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The relative intensities of rotational lines in resolved fluorescence spectra are dependent on the detection direction and the
choice of the detection scheme when a grating monochromator is used. These differences arise from the spatially anisotropic
distribution of the fluorescence, the rotational branch dependence of the fluorescence polarization, and the polarization
dependence of the monochromator grating efficiency. Both the anisotropy of the emission and the rotational branch dependence
of the fluorescence polarization are enhanced in double-resonance excitation schemes. In the present work, we analyze the
relative intensities in théLi, 1°%, — 1(b)°Il, and A, — 1(b)°Il, resolved fluorescence spectra, observed following
double-resonance excitation, for three different detection schemesso Academic Press
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I. INTRODUCTION complex than the well-understood and frequently treated o

photon excitation case. Here we show examples and quanti

Laser-induced fluorescence (LIF) has become a classic tegialy explain the differences in the relative rotational brancl
nique of laser spectroscopy. LIF spectra are recorded in tyensities for perturbation-facilitated optical—optical double
formats, fluorescence excitatioandresolved fluorescencé  resonance (PFOODR) resolved fluorescence speciia gfas

fluorescence excitation spectrum is recorded by monitoriRg,gied using three of the most common geometries.
total fluorescence while the laser frequency is scanned. Re-

solved fluorescence spectroscopy involves scanning the mono-
chromator while holding the laser frequency fixed to a selected

transition. _ _  The experimental setup has been described in REfan(d
Resolved fluorescence spectra provide abundant informat

e - AN | ithium vapor was generated infare-armheatpipe oven
about the upper and lower states. Relative intensities of transchp@_ 1a]. Two continuous-wave (CW) single-mode, frequen

into different vibrational levels of the lower state give informatior&y-stabilized CR 699-29 dye lasers were used as the PUMP 3
about Franck—Condon factors and transition dipole moments. ThR& OBE |asers to excite’¥, (v = 0,N = 9,J = 10) «—

rotational structure of a transition (spectral patterns and relatiyeﬂu (v = 19,N' = 10,3 = 11) « X'3 (V" = 4, I’

Il. OBSERVATIONS

intensities of rotational lines), from a single upper rovibronic level 10), ’A, (v = 9, N = 9,J = 10) < b, (v/ = 19,
to a lower vibrational level, is often used to determine the syryp = 10, J/gz 11) < X'S; (v" = 1,3 = 10), or PA, (v

metries of the upper and lower states. = 17,N=9,J = 10) < b°[T, (v' = 19,N’ = 10,J’ =
In resolved fluorescence experiments, the laser-induced filt) — X3 (v" = 1, = 10) transitions ofLi,. Theb®II,
orescence can be collected with several different detectign — 19, ,\]’, = 10, = 11) intermediate level is perturbed

schemes. The relative intensities of rotational lines in tl't%/ﬁtheAlEJ (v/ = 13,7 = 11) level and therefore acts as
resolved fluorescence spectra, however, may depend on digindow level through which thedark triplet states can be
particular scheme chosen. For experiments utilizing doubl@ayed. Both lasers were linearly polarized along the sam
resonance excitation, the polarization behavior is much mQjgection and co- or counterpropagated coaxially. OODR flL
orescence from the upperd, or 1°A, level excited by the
! Present address: Department of Physics, University of Connecticut, U-fgsers to theb®Il. state. was resolved with a Spex 0.85
Storrs, CT 06269. ' . N ' . o
2To whom correspondence should be addressed. doyple—gratmg mono.chromator. The relative detection sygte
3Also at Department of Physics, Tsinghua University, Beijing 10008gfficiency, as a function of wavelength, was measured using
China. calibrated tungsten—halogen lamp (“white light source)). (

197

0022-2852/99 $30.00
Copyright © 1999 by Academic Press
All rights of reproduction in any form reserved.



198 CHEN ET AL.

t Scheme 1. Both lasers are polarized vertically (i.e., the
axis coincides with the’ axis). Figure 2a gives a top view
(alongz’) of the back fluorescence detection arrangement. |
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FIG. 1. (a) The heatpipe oven with the space fixed,(y’, z') coordinate ©/\ﬂm)rescence

axes. (b) The laser polarization and fluorescence collectioy, (z) coordinate image

axes and the two polarization componehtsand | of the detected fluores-

cence perpendicular and parallel to theplane, respectively.
monochromator

entrance slit

Since the reflection efficiency of the two monochromator grat- miror ,

ings depends strongly on the polarization of the incident light, | /

we used a sheet polarizer, in conjunction with the white light (©

source, to measure separately the efficienej@g ande, (A)

for light-polarized parallel and perpendicular to the grating _ x

grooves. We note that these curves are approximately the AL

square (because there are two gratings) of the grating efficiency

curves provided by the manufacturer, multiplied by the photo- Jser beams :

multiplier wavelength response function. -
Because several detection schemes were used in the present @/K

work, we must be careful in our definitions of the coordinate axes. orescence

We define the primed set of axes,(y’, Z) as the fixed coordinate

axes of the heatpipe oven as shown in Fig. 1a. The vertical axis iEIG. 2. (a) The back fluorescence collection scheme viewed from aboy

. . along with the &, y, z) coordinate axes associated with this laser polarizatiol
labeledz’ while the two lasers propagate along tdeaxis. We 9 &y, 2) co . P
and fluorescence detection scheme. Laser-induced fluorescence was colle

also introduce an unprimed set of ax&sy z) which are defined rough the entrance window of the PUMP and PROBE laser beams. (b) T
relative to the laser polarization and fluorescence detection dir@@angement for the side fluorescence collection scheme is shown along w
tions. In this work, both lasers were linearly polarized along the (x, y, 7) coordinate axes associated with this laser polarization an
same axis, which is taken to ke Fluorescence was detectedluorescence gEtggEiOE scheme. Two ”(]"tm;s Werteh “sﬂed to rotate thet ﬂ‘t’h"r

. . . . . . . cence image . Lenses were used (0 Tocus the fluorescence onto the
propagating in a c_j|rect|on l_ymg in thez plane at an anglé with but are notgsho)\//vn in the figure. (c) The top fluorescence collection scheme
respect to the axis (see Fig. 1b). The OODR fluorescence Wagown along with the X, y, 2) coordinate axes associated with this laser

collected using three detection schemes. polarization and fluorescence detection scheme.

laser
polarization

Copyright © 1999 by Academic Press



RESOLVED FLUORESCENCE SPECTRA DETECTION SCHEMES 199

flat broadband high-reflection mirror with a 4-mm diametehe top window if the laser polarizations had not been rotate
hole in the middle is placed just outside one of the heatpifée image rotation mirrors again are used to rotate the flu
windows along the laser propagatiox’] axis. The surface of rescence image from horizontal to vertical. Again, exis
the mirror is oriented parallel to the (z) axis and at a 45° of the oven interior {) is imaged onto the monochromator
angle relative to thex’ andy’ axes. The laser beams passgntrance slit, parallel to the slit, and parallel to the grooves ¢
through the hole in the center of the mirror, but fluorescentiee gratings, while the’ axis (x) is imaged perpendicular to
emitted within a small solid angle propagating along #ie the slit and grating grooves. However, since betandy are
axis is reflected by the mirror and directed onto the entrance gé@rpendicular to the laser polarization direction, the imag
of the monochromator. Since the fluorescence detection directation has no effect in this case. This collection scheme
tion is x’, the primed and unprimed coordinate systems coinalledtop collection throughout this paper.

cide for this detection scheme, and the detection afgle90°. Figures 3a—3c display the resolved fluorescence spectra
In this arrangement, the’ direction of the oven interior the 1°%, (v = 0, N = 9, J = 10) — b’[l, (v' = 0)
(laser-polarization axis) is imaged parallel to the entrance slitransitions with back, side, and top collection schemes, respe
and the grooves of the monochromator gratings. Similarly, thigely. In Fig. 3b (side collection), th line is stronger than
y' (y) axis is imaged onto the slit but perpendicular to the slihe P andR lines. However, in Fig. 3a (back collection), the
and grating grooves. Since fluorescence light is collected frawlative intensities of th® andR lines remain the same, but
the entire laser path through the vapor, this scheme typicathe relative intensity of th€ line is weaker by a factor of 2.
provides the largest fluorescence signals and is thereforelmofFig. 3c (top collection), the rotational pattern is similar tc
particular value for very weak signals. However, this schentieat displayed in Fig. 3b. Since the PUMP and PROBE lase
can suffer from contamination of the fluorescence signal withxcite the same PFOODR transition for all three detectio
stimulated emission and/or laser scatter and care must be takelmemes, the differences of the relative intensities of the r
to avoid such problems. This fluorescence collection schemes@ved fluorescence lines must be due to the differences t
called backcollection throughout this paper. tween the three detection schemes.

. . A second example is given in Figs. 4a—4c, which show th
Scheme 2. Both lasers are polarized vertically. The lasers
) . : esolved fluorescence spectra of thAl (v = 17, N = 9,
again propagate along thé axis, but fluorescence is collected.” ™ 3 . o .
. . A U J = 10) — b’II, (v’ = 4) transitions for the back, side, and
through a side window \{' direction) as shown in Fig. 2b. . : i
. . ) o collection schemes, respectively. Here it can be seen tt
Thus the unprimed coordinate system is rotated 90° about T I ; .
, . : . ; ] é relative intensities of thB andR lines remain the same,
Z' (2) axis relative to the primed coordinate system+ y while the relative intensity of th€ line increases as we move
andy = —x'). The detection angle® = 90°. Two flat Y

. . _from back to side to top collection. One final example i
broadband mirrors are used to rotate the fluorescence imagde .14 by Figs. 5a—5c, which display the resolved fluore:
(which appears as a bright strip oriented along the laser ProR e spectra of.the:”A (’v —9,N=09,J=10)— b’ ‘
agation directiory = —x’) from horizontal to vertical. In this (v' = 9) transitions fér the béck sid’e and top collecu:tior
arrangement, the’ axis of the oven interiory) is imaged onto schemes, respectively. In Fig. 5b t&@dine'is as strong as the
the monochromator entrance slit, parallel to the slit, and p ' ' .

allel to the grooves of the gratings. Tlaé axis of the oven Riine anq mgch stronger than tlﬁ?elme, but in Figs. 5a and
2 L . ..5¢, theQ line is stronger than thR line by a factor of 2. In the
(laser-polarization axig) is imaged perpendicular to the slit

X . . -~ next section, we analyze the emission and detection propert
and grating grooves. We note that this type of image rotation I3 . )
the fluorescence in order to explain these results.

commonly used in side direction fluorescence collection &
maximize the light transmitted through the monochromator _
entrance slit. This scheme is callsidle collection throughout Analysis

this paper. Due to the polarization of the excitation light field, laser-

Scheme 3. This scheme involves the same arrangement eluced fluorescence invariably exhibits some degree of p
scheme 2 except that we rotate the polarization directionslafization and anisotropy. Molecular fluorescence lines corrt
both lasers by 90° (i.e., both lasers are linearly polarizespponding to rotational transitionsJ = Jypper — Jiower = — 1,
horizontally along they’ axis). In this arrangement, fluores-0, and +1 (P, Q, andR lines, respectively) have different
cence is also collected from the side window, perpendicularpolarization properties. Zard) has described the polarization
the laser propagation directionx’() but along the laser polar- behavior of fluorescence induced by a single linearly polarize
ization direction (see Fig. 2c). Thus the unprimed coordinalight field. In the present work, the observed fluorescence w
system is obtained from the primed coordinate system byirmluced via two sequential transitions excited by two linearl
—90° rotation about the laser propagatior ) axis, followed polarized laser beams.
by a 90° rotation about the newaxis (i.e.,x = —z',y = Figure 6 depicts the OODR excitation and resolved fluore:
—x’, andz = y’). The detection anglé = 0°. Note that this cence energy level diagram fdki,. |g), |i), |e), and|f) are
detection scheme is equivalent to collecting fluorescence frahe ground X'3), intermediate I§°I1,), upper (£3, or

Copyright © 1999 by Academic Press
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FIG. 3. Resolved fluorescence spectra 6E] (v = 0, N = 9, J = 10e) — b®Il, (v' = 0) transitions observed using (a) back, (b) side, and (c) to
detection schemes.

1°A,), and final p°I1,) levels, respectivelyg,, &,, andé, are M, sublevelsp,,,, pumped from the isotropic ground state by

the unit vectors (in general, complex) that specify the polaa-weak (i.e., small intensity compared to the saturation inte

ization of the electric field of the PUMP, PROBE, and fluosity) linearly polarized laser is given by:

rescence radiation, respectively. Let all states be characterized

by good quantum numbets J, andM,. Thus if we ignore the n,

hyperfine structure, we may wrilg) = |ag, Jg, M), |i) = Nym, & le > KagdgMgl8y -« | asdiMy)|?, [1]

lai, Ji, My), @) = |ae, Je, M), and|f) = [ay, I, My) (5). ’ Mg

The ground state|g)) is isotropic (i.e., allM, levels are

equally populated) in the absence of the PUMP laser. where u = et is the electric-dipole moment operator. The
The distribution of population within the intermediate statdistribution of population within the upper staté, sublevels,

Copyright © 1999 by Academic Press
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FIG. 3—Continued

n,.v., PUMped from the oriented or aligned intermediate state ny, ,
by a weak linearly polarized PROBE laser is given by: = 5371 > 22 2 Kogd Myl iMy)|
9 Mi Me M; Mg
Nyeme & E Ml @idiMi|&; - 1] aedMe) |, (2] [5]

X |<aiJiMi|I~Lz|ae‘JeMe>| 2

Mi

: _ 2
The fluorescence from the anisotropically populated excited X [{atedeMe|p1,Sin 0 — w,cos 6] o JsMp)|?.

state to the final state is partially polarized. The intensity of
fluorescence polarized along tke direction is

le, E E Niame

Mt Me

The components of the dipole moment veqiocan be used to

[3] construct a spherical tensor operagdyof rankk = 1: ui =
—(2) Y%e(x + iy), mo = ez andut, = (2) Y%e(x — iy).
Then, according to the Wigner—Eckart theorefj (

In the present work, both PUMP and PROBE lasers were

polarized along the axis, so thaé, = &, = Zandé, - p = P

& - L = p, [Note that the expressions given below would@IMlpgla’I"M")

have to be modified if, for example, the lasers were circularly = (=)™ IM’, 1g9/IM)ad| i’ "),

polarized or if the linear polarizations of the two beams were

crossed.] The detection propagation direction lies in xkze . ] o
plane at an anglé. We collect fluorescence with two orthog-Where<J'm’, 19|9M) is the Clebsch-Gordan coefficient and

onal polarizationsi , corresponding to polarizatiog, = §, (@Jlrla’J’) is the reduced matrix element. The square of th
which is orthogonal to the laser polarization axis, andor- reduced matrix element is proportional to th.e' linestrength (i.€
responding t®, = sin 2 — cos 6%, which is orthogonal to the Honl-London factor) of thg — J transition,

I, but generally has a component along the laser polarization

<ae\]eMe|é3 : FL|afJfo>| 2,

[6]

axis (See Flg 1b) Thus we find |<O£J||/1H0é,\]’>|2 o S(J, J'), [7]
n,
o 2J,+ 1 2 2 2 2 KagdMolua e diMy)|? which can be calculated from the formulas given by Kova®s (
M Me MM [4] and the Clebsch—Gordan coefficient vanishes ugjess1’ = M.
X |(a; IiMi| | aedeMe)| { atedeMe| y| s Js M) | 2 Thus the quadruple sums in Egs. [4] and [5] reduce to single sur
overM, = M and the fluorescence intensities reduce to produc
and of rotational linestrengths and Clebsch—Gordan coefficients:

Copyright © 1999 by Academic Press
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FIG. 4. Resolved fluorescence spectra 6] (v = 17, N = 9,J = 10) — b’lI, (v' = 4) transitions observed using (a) back, (b) side, and (c) to
detection schemes.

| 1 and
1 S(Jg, J)S(Ji, Jo)S(Jey Ip) 2‘]917+1
X % H(IM —1, 113.m)|? Iy o S(Jg, 3)S(J5, J)S(Je, Jy) 2ng+1
+ (M +1, 1-1]IM)|% X D {[(IM, 10]IM)|2sin?0
X [(JM, 10[3;M)|2(IM, 10[IM)|? M
= S(Jg, J)S(Ji, Je)S(Jes I A, [8] +i[(IM -1, 11)IM)|?
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FIG. 4—Continued
+ (M +1, 1-1/IM)|*|cos’6} represent the two polarization components as they are emit

) ) in the direction® from the center of the oven (see Fig. 1b).

X [(IM, 10IM)|PI(IM, 10]3gM)] Thus these expressions do not yet take into account the effe
= S(Jy, J)S(Ji, JS(Je, I)[A;sin®0 + A cos’h], [9] of various mirrors (especially the image rotator used i
schemes 2 and 3) that steer the fluorescence from the over

with 1 the monochromator entrance slit.
AL=53 11 > LM —1, 11IM)|? ‘The total fluorescence intensity radiated in the particul:
9 M [10] direction 6 (the sum of both polarizations) is given by
+ (IM +1, 1-1|IM)|%}
X [(JM, 10[3M)|Z(IM, 10[3gM)|? o = Ly 2 S DI IS, ) [12]
X [Asin’6 + A, (1 + cos’0)].
and
Note that the total fluorescence emitted into all angles can |
1 ) obtained from [12] by integrating over solid angle $idfdd¢.
A=23+1 2 (3™, 10[3:M)] Finally, expressions for the detected signals are obtained
’ M [11] multiplying each polarization component by the wavelength
X |(JM, 10[IM)[?(IM, 10]I,M)|2. dependent detection system efficiency for that polarization

the appropriate wavelength. In this step, we must take in

Note that the rotational linestrength factors depend on the tygecount the effects of the image rotator in schemes 2 and 3. \
of electronic transition considered, as well as the Hundahalyze each of the three detection schemes separately.
coupling case, but the factoss, andA, only depend on the For scheme 1, back collection, we have= 90° I, is
various J values as long as the hyperfine structure is néhaged along the grating grooves andis imaged perpendic-
resolved in either the excitation or detection step. If the hypa#lar to the grooves. The detected signal is thus
fine structure is resolved, thén andA, are still given by Eqgs.

[10] and [11] (and , andl, by Egs. [8] and [9]), but with the Ae, + Ag

quantum numberE, M. replacingd, M,. (If hyperfine struc- lback=1.€. + I} = [M*‘A] total

ture is partially resolved, sums over contributifgas well as [13]
M. values must be used in Egs. [1]-[3] and carried through the o« S(Jg, J)S(Jiy Je)S(Jer IN[A €, + Ajgyl.
subsequent analysis.)

It is important to emphasize that the intensitiesand |, For Scheme 2, side collection, we again héve 90°. There-
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FIG.5. Resolved fluorescence spectra (v = 9,N = 9,J = 10)— b’[1, (v’ = 9) transitions observed using (a) back, (b) side, and (c) top detection schemes

fore, |, andl, are identical to those of scheme 1. But due to theonsequently , andl, are different from those of schemes 1
image rotator] , is imaged along the grating grooves whilds and 2. In the top collection cade, is imaged along the grating
imaged perpendicular to the grooves. The detected signal is givergbyoves and is imaged perpendicular to the grooves as il

scheme 2. From Egs. [8] and [9], we see thats || = |/ 2
Ag + Ag, and the fluorescence emitted in this direction is unpolarize
lsige=1.€ + lje, = [ A, + A ] total (14) The detected signal in this case is given by
o« S(J,, J)S(Ji, J)S(Je, N[A g + Aje,].
o v o TR = lop=1,€ + 1€, =3(€e + €)loa [15]
Finally for scheme 3, top collection, we hage= 0°, and o S(Jg Ji)S(Ji, Jo)S(Je, I (g + € ) A,
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FIG. 5—Continued

The gratings of the Spex 1404 monochromator are holographigen by the single grating curves squared. We also used
gratings with 1800 grooves/mm, whose reflectivity is stronglyalibrated tungsten—halogen lam®) @nd a sheet polarizer to
dependent on the polarization and the wavelength of the incidemtasure the total relative detection efficiencies, as a function
light (7). Figure 7a gives the polarization and wavelength depepelarization and wavelength, for the complete detection systel
dence of the reflection efficiencies of a single grating, as providietluding both gratings plus the photomultiplier tube (PMT).
by the manufacturer8]. We note that since the Spex 1404 is dhese results are given in Fig. 7b. The polarization dependence
double grating monochromator, the total efficiencies should Betermined almost entirely by the two gratings, while the overz
wavelength dependence is determined by both the gratings and
PMT. Thus we expect that the measured ratit\)/e,(\) of Fig.
&) 7b should agree with the square of the ratio of the single gratir
curves from Fig. 7a, and this appears to be roughly true. From F
2 7 we can see that not only is the detection system efficien
2 wavelength dependent, but also strongly polarization depende
The differences of the relative intensity patterns with back vs. sic
collection schemes, shown in Figs. 3 and 4, me¥elya conse-
|#) guence of the different polarization efficiencies(\) ande(A),
in combination with the image rotator used in the side collectio
- v scheme. On the other hand, the differences of the relative intens
/) o , N
patterns with side vs. top collection schemes, shown in Figs. 3,
and 5, result from the different polarization and angular distribt
1 tion properties of the OODR, Q, andR fluorescence lines.
In Figs. 3, 4, and 5 the OODR excitation transitions ar
1°%, (v=0,N=9,J = 10) < b’ll, (v' = 19,N’ = 10,
J =11) <« X'3; (V' = 4,3 =10), PA, (v = 17,N =
9,J = 10) < b, (v = 19,N’ = 10,7 = 11) « X'3;
(v = 1,3 = 10),and 2A, (v = 9,N = 9, ] = 10) <
FIG. 6. Energy level diagram of the OODR excitation and resolve%al—[LI (v =19,N = 10,7 = 11) < Xlza— v =10

fluorescence spectra dLi,. |g), |i), |€), and|f) represent the ground _ . . . A ,
(X'S.). intermediate °T1,). upper (£ or 1°%A,), and final p°IL,) levels, 10), respectively. Since tha.i, b’II, state is in the Hund’s

respectively.2,, &, and &, are unit vectors of the PUMP, PROBE, andC@se b coupling limitAN # AJ transition strengths are much
fluorescence polarization, respectively. weaker thanAN = AJ transitions. In all three cases, the

>
o>

)
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206 CHEN ET AL.
TABLE 1
Ratios of Linestrengths S(J,, Jy) for *A — °II Transitions

SA 5T P:Q:R

Jupper = 10 Jupper = 30 Jupper = ®
F1 Components (N =J-1) 1:2.578:1.713 1:2.175:1.186 1:2:1
F2 Components (N = J) 1:2495:1.611 1:2.166:1.178 1:2:1
F3 Components (N=J+ 1) 1:2.451:1.533 1:2.161:1.171 1:2:1
T - 11 P:Q:R

Jupper = 10 Jupper = 30 Jupper = ®©
F1 Components (N=J-1) 1:0.0213 : 0.9061 1:0.00226 : 0.9676 1:0:1
F2 Components (N =.J) 1:0.0173:0.9059 1:0.00212:0.9676 1:0:1
F3 Components (N=J+ 1) 1:0.0145:09071 1:0.00198 : 0.9676 1:0:1
s P:Q:R

Jupper =10 Jupper = 30 Jupper =
F1 Components (N=J- 1) 1:1.726 : 0.7339 1:1.903 :0.9042 1:2:1
F2 Components (N =.J) 1:1.733:0.7487 1:1.904:0.9062 1:2:1
F3 Components (N =J + 1) 1:1.755:0.7622 1:1.907 : 0.9081 1:2:1

Note that the S(/a, Jm) factors are calculated from the formulas of Tables 3.8 and 3.10 of Ref.
6. In the calculations, it is assumed that both the upper *A and the lower °IT states follow the
Hund’s case b coupling scheme, which is valid for all states of Li,. Note also that line
strengths for transitions with AN # AJ are not listed in the table since, in the Hund’s case b

limit, AN # AJ transitions are very weak except at very low J’s (less than ~1% for J > 10)

compared to the strongest (AN = AJ) transitions.

PUMP and PROBE transitions af&] = J,;per — Jiower = 1 (R)  side:

and —1 (P) transitions, respectively, and the three rotationg|p):|(Q):I(R) =

lines in the £3, — b°Il, or 1°A, — b°II, fluorescence
spectra correspond tdJ = —1, 0, and+1 (P, Q, andR
lines). For a given OODR excitation, the ratios of detected line
intensities for back, side, and top detection schemes are ob-
tained from Eqgs. [13]-[15]:
back:
[(P):1(Q):I(R) = S(Je, Jr= I + 1)

X[A, (Ji=Je+De, (J=J.+1)

S(Je: Jf = ‘]e)

X [AL (Jf = Je)eL (‘Jf = Je)

+ A (=g (I = Jo)]:

S(Je J=Je— 1) top:

X[A, (J=Je— De, (Jy=J— 1)

+ AH (Jf = Je_ 1)€H (Jf = Je_ l)],

[16]
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[(P):1(Q):I(R) =

S(Je, Jr=J+ 1)

X[A, (J=Je+ e (J=J.+ 1)

+ A (J=Jde+ De, (J=J+ D]

S(Je, Jr = Jo)

X[AL (Jr=Jo)e (Jr=Jo)

+ A (Jr=JdJ)e, (I=d)I:

S(Je, Jr=J.— 1)

X[AL (Jr=Jde— Ve (Jr=Je— 1)

+ A (J=3—De, (J=J.—1)],
[17]

S(Je- Jf:‘Je+ 1)
X[G“(Jf:\]e“l‘ 1)+EL (Jf:Je+ l)]
XA (J=Jd.+1):
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FIG. 7. (a) Reflection efficiency curves of a single holographic grating (1800 lines/mm) for the Spex 1404 monochrgnigtbee reflection efficiency
for polarization direction parallel to the grooves plane), anck, is the reflection efficiency for polarization perpendicular to the groosggane). The middle
curve is the reflection efficiency for unpolarized ligh, + €). These curves were measured under Littrow conditions relative to the reflectance of alumir
(8). (b) Measured efficiency curves for the full detection system (both monochromator gratings and the PMT).

S(Je, Ji = Jo) example, the formulas given on page 57 of Zare's botk (
% Lo (3 =30 + €, (3=3)] These are listed in Table 2 for the sathevalues. Measured
IR Ve LANrT e efficiencies,e, (\) and¢,()), at each relevant wavelength, are
XA, (J=Jo): taken from Fig. 7b. With these data, we can use Egs. [16]-[1
S(J, 3 =J,— 1) to calculate the ratios d?, Q, andR fluorescence line inten-
e ¢ sities as observed using each detection scheme.
X[g(J=Jde—1) +e€ (J=J— 1] For the'Li, 1°3, caseJ, = 10, J; = 11, J, = 10. The
XA, (I =d.— 1). [18] calculated relative _intensities pf tie Q, andR Iines_afterthe
monochromator with back, side, and top detection &t 1
The Hund's case b relative linestreng®@l., J;) of theP, Q, (v =0,N =9,J = 10) — b’Il, (v' = 0,N’ = 8, 9, and
andR fluorescence lines are listed in Table 1 for representatil®) emission are given in Table 3 where they are compared
low and intermediate), = J,,,. values (10 and 30, respec-the measured intensities for back vs. side vs. top detecti
tively) as well as for thel, = J e = o limit (6). TheA, and schemes. We note that these fluorescence lines occunrear
A, values can be calculated from Egs. [10] and [11] using, fd40 nm wheres, (A) is very small (see Fig. 7b). Therefore, in
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TABLE 2
A, and A, Values for P, Q, and R Line Fluorescence Following Various OODR Excitation Schemes
PUMP transition /
Fluorescence | PROBE transition PP PQ PR QP QQ QR RP RQ RR
transition

P A, J.=10] 0.03968 0.02632 0.03680 0.02194 0.08279 0.02524 0.04130 0.02065 0.03810
J.=30| 0.03869 0.02472 0.03763 0.02318 0.08475 0.02429 0.03919 0.02272 0.03810

J.= | 0.03810 0.02381 0.03810 0.02381 0.08571 0.02381 0.03810 0.02381 0.03810

(4/105) (1/42) (4/105) (1/42) (3/35) (1/42) (4/105) (1/42) (4/105)

A” J,=10| 0.05398 0.02008 0.05370 0.01673 0.03381 0.02286 0.05738 0.01870 0.05714

J.=30| 0.05595 0.01938 0.05591 0.01816 0.03042 0.02032 0.05717 0.01901 0.05714

Jo= o | 0.05714 0.01905 0.05714 0.01905 0.02857 0.01905 0.05714 0.01905 0.05714

(2/35) (2/105) (2/35) (2/105) (1/35) (2/105) (2/35) (2/105) (2/35)

Q 4, J.=10] 0.05541 0.01946 0.05539 0.01621 0.02892 0.02262 0.05899 0.01851 0.05905
J.=30| 0.05653 0.01920 0.05652 0.01800 0.02861 0.02019 0.05777 0.01888 0.05778
J.= oo | 0.05714 0.01905 0.05714 0.01905 0.02857 0.01905 0.05714 0.01905 0.05714

(2/35) (2/105) (2/35) (2/105) (1/35) (2/105) (2/35) (2/105) 2/35)
A” J.=10]| 0.02251 0.03381 0.01653 0.02818 0.14156 0.02810 0.02199 0.02299 0.01524

J.=30| 0.02028 0.03042 0.01814 0.02852 0.14270 0.02852 0.02001 0.02668 0.01778

J.= o | 0.01905 0.02857 0.01905 0.02857 0.14286 0.02857 0.01905 0.02857 0.01905

(2/105) (1/35) (2/105) (1/35) n (1/35) (2/105) (1/35) (2/105)

R 4, J.=10] 003810 0.02701 0.03494 0.02251 0.08820 0.02550 0.03952 0.02086 0.03599
J.=30( 0.03810 0.02491 0.03700 0.02335 0.08662 0.02442 0.03857 0.02285 0.03744

J.= o | 0.03810 0.02381 0.03810 0.02381 0.08571 0.02381 0.03810 0.02381 0.03810

(4/105) (1/42) (4/105) (1/42) (3/35) (1/42) (4/105) (1/42) (4/105)

AH J.=10| 0.05714 0.01870 0.05743 0.01558 0.02299 0.02233 0.06094 0.01827 0.06135

J.=30| 0.05714 0.01901 0.05717 0.01782 0.02668 0.02004 0.05841 0.01875 0.05846

J.= | 005714 0.01905 0.05714 0.01905 0.02857 0.01905 0.05714 0.01905 0.05714

(2/35) (2/105) (2/35) (2/105) (1/35) (2/105) (2/35) (2/105) (2/35)

Note.The PUMP transition/PROBE transition designat®@ means the PUMP laser excite®dine (Jyper = Jiower — 1) While the PROBE excites @ line
(Jupper = Jiower), €tC. The PUMP and PROBE beam polarizations are pardllés the upper state rotational quantum number of the OODR excitation scher
(see Fig. 6). Numbers in parentheses refer toJthe o« case.

this case, the monochromator is acting as an almost perféegpecially for theQ line), we see a dramatic difference in the
polarizer. Withe, (1) ~ 0, the back, side, and top detectiorP:Q:R ratios for back and side detection. However, the sid
scheme signals [see Egs. [16]-[18]] reducé g = Aje, I and top signals are virtually the same.

« A €, andl,, « A €. SinceA, andA, are very different  From our calculations we note that the ratioRto P line

TABLE 3
Measured and Calculated OODR Fluorescence Line Intensity Ratios for 'Li, 1°%;
(v=0,N=9,J=10) — b’Il, (v' = 0) Transitions Detected with the Back, Side, and Top
Detection Schemes

P - Q : R
back side top
measured 1:054 041 1:1.66 : 041 1:156: 039
calculated 1:071 :078 1:237 : 071 1:247 : 071

Note: the upper level was excited by the 132g' (v=0, N=9, J=10) « b’Il, (v'=19, N'=10,
J=11) «- X'E;" (v'"=4, J'=10) OODR transition. The fluorescence transitions occur near A =
440 nm.

Copyright © 1999 by Academic Press



RESOLVED FLUORESCENCE SPECTRA DETECTION SCHEMES 209

TABLE 4

Measured and Calculated OODR Fluorescence Line Intensity Ratios for ’Li, 13Ag
(v=17,N =9,J = 10) — b’II, (v = 4) Transitions Detected with the Back, Side, and
Top Collection Schemes

P : Q : R
back side top
measured 1:183:173 1:245 : 154 1:298 : 1.55
calculated 1:199 : 173 1:221:1.71 1:3.66: 162

Note: the upper level was excited by the 1°A, (v=17, N=9, J=10) « b’Il, (v'=19, N'=10,
J=11) « X'T," (v'=1, J'=10) OODR transition. The fluorescence transitions occur near A =

461 nm.

intensities in the back, side, and top detection schemes shoMld= 9, J = 10) — b’II, (v/ = 9) emission neah = 548
be approximately 0.7-0.8, while the observed ratio was, mm for back, side, and top detection and compares them to t
fact, closer to 0.4 in both cases. This is due to a quantumeasured ratios. In this case,(A) is much larger thar (A).
interference effect: the upperd, (v = 0,N = 9,J = 10) If we neglect the contributions to the signals fran()), we
level is perturbed by the®2I, (v = 26,N = 9,J = 10) level would expect [from Eqs. [16]-[18]] thdt,.. = A €, | g *
(1), and since both upper states have comparable transitide,, andl,, < A, e,. Thus we expect that the back and tof;
amplitudes to thé®II, (v/ = 0) level, quantum interferencesignals should be similar. However, we again h&emuch
occurs 0). As a result of the perturbation, not only does thiarger thanA, for the Q line, while A, is smaller tharA, for
Q/(P + R) intensity ratio decrease, but also tle line theP andR lines. So we expect to see a dramatic drop of th
becomes much stronger than tie line. Nonetheless, the Q line intensity relative to thé andR lines when we switch
differencesdetween the back, side, and top detection scans &@m top or back to side detection. Again, these ideas al
explained well by the ideas presented above. confirmed by the detailed calculations and the measure
Table 4 gives the calculated results for thi\]l (v = 17, intensity ratios.
N =09,J=10) — bll, (v' = 4) emission neah = 461 The analysis given above is based on several assumptic
nm for back, side, and top detection and compares them to thieose validity must be considered. First, tdelevel popula-
measured ratios. In this case,(\) ande(A) are almost equal, tions given in Egs. [1]-[3] are based on the weak field appro»
which minimizes the polarizing effects of the monochromatoimation. For these expressions to be valid, the PUMP ar
If €,(X) ande(A) were exactly equal, we would expect [fromPROBE laser intensities must be small compared to the sa
Egs. [16]-[18]] thal y,ec c A, + A, lsee < AL + Ay, andl,, ration intensities of the respective transitions. Second, we ha
« 2A . Thus the calculations indicate that the back and sidgnored absorption and reemission of fluorescence photo
rotational line intensity patterns should be similar. On the oth@adiation trapping), which can revise the angular distributio
hand, theQ line is enhanced in the top scan becaéseis of the fluorescence and scramble the polarization. Third, v
much larger thai\, for theQ line, while A, is smaller tharA; have neglected the effects of collisions, which can mixNhe
for the P and R lines. In general, the agreement betweelevel populations and thereby change the angular distributic
observation and calculation is very good in this case. and polarization properties of the fluorescence. Fourth, w
Table 5 gives the calculated results for thtA] (v = 9, have neglected the effects of magnetic fields in the vapor th

TABLE 5
Measured and Calculated OODR Fluorescence Line Intensity Ratios for "Li, 1°A,
(v=9, N=9 J=10) — b’Il, (v' = 9) Transitions Detected with the Back, Side, and
Top Collection Schemes

P : Q : R
back side top
measured I :287: 168 1:172: 169 1 :296 : 158
calculated 1311 : 169 1:133 : 1381 1:370 : 165

Note: the upper level was excited by the 1°A, (v=9, N=9, J=10) « b’IL, (v'=19, N'=10, J'=11)
« X', (v''=1, J'=10) OODR transition. The fluorescence transitions occur near A = 548

nm.
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can also mix theM level populations and scramble the polareylinder in a solenoid configuration. However, in the preser
ization. And finally, we must consider the fact that our narrowork, our heatpipe oven used “clam shell” heaters where tt
band lasers are able to partially resolve the hyperfine structwiges are oriented along the heatpipe axis, traveling up at
of the upper state, which has not been considered in thack many times so that the heater-induced magnetic fiel
analysis presented above. in the vapor tend to cancel. Moreover, the heaters wel
We have carried out some calculations and a series pdwered by ac supplies so that the directions of any suc
experimental tests to estimate the importance of these effefiésds were reversed on a time scale that was fast compar
under our experimental conditions. First, we note that becausescans over individual fluorescence lines. A test for effec
the intermediate level is a singlet-triplet mixture in all excitadue to heater wire-induced magnetic fields was carried o
tions described above, both PUMP and PROBE transitiosy momentarily turning off the oven heaters while a sca
may require higher laser power to be saturated. We studigéls made (using the same transition and detection sche
the laser power dependence of th&Al (v = 9, N = 9, as in the power and pressure dependence studies). T
J = 10) — bIl, (v' = 9) fluorescence using the sidefluorescence pattern observed with the heater current
detection scheme. In this case, we placed a polarizer in frontghs identical to that observed with the current on. Secon
the monochromator entrance slit, oriented to transmit ligife must worry about stray magnetic fields (such as th
polarized perpendicular to the grating grooves. This was doggth's field and those due to magnetic bases used for t
to enhance our sensitivity to the different polarizations anghtical mounts) that are present in the vapor. To be able
angular distributions of th®, Q, andR lines. We found no safely ignore the effects of such fields we require that th
significant change in the measurBdQ:R line intensity ratios jhyerse of the Larmor precession frequenay,® =
as the PUMP (PROBE) power was lowered from 300 mW (27f) g, .B) be large compared to the lifetime of the excitec
mW) to 90 mW (110 mW) to 15 mW (20 mW). Thus Wegiate Using a Gauss meter we measured magnetic fields
conclude that saturation effects are not dramatically alten@Nl G near the center of the heatpipe oven. Thus we fir
the observed:Q:R line intensity ratios presented here. . is on the order of 100 ns which is indeed larger than th

Second, we note that the lower levels of the observed flugy 14 state lifetimes1Q). Thus we expect some depolar-

rescence transitions are rovibrational levels of an excited el?fétion from stray fields, but not so much as to invalidate ot
tronic state B°I1,) which have negligibly small thermal POP- conclusions ’

ulations. Thl_Js it is unlikely for fluorescence photons tq pe Finally, we note that the hyperfine splittings of th&1, and
reabsorbed in the vapor and we can safely neglect radiat

trapping in the present experiment ﬁg‘ states are sufficiently small that they can be safely neglect

) ) . in the analysis. However, théA, hyperfine structure is partially
T_h|_rd, we ”.‘“St consider the effects b level changing resolved under our experimental conditions (see also B8)j. (
collisions in Li,. To the best of our knowledge, no measur

. - Se carried out a test of the effects of partially resolved hype
ments of cross sections for these collisions currently ex

However, experiments on depolarizing collisions of alkali ;!tne structure on th&QRR line intensity ratios again using the
» €XP P 9 Ay (v=9,N=9,J=10)— b°ll, (v' = 9) transitions and the

oms with noble gases have yielded cross sections of up 13 1 . .

P . same detection scheme as in the power, pressure, and he
cm (10, 11. At our experimental temperature-£000 K) and current dependence studies. Here we kept the PUMP laser f
buffer gas pressure~1 Torr), we calculateM level mixing u " pdt i ut ! ;‘trtéH W L Fig N = 107 —
rates of~5 x 107 s™* which is comparable to the radiatived4e"cY '1X€0 to line center o L, (v = 19,N" = 10,J' =

<~ X2 (V' = 1,1 = 10) transition, while the frequency of

ae . - 1)

lifetimes of the excited molecules. Thus collisions must b ! L

considered to be a possible source of depolarization under % PRO35E laser was varied within thel (v=9N=9J=
<~ b7Il, (v' = 19,N' = 10,J = 11) line profile. PROBE

experimental conditions. However, we can test this effect . he high- and low-f d f th ;

measuring fluorescence ratios as a function of pressure. Do Uencies on the high- and low-frequency e ges o the prot

this using the 1A, (v = 9,N = 9, J = 10) — b°Il, (v/ = and near line center were used. Presumably a different combi
g 1 1 u

: : > ! - . :
9) fluorescence (side detection scheme, polarizer in front of i of 1_A9 (v=29N-= 9'_ J = 10) state h_ypg_rnne Ieyels IS
monochromator entrance slit oriented to transmit light polaPUmped in each case. Again we found no significant differenc

ized perpendicular to the grating grooves), we find no Sigm’@g.twee.n theP:Q:R quorescence. line njtensny ratios measure(

icant changes in the fluorescence ratios (and hence in 9 different PROBE frequencies. This seems to confirm that:

polarizations) as the pressure was raised from 1.2 Torr tg?32lysis based on neglect of the hyperfine structure is valid.

Torr. We have also studied several other OODR excitatidd (
Next, we consider magnetic field effects on the polariza-

tion and angular distribution of the fluorescence lines. There

are two sources of such magnetic fields. First, magned®, (v=1,N=21,J = 21f) <

fields are produced by current-carrying wires used to heat ALSH (v =14, = 21) —
the oven. This effect can be particularly important in cylin- ! ’
drical ovens where the heater wire is wound around the Xy (v'=1,7=22),
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1325 (v=1,N=33,]J=32e « schemes. These pattern differences are due to the differ
polarization and anisotropic radiation patternsPofQ, andR
15 + [ [
A%y (V1 =150 =33 « fluorescence lines in OODR laser-induced fluorescence exp
X= (v =2,3"=32), Iiments, and the polarization and wavelength-dependent refle
5 tion efficiencies of the monochromator gratings.
1°A;, (v=9,N=10) «
b3, (v =19,N' =10,J =119 « ACKNOWLEDGMENTS
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. . . T -, W. C. Stwalley,J. Chem. Phys102,3024-3031 (1995).

Using these and the previously described ex.C|tat!on tra'n'smong., R. Stair, W. E. Schneider, and J. K. Jacksbppl. Opt.2, 1151-1154 (1963).
we have measured and calculated relative intensities fQr Richard N. zare, “Angular Momentum”, John Wiley & Sons, New York, 1988.
resolved fluorescence lines 01"2[1; (v=1,N= 21,3 = 5 [The 1°A, state obeys the case,s hyperfine coupling scheme. Our
21f) — b31‘[u (v = 0) and ]_32& (v=1,N=33,J= calculations are based on the cédig basis. These two bases are equiv-
326)% b3Hu (V’ _ 0) emission with side and back detection, alent in_ the case \(vhe_re all hyperfin_e splittings are assumed to be uni
13A (v=17,N=11)— b°I1 (v' = 4) emission with side solved in both excitation and detection stages.]

g ' 3 u 3 , 6. |. Kovacs, “Rotational Structure in the Spectra of Diatomic Molecules”
and top detection, and’A, (v = 9, N = 9) — b’II, (v' = Hilger, London, 1969.
11), lBAg (v=9,N=10)— b, (v' =9, 11), and iAg 7. W. Demtrider, “Laser Spectroscopy”, Springer-Verlag, New York, 1982,
(v = 17,N = 10) — b’ll, (v' = 4) emission with back,  p-138. _ _
side, and top detection. Thus we have investigﬁ@j RR 8. [Information cor?ge:jngglthe Spex Mosd:I I140]4 double grating monochrc

L - . mator was provided by Instruments SA, Inc.
and PQ PUMP/PROBE comblnatlops in addition to tiﬁd? .9. H. Lefebvre-Brion and R. W. Field, “Perturbations in the Spectra o
PUMP/PROBE scheme presented in Tables 3-5. Considering piatomic Molecules”, Academic, Orlando, FL, 1986.
the uncertainty in measured fluorescence line intensities, 1@SM. Lukaszewski and I. Jackowsk®pt. Commun46, 89-92 (1983).
well as systematic errors associated with drift of the lasé} W.Kedzierski, R. B. Middleton, and L. Krauseflys. Rev. A3,143-146 (1991).
frequency or beam overlap during monochromator scans, ﬂ‘?e['-ed"eés ‘gtheAlx Stztephhave i’;%e;azie ge;'nggg)l]&?hn;s[év' Ereus:
. o . ) and G. BaumgartneiZ. Phys. , 125— . o Fi

fact thaj[ hyperflne StrUCtur_e _'S ignored in the .an"_:llySIS and the e-parity levels are metastable and can have very long radiative lifetime
depolarizing effects of collisions and magnetic fields, we be- thea's: (v = 13,3 = 11) ~ b®II, (v = 19,N = 10,J = 11e) levels
lieve the agreement of the observed and calculated relative are strongly mixed. If théo°I1, v = 19, N = 10 level has 40% singlet
intensities is satisfactory for all cases we have examined [ex- character, it will have a lifetime 0f-46 ns. The 13, state is a doubly

cept for the interference effect involving théﬂ; (v = 0, excited valence state_ and its levels are exrjected to have I|fet|_me_s on 1
. . same order of magnitude as unperturl#éd state levels. No lifetime
N = 9, J = 10) level discussed previously].

measurements currently exist for théAl state. Since it is the lowest
member of the nd’A, Rydberg series and thed33p transition is a
CONCLUSIONS dipole-allowed transition, we expect the lifetime of th&A] state to be
significantly shorter than 100 ns.]
Rotational branch intensity patterns in resolved fluorescenkk LiLi, T. An, T.-J. Whang, A. M. Lyyra, W. C. Stwalley, R. W. Field, and
spectra are dependent on the choice of detection scheme. W A- Bernheim,J. Chem. Physo6, 3342-3343 (1992).

7 14. The levels 13, (v = 1,N = 21,3 = 21f)and £3, (v = 1,N = 33,
analyzed the spectral patterns’af, PFOODR resolved fluo- =" ;'_ 32€) are perturbed by the'l, (v = 12,J = 21f) andG™I, (v

rescence spectra dispersed by a Spex 1404 double grating- 13 j = 32e) levels, respectively. This makes them observable throug
monochromator with back, side, and top fluorescence detectionA's ;| intermediate levels.
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