideas
onfirmed by the detailed calculations and the meas
ntensity ratios.

The analysis given above is based on several assum
hose validity must be considered. First, theM level popula

ions given in Eqs. [1]–[3] are based on the weak field app
mation. For these expressions to be valid, the PUMP
ROBE laser intensities must be small compared to the

ation intensities of the respective transitions. Second, we
gnored absorption and reemission of fluorescence ph
radiation trapping), which can revise the angular distribu
f the fluorescence and scramble the polarization. Third
ave neglected the effects of collisions, which can mix thM

evel populations and thereby change the angular distrib
nd polarization properties of the fluorescence. Fourth
ave neglected the effects of magnetic fields in the vapor

4
ence Line Intensity Ratios for 7Li2 13Dg

nsitions Detected with the Back, Side, and

5
ence Line Intensity Ratios for 7Li2 13Dg

sitions Detected with the Back, Side, and
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210 CHEN ET AL.
an also mix theM level populations and scramble the po
zation. And finally, we must consider the fact that our nar
and lasers are able to partially resolve the hyperfine stru
f the upper state, which has not been considered in
nalysis presented above.
We have carried out some calculations and a serie

xperimental tests to estimate the importance of these e
nder our experimental conditions. First, we note that bec

he intermediate level is a singlet–triplet mixture in all exc
ions described above, both PUMP and PROBE transi
ay require higher laser power to be saturated. We stu

he laser power dependence of the 13D g (v 5 9, N 5 9,
5 10) 3 b3P u (v9 5 9) fluorescence using the si

etection scheme. In this case, we placed a polarizer in fro
he monochromator entrance slit, oriented to transmit
olarized perpendicular to the grating grooves. This was

o enhance our sensitivity to the different polarizations
ngular distributions of theP, Q, andR lines. We found no
ignificant change in the measuredP:Q:R line intensity ratios
s the PUMP (PROBE) power was lowered from 300 mW (
W) to 90 mW (110 mW) to 15 mW (20 mW). Thus w

onclude that saturation effects are not dramatically alte
he observedP:Q:R line intensity ratios presented here.

Second, we note that the lower levels of the observed
escence transitions are rovibrational levels of an excited
ronic state (b3P u) which have negligibly small thermal po
lations. Thus it is unlikely for fluorescence photons to
eabsorbed in the vapor and we can safely neglect rad
rapping in the present experiment.

Third, we must consider the effects ofM level changing
ollisions in Li2. To the best of our knowledge, no measu
ents of cross sections for these collisions currently e
owever, experiments on depolarizing collisions of alkali
ms with noble gases have yielded cross sections of up to213

m2 (10, 11). At our experimental temperature (;1000 K) and
uffer gas pressure (;1 Torr), we calculateM level mixing
ates of;5 3 107 s21 which is comparable to the radiati
ifetimes of the excited molecules. Thus collisions mus
onsidered to be a possible source of depolarization unde
xperimental conditions. However, we can test this effec
easuring fluorescence ratios as a function of pressure. D

his using the 13D g (v 5 9, N 5 9, J 5 10)3 b3P u (v9 5
) fluorescence (side detection scheme, polarizer in front o
onochromator entrance slit oriented to transmit light po

zed perpendicular to the grating grooves), we find no sig
cant changes in the fluorescence ratios (and hence i
olarizations) as the pressure was raised from 1.2 Torr
orr.
Next, we consider magnetic field effects on the polar

ion and angular distribution of the fluorescence lines. T
re two sources of such magnetic fields. First, magn
elds are produced by current-carrying wires used to
he oven. This effect can be particularly important in cy
rical ovens where the heater wire is wound around
Copyright © 1999 by
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ylinder in a solenoid configuration. However, in the pres
ork, our heatpipe oven used “clam shell” heaters where
ires are oriented along the heatpipe axis, traveling up
ack many times so that the heater-induced magnetic

n the vapor tend to cancel. Moreover, the heaters w
owered by ac supplies so that the directions of any
elds were reversed on a time scale that was fast comp
o scans over individual fluorescence lines. A test for eff
ue to heater wire-induced magnetic fields was carried
y momentarily turning off the oven heaters while a s
as made (using the same transition and detection sc
s in the power and pressure dependence studies)
uorescence pattern observed with the heater curren
as identical to that observed with the current on. Sec
e must worry about stray magnetic fields (such as
arth’s field and those due to magnetic bases used fo
ptical mounts) that are present in the vapor. To be ab
afely ignore the effects of such fields we require that
nverse of the Larmor precession frequencyv L

21 5
/( gJm BB) be large compared to the lifetime of the exci
tate. Using a Gauss meter we measured magnetic fie
;1 G near the center of the heatpipe oven. Thus we
L
21 is on the order of 100 ns which is indeed larger than
xcited state lifetimes (12). Thus we expect some depol

zation from stray fields, but not so much as to invalidate
onclusions.
Finally, we note that the hyperfine splittings of theb3Pu and

3Sg
2 states are sufficiently small that they can be safely negl

n the analysis. However, the 13Dg hyperfine structure is partial
esolved under our experimental conditions (see also Ref.13)).

e carried out a test of the effects of partially resolved hy
ne structure on theP:Q:R line intensity ratios again using t
3Dg (v 5 9, N 5 9, J 5 10)3 b3Pu (v9 5 9) transitions and th
ame detection scheme as in the power, pressure, and
urrent dependence studies. Here we kept the PUMP lase
uency fixed to line center of theb3Pu (v9 5 19, N9 5 10, J9 5
1)4 X1Sg

1 (v0 5 1, J0 5 10) transition, while the frequency
he PROBE laser was varied within the 13Dg (v 5 9, N 5 9, J 5
0)4 b3Pu (v9 5 19, N9 5 10, J9 5 11) line profile. PROBE

requencies on the high- and low-frequency edges of the p
nd near line center were used. Presumably a different com

ion of 13Dg (v 5 9, N 5 9, J 5 10) state hyperfine levels
umped in each case. Again we found no significant differe
etween theP:Q:R fluorescence line intensity ratios measu
sing different PROBE frequencies. This seems to confirm th
nalysis based on neglect of the hyperfine structure is valid
We have also studied several other OODR excitations14):

3S g
2 ~v 5 1, N 5 21, J 5 21f!4

A1S u
1 ~v9 5 14, J9 5 21!4

X1S g
1 ~v0 5 1, J0 5 22!,
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211RESOLVED FLUORESCENCE SPECTRA DETECTION SCHEMES
S g ~v 5 1, N 5 33, J 5 32e!4

A1S u
1 ~v9 5 15, J9 5 33!4

X1S g
1 ~v0 5 2, J0 5 32!,

3Dg ~v 5 9, N 5 10!4

b3Pu ~v9 5 19, N9 5 10, J9 5 11e!4

X1S g
1 ~v0 5 1, J0 5 10!,

nd

3Dg ~v 5 17, N 5 10, 11!4

b3Pu ~v9 5 19, N9 5 10, J9 5 11e!4

X1S g
1 ~v0 5 1, J0 5 10!.

sing these and the previously described excitation transit
e have measured and calculated relative intensities

esolved fluorescence lines of 13S g
2 (v 5 1, N 5 21, J 5

1f) 3 b3P u (v9 5 0) and 13S g
2 (v 5 1, N 5 33, J 5

2e)3 b3P u (v9 5 0) emission with side and back detecti
3D g (v 5 17, N 5 11)3 b3P u (v9 5 4) emission with sid
nd top detection, and 13D g (v 5 9, N 5 9) 3 b3P u (v9 5
1), 13D g (v 5 9, N 5 10)3 b3P u (v9 5 9, 11), and 13D g

v 5 17, N 5 10) 3 b3P u (v9 5 4) emission with back
ide, and top detection. Thus we have investigatedRQ, RR,
nd PQ PUMP/PROBE combinations in addition to theRP
UMP/PROBE scheme presented in Tables 3–5. Consid

he uncertainty in measured fluorescence line intensitie
ell as systematic errors associated with drift of the l

requency or beam overlap during monochromator scans
act that hyperfine structure is ignored in the analysis and
epolarizing effects of collisions and magnetic fields, we

ieve the agreement of the observed and calculated re
ntensities is satisfactory for all cases we have examined
ept for the interference effect involving the 13S g

2 (v 5 0,
5 9, J 5 10) level discussed previously].

CONCLUSIONS

Rotational branch intensity patterns in resolved fluoresc
pectra are dependent on the choice of detection schem
nalyzed the spectral patterns of7Li 2 PFOODR resolved fluo
escence spectra dispersed by a Spex 1404 double g
onochromator with back, side, and top fluorescence dete
Copyright © 1999 by
s,
or
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ng
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chemes. These pattern differences are due to the dif
olarization and anisotropic radiation patterns ofP, Q, andR
uorescence lines in OODR laser-induced fluorescence e
ments, and the polarization and wavelength-dependent r
ion efficiencies of the monochromator gratings.
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