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The energy relaxation times of the fundamental stretching modes in the electronic ground state of
OH™, OD™, SH', and TeH in a variety of alkali halides are measured by incoherent laser
saturation and found to vary from 0.3 to 3 ns at 1.7 K. These vibrational lifetimes are between 4 and
8 orders of magnitude smaller than those of other heteronuclear diatomics diluted in crystals,
including the ionic systems of CNin salts and the neutral deuterides, DCl and ND, and oxides, CO
and NO, in rare-gas matrices. Unlike these other systems, the chalcogen-hydride-doped alkali
halides have a librational mode at frequencies well above the top of the host phonon band. This
makes the librational decay channel a lower order process than relaxation into phonons. An energy
gap law can be fit to the data, in which the relaxation times vary exponentially with the number of
accepting reorientational modes. This model can explain the fact thatadd OD in KCI have

nearly the same lifetimes, since the vibrational and librational frequencies both have the same
isotope shift. Furthermore, previous persistent spectral hole burning measurementsiofriSiked

crystals are consistent with a picture in which the defects reorient during vibrational de-excitation.
It is found that the reorientational decay rates are much faster than the equal-decay-order relaxation
of CN™ into translational modes in the silver and sodium halides. This could be explained by a
factor of ~3 enhancement in the vibrational coupling constant to reorientations as compared to
translations, but the relative strengths of the appropriate sidebands do not appear to support such an
enhancement. The relaxation times of the diatomic hydrides are also found to be much smaller in
ionic than in van der Waals hosts, even for equal order reorientational relaxation, suggesting that
Coulombic forces significantly increase tie-R coupling strength. ©1997 American Institute of
Physics[S0021-960807)00231-9

I. INTRODUCTION An alternative nonradiative decay channel open to select
systems is vibrational relaxation into rotations of the impu-
rity molecule. Such a model was first proposed in 1975, for

molecular impurity whose internal vibrational mode is high Lo _ . :
in frequency relative to the host phonon bands is generally '€ vibrational rela_xat|0n of OH and OD in cwsta_llme Ne at
d 4 P d )EEZ K—the relaxation rate was found to be 2.3 tinfiester

expected to decay radiatively at low temperatures, since nor}— : : X .
radiative multiphonon relaxation constitutes a large orde or the hydride than for the deuteridéThis contradicts a

Imultiphonon-relaxation model, and it was proposed that the
decay is into nearly free rotations instead. Matching the vi-
brational transition frequencyyy;, to the rotational energy
é(_equire3v01=BJ(J+ 1), whereB is the rotational constant
and J is the rotational quantum number of the accepting
level. Neglecting the factor of 1, since the rotational quantum

At low concentrations in a crystalline lattice, a diatomic

process. This expectation is borne out for CO, NO, CN, DC
and ND in rare-gas matricés® as well as for CN in the
potassium, rubidium, and cesium halidészor two of these
molecules, laser emission has been obtained on the vibr
tional transitions:!® In contrast, recent preliminary
measurement$ of the vibrational relaxation of OH and ! .
SH™ in the potassium halides indicate lifetimes on the ordernumber is large, gives
of 1 ns, much shorter than the radiative limit 60 ms.

This agrees with the experimentally determined upper limit N

of 5 ns on the SH nonradiative lifetime, deduced from the I~ v, /B

lack of 2—1 vibrational fluorescence following-82 over-

tone pumping” These results are surprising, since the(Withahost phonon taking up the difference in the event that

stretching modes of these hydrides are higher in frequenc P S ) . i
than those of these other systems, and hence a higher oroﬁi;]re right-hand side is nonintegraBut the stretching fre

multiphonon relaxation process is anticipated quency is proportional to the inverse square root of the re-
’ duced massy, of the molecule, whereas the rotational con-

stant is proportional simply to the reciprocal gaf via the
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@

FL 32514,  oor b g
PPresent address: Dept. of Physics and Astronomy, University of Georgia?‘ 20 4) h|gh§r ‘?rder process than OH, eXpIammg_ltS slower
Athens, GA 30602. felaxation. Similar measurements and conclusions were

“present address: Dept. of Physics, Union College, Schenectady, NY 1230made for NH and ND in Ne, Ar, and K&'* The vibrational

J. Chem. Phys. 107 (7), 15 August 1997 0021-9606/97/107(7)/2215/12/$10.00 © 1997 American Institute of Physics 2215



2216 Mungan et al.: Vibrational relaxation of chalcogen hydrides

relaxation of HCI, which exhibits weakly hindered DYE
rotationst>*®has been measured for levels upte3 and is MIXER v/ B
inconsistent with a multiphonon scheme; relaxation into lo- [, N &:D(_ YAG
cal modes, such as rotations, is proposed instead. L__.=>'| ==-57] -
In the present paper, a comprehensive study of the vibre B A CO

tional relaxation at low temperatures and concentrations @ |:| LiNbO,

the diatomic chalcogen hydrides in the alkali halides is re- [1] compensator
ported. In addition to extending the afore-mentioned OH
and SH measurements to several additional hosts, new re |
sults are presented for ODand TeH . A total of 11 differ- D[] MONO
ent systems are measured and the vibrational relaxatic
times, T4, are found to vary from 0.3 to 3 ns. The lack of a
significant OH isotope effect in the relaxation time upon
deuteration, in particular, rules out a multiphonon-decay
model, as the deuterated species is a factor of @approxi-
matelyv2) closer in frequency to the host phonon bands thar CRYOSTAT
is the hydride, and hence its relaxation process would be th: m
much lower in order. Assuming that the vibration-to-phonon Y Iy N 7] >0

coupling constants for the two isotopes are identical, one M : Y \:Sj TR

would then have expected an exponentially faster decay ral

for OD™ compared to OH, in contrast to experiment. On RF

the other hand, spectroscopic measurements indicate the ex-

istence of a superoptic local mode, identified as a librationaFIG. 1. Experimental setufmot to scalg for laser saturation measurements.
mode of the molecule about its center of m¥s2°An en-  The indicated components are as follows: YAG—Q-switched ™NAG

ergy gap law i found to describe the relaxalion of the vibraJsse, SH-Seconc harminc genealr s ey separlr e oo
tions into these reorientational modes, using one set of COUr.0g4 .m fundamental; DYE—dye-laser system: the 532 nm pulses pump
pling constants for all of the chalcogen hydrides. T¥e  an oscillator(O) dye cell, in a cavity composed of a gratiti§) and an
reduction in the hydroxide librational frequency upon deuy-output coupler(C), as well as two single-pass amplifigk) dye cells, only

. . . . . - - _ one of which is shown; MIXER—optical-frequency-mixing module: the re-
teration, identical to the reduction in the vibrational fre sidual fundamental and dye laser beams are combined and difference-

quency, then explains the observed null isotope effect in thgequency mixed in a LiNb(or LilO3) crystal; the compensator is a piece

lifetime. of equal-length sapphire; the filtéF) is a piece of silicon at Brewster's
The outline of the paper is as follows. In Sec. Il. inco- angle which blocks any residual dye radiation and most of the residual

. . : fundamental; MONO—3/4 m monochromator for diagnostic purposes. The

here,nt _Iaser _Saturatlon mgasuremems are outlined in detaﬂi‘ner labeled components are as follows: B—beamsplitter; M—mirror or

Beginning with the experimental setup, data are presenteglism: pD—infrared detector; V—variable attenuator; L—Gafens;

for a number of different systems. An appendix describesRYOSTAT—four-window variable-temperature cryostat; S—sample; RF

how the energy relaxation times are extracted from thes@nd TR—PbSe detectors mounted on integrating spheres.

data. In Sec. Ill, theoretical models for the vibrational decay

into host lattice phonons or local reorientational modes are

compared with the experimental results. In the next sectiong width of 7—9 ns at a repetition rate of 10 Hz. An intracavity
the results are discussed in the light of previous experimentgtalon reduces the bandwidth to 0.2 ¢ The beam is then

Finally, Sec. V concludes with a brief summary. frequency doubled into the green using a #¥Dcrystal and
spatially separated from the residual fundamental. The
II. VIBRATIONAL SATURATION MEASUREMENTS doubled beam pumps a near-infrared dye laser. Finally, the

dye radiation and the residual YAG fundamental are differ-
ence frequency mixed in either a LINR@r LilO3 crystal,

Incoherent laser saturation is used to measure the vibralepending on the desired wavelength. The output midinfra-
tional lifetimes of the isolated chalcogen hydrid&${~, in red pulses are 6 ns FWHM with an assumed Gaussian tem-
the alkali halides. While the concept behind the method igoral profile, as measured using a cryogenic GaP:N photodi-
straightforward?*~2% it suffers from the drawback that the ode. The spectral profile is also assumed to be Gaussian and
analysis depends on a signficant number of optical and mé&ias a FWHM of 0.27 cm', determined using a 3/4 m mono-
terial parameters which must be separately determined, thichromator. The pulse energies range up~td00 nJ, al-
limiting the absolute accuracy. However, the more directhough they are considerably lower at the longest wave-
technique of pump—probe spectroscopy is not currently pradengths of interest. The ir beam is linearly polarized, and is
tical, since present picosecond laser systems do not simultassumed to be well described by Gaussian optics near the
neously support the requisite high pulse energies, narroiocus at the sample. The spatial profile is measured after
spectral bandwidth, and frequency tunability. each run by scanning a razor blade both horizontally and

The experimental apparatus is sketched in Fig. 1. Theertically through the focal spot and is typically found to be
Nd®**:YAG laser is Q switched, delivering 1.1 J pulses with 100 um FWHM.

A. Experimental setup
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TABLE |. Parameters for the indicated systems: fundamental vibrational
peak frequenciesyy,, deconvolved FWHM,y,,, and fundamental libra-
tional sideband peak frequencies,, of the most abundant isotope at 1.7 K;

[y
‘% integrated fundamental vibrational absorption cross sectisps,and low-
0 temperature molecular equilibrium orientations.
5
S Vo1 Yabs Tint Viip
s System (em™  (emb (10 %em) (ecm™Y)  Orientation
2 KCI:OH~ 3642.1% 0.1R 3.2 298 (100¢
S KBrOH™ 361747 0.2 2.8 310 (100¢
£ RbCI:OH™  3633.13 0.1& 3.8 27¢° (1004
KCl:0D~ 2684.82 0.10 0.9 23% (100%¢
061 . . , N KCL:SH™ 2591.28  0.08% 1.8 370 (1129
2574 2576 2578 KBr:SH™ 2575.88  0.08% 2.3 332 (111)9
frequency (cm=1) KI:SH™ 2558.94  0.028& 17 289 (1110
RbCI:SH™  2590.64 0.09C 2.7 340° @1
FIG. 2. Transmission of th&SH™ stretching mode of nominally KB100 Rbl:SH" 2563.68  0.018 3.3 266" <11:|>h_
ppm KSH at a bath temperature of 1.7 K for incident laser intensities ofCsI:SH- 253532  0.03C 2.3 31F (100"
0.1 MW/cn? (solid curvé and 150 MW/cr? (dashed curje The internal ~ KBr:iTeH™  2023.55  0.085 3.8 316 a1y

transmission is measured by ratioing the TR and RF sigicél$-ig. 1) and

scaling the resulting background to unity. The linewidths are limited by theaR@feren‘?e 20. )
laser bandwidth. bB. Wedding and M. V. Klein, Phys. RexL77, 1274(1969.

‘Reference 18.
9H. Hartel, Phys. Status Solidi2, 369 (1970).
€Assumed to be isotope independent.
f
; iviid-hali eference 19.
h'-|;1h'e samples are suspeﬂdte)ld '3 a liquid-helium cryo_stagﬁjv‘ Kuch and U. Du, J. Phys. Chem. Solidé2, 677 (1981.
which is temperature controllable down to 1.7 K. Precisionn; oo phys. status Solidi B51, 363 (1989.
pinholes are used to insure coincidence of the sample midassumed from resuits for similar hosts.
positions with the optical focus and corrections are made t@pproximated by the corresponding value for RbBrSH
account for the varying sample lengths. The incident inten; Reference 29. .
R . . . . d&pproxmated by the corresponding value for KCl:TeH
sity is attenuated using a variable neutral-density filter, an

the signal is measured both before and after the cryostat us-

ing identicf';ll RT PbSe detectors mounted on integra’[inqty of the alkali halides at low temperatur&sthe tempera-
spheres. Fl_Iter§ are plqced befo_re the detectors Wh_en NeCq§re rise of the focal volume of a sample can be found by
sary _to malntam I_|near|ty of their responses. A typ|cal_ MUNintegration, assuming that all of the absorbed pump energy is
consists in recording the averaged ratio of these two signalsynverted into heat. Starting from 1.7 K, the final tempera-
as a function of the incident intensity. The latter is calibrated ;e 5t the highest intensities for a sample of KBrSiday
using an energy meter, after correcting for reflection losses .qg found to be 32 K(Note that the phonons only travel about
the windows and front surface of the sample. The laser igg um in 6 ns, so that the heat is temporarily confined to the

tuned into resonance with th(.LOl vibratio_nalltransition by _pumped volumeé.However, at 32 K the homogeneous width
sweeping the dye-laser grating and monitoring the transmis il small compared to the laser bandwidth and this tran-

sion. Since the 42 frequency is anharmonically shifted gjent temperature rise is thus found to have a negligible ef-

down in value by an amount@ve (e.g.,~100 em*for*  goct upon the fitted lifetim@ (cf. Sec. IV B below.
SH™) which in all cases is much larger than the laser band-

width, the overtones can be ignored and the samples mod- ) ) )

eled as two-level system@/—V transfer is negligible for the ~B: SPectroscopic summary of the investigated

low concentrations and ultrafast relaxations of intefegst samples

low intensities, the transmission is determined by the peak Incoherent saturation data can only be interpreted for

absorption coefficient of the sample, approximately reducedgamples which are well characterized spectroscopically. A

by the ratio of the laser bandwidth to the absorption line-number of relevant parameters have been collected together

width in the (usua) case that this ratio is greater than unity. and summarized in Table | for the crystals studied in this

As the laser intensity is increased, an increasing fraction opaper. The integrated absorption cross sections of iBHI

the centers are excited into the1 level and the absorption and Csl were determined by averaging the results of a chemi-

consequently bleaches. This effect can be clearly seen in Figal analysis technigGéfor three different samples each. The

2, which shows the 1.7 K transmission spectra of KBr:'SH corresponding values in the chlorides and bromides have

at two different incident intensities, measured by tuning thebeen previously determined photometrically by Gftdlote,

dye-laser grating. The maximum obtainable laser intensitieeowever, that the integrated cross section is equal to the

are near the damage threshold of the crystals and destructimbrational absorption strength divided by the actual dopant

of the samples occasionally occurred. concentration, and the relevant strength is found by integrat-
Note that, at high incident laser intensities, nonradiativeing over the vibrational linglus all of its sidebandsOtto

relaxation can result in a substantial transient heating of thappears not to have included the sidebands in his integra-

pumped volume of a crystal. From the knoWhheat capac- tions, leading to gross underestimates in the case of the ce-
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FIG. 3. Saturation datafilled circleg at 1.7 K for nominally (a)

KCI+100 ppm SH, (b) KBr+100 ppm SH, (¢) KI+60 ppm SH, (d) FIG. 4. Saturation datafilled circles at 1.7 K for nominally (a)
RbCI+100 ppm SH, (¢) Rbl+75ppm SH and (f) Csi+75ppmSH.  KCI+100ppm OH, (b) KBr+150 ppm OH, and (c) RbCH700

The continuous curves are fits to a rate-equation analysis, giving the valugd®m OH . The curves are fits to a rate-equation analysis, giving the values
of T, listed in each panel. of T, listed in each panel.

sium halides. The corresponding errors in the case of thevident, visible as a shift in the knee of the curves toward
sodium-chloride-structure hosts are much smaller, owing tdower intensities. Most importantly, note how short the life-
the weakness of the sidebands, and have been neglectedtimes are—a nanosecond or less.

Table I. The experimental uncertainties in the cross sections Figures 3d)—(f) gives the corresponding results for SH

of SH™ in the table are estimated &20%. in three rubidium and cesium hosts. Interestingly, the life-
times for either KCIl and RbCI or for KI and Rbl are equal to

C. Saturation results within the =25% error bars. There appears to be a correla-

1 SH- tion between the decay times and the lattice constants for the

potassium and rubidium hosts: the larger the lattice cage, the
In Figs. 3a)—(c), saturation datdaveraged over-200  gjower the rate of relaxation.
laser shots per data pojrdre plotted as the filled circles for On the other hand, the lifetime of SHn Csl is signifi-
SH™ in three different potassium halide crystals. The con-cantly shorter than that in Kl or Rbl, despite the fact that Csl
tinuous curves are rate-equation fits, as explained in the Amas the smallest Debye temperature of all of the hosts studied
pendix, and give the values of the energy relaxation timesjn this paper. This is one of several indications that a

Ty, listed in the figures(The uncertainties in the lifetimes myltiphonon-relaxation mod&l cannot account for the vi-
due to random errors are estimated to be on the order rational decay of the chalcogen hydrides.

+25%, judging by the reproducibility of the measurements

and the error bars in the fits for a given sample. In addition, _

however, systematic errors may be introduced by uncertair?- ©H

ties in the values of the various laser and sample parameters, Turning next to OH, data were collected for three po-
notably the cross sections and laser modal strugtévsys-  tassium and rubidium hosts, as presented in Fig. 4. Com-
tematic increase i, as one proceeds from KCI to Kl is pared to the results for SHn the same hosts, the hydroxide
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T —T—T T — T — TABLE Il. Summary at 1.7 K of the fitted values af; and of the ratios of

1.0F ] the vibrational and librational frequencies.
(a) KCI:0D~
Impurity Host T1(ps) vo1! Vjip
Ty = 3 ns —
SH™ in: KCl 275 7.0
KBr 400 7.8
0.8 i Kl 1000 8.9
RbCl 300 7.6
Rbl 1200 9.6
Csl 400 8.2
OH™ in: KCl 2000 12.2
c KBr 3000 11.7
.3 0.6 ] RbCI 2500 135
o oD in: KCl 3000 11.6
E L1l L0 11l L1 sl [ TeH in: KBr 400 6.4
2 01 1 10 100
2
-+ T T vrrry T T LA LI | T T T T rvrrry
_g 0.4 (b) KBr:TeH- 1 experiments of SH and SD in a chalcogenide glass also in-
° dicate a slightly increased lifetime for the deuterated
2 )
E T = 400 ps species?
4. TeH™
Figure Jb) presents saturation measurements for
KBr:TeH™. The maximum laser intensity is rather low, due
to the difficulty in accessing the necessary long wavelength.
i Nevertheless, the TeHlifetime is on the small end of the
range of values measured in this paper and is comparable to
the value estimated by simply assuming that the absorption
L1 4311 1 1 i1 1 11 1 ] L1 11311 Ilne IS |Ifet|me broadeneae'

0.1 1 10
incident peak internal intensity (MW/cm?2) Ill. VIBRATIONAL RELAXATION MODELS
A. Decay into phonons
FIG. 5. Saturation data (filled circles at 1.7 K for (a) . . . . .
KCl+200-250 ppm OD, and (b) KBr-+30 ppm TeH. The continuous The vibrational relaxation times of the hydrated diatom-
curves are fits to a rate-equation analysis, giving the valudg, disted in  iCS, as summarized in Table I, show an approximate corre-
each panel. lation between vibrational frequency and relaxation rate: The

rate tends to increase as the frequency declines. This is quali-
tatively the expected trend for relaxation into phonons. How-
relaxation times are almost exactly 1 order of magnitudesver, a multiphonon relaxation model can be ruled out for

larger. In fact, the times are beginning to approach the limiseveral reasons, of which the two most important ones will
imposed by the 6 ns laser pulse width. This can be seen mosk reviewed here.

clearly in the case of KBr:OH, the longest lived molecule First, the time scale is completely wrong. Previous stud-
studied here. The dashed curve in pafiglshows the pre- ies of the phonon relaxation of CNin the alkali halides
dicted transmission wheili; becomes very long(Techni- indicated low-temperature lifetimes in the microsecond to

cally, it is assumed to remain shorter than the pulse repetitiomillisecond rangé. But OH™ and SH have larger vibra-
period of 0.1 s, howeverln this case, the knee in the curve tional frequencies than CNand thus slower relaxation
refers no longer tdl; but instead to the pulse width. Al- would be expected for them—unless, of course, the
though saturation occurs even at the lowest intensities, theibration—phonon coupling strengths are substantially larger
absorption cross section is too small to probe this: Each mokor the hydrides. It can be showfthat this is not the case by
ecule is visited at most once by a photon. Fortunately, we&omparing the strengths of the phonon sidebands of the vi-
appear to be safely below this experimental limit—the dottedrational modes for the two classes of defects—compare the
curve in the figure sets an upper limit of 5 ns on the lifetime.normalized strengths for the coupling of KI:CNand
KI:SH™ to bulk phonons in Table Ill. After accounting for
_ both the increased coupling constant and order of the mul-
3.0D tiphonon decay, it is found that the nonradiative decay time
Figure 5a) presents data for KCI:OD Compared to the of KI:SH™ should be~40% larger than that of KI:.CN, in
results for KCI:OH in Fig. 4(a), the OD relaxation time is  striking contrast with experiment.
slightly increased. Deuterated molecules other than O& Second, consider the ODsaturation result. If bulk or
at wavelengths greater than f&m, outside of the tuning localized translational phonons constituted the dominant ac-
range of the laser system. However, picosecond pump—prolmepting modes, one would predict a large isotope effect for
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TABLE Ill. Comparison of the integrated sideband strengths of various

possible accepting modes for representative diatomic-doped systems of il 10°8 [ T T T T T T T T T ]
terest in this paper. The sidebands were normalized by multiplying by the | ]
cube of the frequency shift from the main vibrational line and dividing by B
the dopant concentratiofas determined from the cross sections given in |
Table | and the RT resolved vibrational absorption specirad absolute
frequency(Ref. 12. i
Normalized strength
System Sideband mode (1078 cm™) L
N
KI:CN™ Bulk phonons 12 \U_),
KI:SH™ Bulk phonons 21 L
AgCIl:CN™ High-frequency local phonon 770 g
KCI:SH™ Libron 270
KI:SH™ Libron 300 v
£
=109+
C L
the relaxation time, since the phonons have minimal isotopi O s |
dependence while the stretching mode frequency changes | o a KCLSH™ 1
roughly v2. Thus a large change in the order of the decay x o KBr:SH™ | ]
process would be expected;/v o=17.0 for KCI:OH but ° 2 E“SH |
only 12.5 for KCIl:OD", wherev, o is the longitudinal optic - z REIUSSﬁ
phonon frequendy of KCI. According to the energy gap o Csl:SH- 1
law,?” OD™ should then relax exponentially faster than s KCl-OH-
OH™, which contradicts the observed sliglductionin its ® KBr:OH- )
relaxation rate. v RbCI:OH™
A KCI:OD~
B. Decay into reorientational modes * KBr:Tef
-_— 1 Il 1, 1 1 I i 1 1
A high frequency ¢ 300 cnmi 1) sideband is found in the 1071 6 10 14

vibrational spectra of all of the chalcogen hydrides and is

identified as a librational mode of the molecule about its

center of mase. This mode occ_urs .at high frequ?ndes be_FIG. 6. Vibrational relaxation times of the chalcogen hydri¢gsnbolg at

‘fause of the_sma” moments of inertia of the hydn(:ﬁen-_ 1.7 K as a function of the number of energy-matching librational modes, on

tially determined by the hydrogen massd because of their 4 semilogarithmic scale. The straight line is a least-squares fit t62Eq.

large orientational potential barriefas evidenced by the fact

that high-temperature free-rotor sidebands are not generally

observed, in contrast, for example, to the case of cydhide deuterating, both the vibrational and the librational frequen-

Given that high-frequency sidebands were seen to shortegies shift by a factor of approximatel2 (from the ratio of

the vibrational lifetimes of CN in the silver and sodium reduced massgsnd thusN remains unchanged.

halides® it seems reasonable to suppose that these high- In Fig. 6, the vibrational relaxation times are plotted

frequency librational modes are involved in the vibrationalagainst the accepting number of librational mod@chni-

relaxation dynamics of the chalcogen hydridédote that cally, one ought to use the FIR librational frequency, which

recent resultd-®2 suggest that the reorientational potentialsdiffers in some cases from the sideband frequerfCids-

of the XH™ defects actually support two distinct elastic con-cause we are interested in reorientations in the vibrational

figurations: a low-temperature librational potential, relevantground state. However, this frequency is not well known for

to the present work, and a high-temperature Debye potentigihost of the systems of interest here, and for consistency the

which influences the vibrational relaxational dynamics atsideband values have been used throughdiis is a nave

temperatures above45 K 2°) view: N=10 would mean that the librational mode has been
In the spirit of the energy gap laW,the simplest ap- excited to its 10th harmoniassuming that such a harmonic

proach is to look for a correlation between the logarithm ofexists (Not to mention that, because of anharmonicity, the

the relaxation timesT;, and the number of energy accepting frequency of theath harmonic is not equal to times that of

modes,N= vy, /vy, . This is plotted in Fig. 6 using the data the fundamental.

in Table Il. A linear trend is evident, as given by It is doubtful whether such a high overtone level does in

Tiz 7 AN 5 fact exist, as it would imply that the height of the orienta-

17 708 2 tional barrier is at least equal to the vibrational frequency of
(valid since the nonradiative lifetime is much shorter than thethe defect, namely- 2550 cmi* for SH™ and ~3650 cm't
radiative ong with fitted valuesry=25 ps andA=0.38. The for OH™. The librational frequency of a particular system
hypothesis that the decay is into librational modes explaingan be used to estimate the barrier height in the Devonshire
the weak OH/OD™ isotope effect for the lifetime: Upon model. The Devonshire barrier parametér,of a(111) ori-

number of librons N = vo1/Vis
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V() rotation crossoverjv=1n=0)—|v=0n=N) into some

| high reorientational levelN) in the vibrational ground-state
manifold, followed by the decay within this manifold
|lv=0n=N)—|v=0,n=0). In the current absence of any
detailed knowledge of the reorientational potentia the

V-R low-temperature librational configuratigrthe average reori-
LOSSoveL entational level spacing will be simply taken equal to the
fundamental librational frequency.

Any adjacent pair of reorientational levels are strongly

y coupled by a two- or three-phonon decay procéds. par-
ticular, the broad linewidth of the libron at 1.7 ¢t which
v temperature, dephasing processes are negljgibiplies a
rotational decay time of a fraction of a picosecond. Thus the cascading
y transitions decay of the reorientational excitatighl) to the absolute

v ground staté0) would be expected to occur in merely a few
I picoseconds. In that case, the rate-limiting factor in the vi-

/‘ﬁ ‘\ brational relaxation is the crossover process. This, in turn,
T Y / 0

_ =0 becomes increasingly less probable as the differéhtethe
v, \ ! :;E;Zﬂ?;?sl reorientational quantum numbers in the vibrational excited
and ground states gets larger and larger—the overlap in the
l \ v / angular part of their wave functions diminishes and it is nec-
, 0 essary to go to a higher order of perturbation theory in the
<111> interaction Hamiltonian. The overlap integral in the analo-

gous electronic-to-vibrational relaxation problem, for ex-
FIG. 7. Schematic diagram of the reorientational relaxation model. Theample, is given by Eq(21) of Ref. 37 and, after making

orientational potential surface¥, of the groundv=0) and excitedv=1) g4 ma reasonable assumptions, is found to depend exponen-
vibrational manifolds are plotted as a function of one of the two angular

coordinatesg and é. The minima correspond to the low-temperature defect tially upon th? .number of acpepti_ng modes. Tlhis is similar to
orientations—for example(113) for SH™ in the potassium halides. The Legay’s empirical law for vibrational-to-rotational dec¥y.
barrier height,V,, between these potential wells varies depending on theln fact, it has been explicitly demonstratéd® that if both

angle with which one proceeds away from the minima. A defect which isthe pumped and accepting reorientational levels are approxi-
laser excited into the ground orientational state of the first-excited vibra- . .
tional manifold relaxes as follows. First, it crosses over into a high rotationaifated by free-rotor wave functions and a dumb-bell interac-

level in the ground vibrational manifold, then it cascades down throughtion potential restricted to nearest-neighbor forces is as-
successive rotational levels at high energies and librational levels at lovsymed, then Fermi’s golden rule leads to

energieqas indicated by the horizontal line segmenidote that the accept-

ing rotational level is very short lived and hence broad, thus ensuring ap- 1
proximate resonance with the excited vibrational level.

1
T L —AJ—na—Al
Tltx Em 7€ =2e N, (4)

whereJ is the rotational quantum number of the accepting

ented defect in a deep well is approximately giveri*by level given by Eq(1) above, and where the sum is over the
2J+1 degeneraten sublevels. Here, the coupling parameter
Vi = VAOB[K/3. (3) 9 piing p

has been written aé, in analogy with Eq.2) above, and

Taking®® the diatomic bondlength to be 1.346 A, the rota- depends logarithmically od and on the characteristic length
tional constantsB, of SH™ and SD are calculated to be for the coupling interaction. It depends implicitly on the de-
9.53 and 4.91 cmt, respectively, neglecting lattice gree of hindering of the rotations by the lattiée;’ assisted
dressing' since we are interested in frequencies well aboveby mass asymmetry of the defect since the center of mass
the host phonon bands. Then, using the values of the libraand the center of interaction then need not coinéfdfé.
tional frequencies of SHand SD in the potassium halides
listed in Table I, one find&~ — 900 cni . The Devonshire
potential has a saddle point at a height of $Kl|2above the |v. DISCUSSION
bottom of the wells and an absolute maximum at a height of _ ) o
5/3K|, so that the average barrier heighti$K|. Thus, the A. Comparison with other OH ~ lifetime measurements
librational potential only supports about 3 harmonics. The fitted value ofT; for KCI:OH™ in Fig. 4(a) can be

At higher energies, the diatomics must evidently begincompared to previous vibrational fluorescence measure-
to rotate more and more nearly freely and it is clearly meanments*? Weak hot vibrational luminescence was detected
ingless to speak of the 10th librational lev@f. Fig. 7).  with an estimated fluoresence quantum efficiency of
Instead, one ought to consider the more general concept 610 /. The radiative lifetime of the KCl:OH v=1—0
reorientations. Denote the vibrational levels by quantuntransition is ~15 ms, determined from the cross section
numberwv and the reorientational levels by a label The listed in Table I. This impliesT;~1.5 ns, in unexpectedly
relaxational dynamics occur in two stagsA vibration-to-  good agreement with the saturation result of 2 ns found here.
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TABLE IV. Comparison of the absorption, hole burning, and saturationywhich one can see are obeyed. In fact, the three guantities are

linewidths of SH' in the |ncﬁ|cated hosts at 1.7 K. The_absorpnon FWHM similar in value to each other. The difference betwegp
(van9 are those of the unmixed hosts. The other two widths refer to crystals

which have been double doped with the indicated additional impurities. Théanf:i Yhomo rEerCtS_ a small amount of inhomerneous brpad-
homogeneous widthsy,,mo are equal to half of the persistent spectral hole €ning of the unmixed crystals. On the other hand, the differ-

:{\;idt_hs, meas_l;re_d in the Low;ntensity small-b_grﬂ-time Iil(rilalefl. 45d. The hence betweeny;,omo, and (27TT1)_1 suggests that there may

Ifetime contributions to the omogeneous wi ths are calculate using tl . . . .

values ofT, measured by saturation spectroscdRgf. 46, be a pure depha*smg contribution to the homogeneous width,
as given by T3 . Although T, controls T, at low

Alloying Vabs Yhomo 27Tyt temperature® sinceT} falls off asT’, at our highest laser
Host impurity (MHz) (MHz) (MHz) intensities transient heating of the sample to as much2&
Kl 206 KBr 840 640 230 K is calculated, relaxing this constraint.
Csl 2% Rbl 900 430 270 Therefore, the homogeneous line may not be lifetime

broadened. To check that this does not alter the fif5;tn
the saturation analysis, we sét,=500ps for SH in

. _ KI+2% KBr (deduced from the homogeneous width in
Picosecond pump—probe measurenténts Fy,(OH") Table IV andT; =700 ps(from the saturation fit in Ref. 46,

centers in KBr at low temperatures indicate that COHVETSIO%btained assuming lifetime broadening of the homogeneous

between two different kinds of orientationally pinned centers;. : : .
o . ine) and reran the saturation analysis. The resulting theoret-
occurs, where the OHmolecular axis is aligned either par- . .
ical curves were found to be virtually unchanged.

allel or perpendicular to the line joining the hydroxide lattice Th . int " fion betw th le of
site to that of theF center. One of several possible interpre- €re 1S an Inleresting connection between Ihe role o
molecular reorientations in the vibrational relaxation and in

tations is that the electronic energy of thecenter is partly h . | hole burni it has b d
transferred to vibrational energy of the OHon, and that ;e pirSBLent'spe(':tra ¢ (;]e urning. tl as been prlt?pose
this ion subsequently relaxes rotationally, leading to the ob€r€ that the vibration of the diatomic relaxes by coupling to

served interconversion. Remarkably, the vibrational lifetime" @PProximately resonant orientational level in the vibra-

of aggregated OH centers in KBr is only a factor of-3 tional ground state manifold, presumably one which is so

larger than what we have measured here for the isolated cefigh in energy that it constitutes a nearly free rotation. The
ters in the same host, suggesting that fecenter only ~Molecule subsequently relaxes by phonon-mediated cascad-
weakly perturbs the OH relaxation** ing from one rotational level to another and rotates during

this time. Gradually, the reorientations become hindered, un-
til finally the molecule becomes trapped in some particular
potential well, most likely different in orientation and in vi-
brational frequency than that before excitation. This would
Previous combined hole burning and saturationsimultaneously explain both the transient and persistent mo-
measurements of ReQ; in mixed-alkali-halide crystals in- lecular dynamics.
dicated that, at liquid helium temperatures, pure dephasing of ) L _
the vibrational modes by phonons is negligible, so that the>- Comparison with vibrational relaxation rates of
hole widths are determined by the relaxation times, It is other systems
therefore of interest to compare the present saturation mea- Table V lists decay times and orders for nonradiative
surements with previous hole burning experim&htior  vibrational relaxation into predominantly bulk phonons, local
SH™ in two mixed crystals, K+2% KBr and Cs#2% Rbl, translations, or reorientations of a number of impurity sys-
to see if the same holds true here. No center-frequency deems. For the diatomic-doped rare-gas matrices, the order of
pendence of the hole widths was found in the Resudy. In  the reorientational decay processes have been calculated us-
like fashion, the relaxation time of SHin the KI+2% KBr  ing Eq. (1), taking the values of the rotational constants in
sample does not depend on the absorption peak which i#e appropriate electronic states of OH, NH, and HCI from
saturated® Therefore, it seems valid to refer thevalue of  Taple 39 of Ref. 47. In the case of GF the indicated
T, and of T, for a given sample, without regard for the rejaxation is forvz, the lowest frequency vibrational mode,
specific homogeneous transition in question. In Table IV, thesg that relaxation into lower energy internal vibrational lev-
widths implied by these two times are compared. As well.e|s js not possible, and the order is calculated assuming ro-
the ir absorption linewidth for SHin the pure crystal cor-  tations about the figure axis of the molecule.
responding to the dominant component of each mixture is A good correlation for all of the systems, in the bulk and
tabulated. The dependenceTafon host mixing is smaf?If |5 phonon cases, is found between the lifetimes and the
the same is true fof';, then it is reasonable to make com- nmper of accepting modes, remembering that radiative de-
parisons with the pure-host ir widthéThe absorption lines cay dominates when the order becomes too large. On the

Ef tr:je mcljxeddshamplesh a_lre,_do:; course, |nhomofg|e3eousl¥)ther hand, for reorientational decay, it appears that mol-
roadened and hence their widihs convey no useiu YNaMq\jles in ionic hosts relax much faster than those in van der

$alb||nf(|)\r/mat|on) The physical restrictions on the widths in Waals hosts of equal decay order, which suggests that Cou-
able [V are lombic forces increase thé—R coupling strength.
Yabs Yhoms= (27 T1) 7L, (5) This, however, cannot be the whole story, because

B. Comparison with persistent spectral hole burning
results
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TABLE V. Comparison of the low-temperature, low-concentration; QL

-1
vibrational relaxation times of the indicated systems. The order of the deca: 10 2NN
process is listed in the third colun{those denoted by an asterisk refer to - o -+ 1
vibrational relaxation within an excited electronic manifold B . . k
102k CN™ in potassium, E
System Lifetime  Order Reference E rubidium, or 3
C cesium halides ]
Coupling to local/ I 1
bulk phonons 1073 E
Se in KCI ~2.5ps 2 Mungaret al? E 3
05 in KCI,NaCl 30-40 ps 3 Blrgeret al® 0 C o . . ]
CN™ in Ag,Na halides ~ 50-700us  7-8 Happelet al® ~10-4L <4 /7CN~ in silver or |
CN™ in K,Rb,Cs halides ~ 6-50 ms  10-25 Happeit al® - E sodium halides E
CO, NO in Ne,Ar 15-30 ms  30-50 Dubost ald B~ E ]
Coupling to reorientations O 1p-5L J
SH™, TeH™ in alkali 300-1200 ps 7-10 This work - E 3
halides — o ]
OH™, OD" in alkali 2-3ns 12-14 This work I 1
halides G108k
OH in Ne 10us 13 Bruset al® = F 3
CHF in Ne,Ar,Kr,Xe 3-60us 14  Abouaf-Marguiret al’ O [ ]
NH in Ar 200 us 14 Bondybe¥y é 10-7 L i
HCl in Ar,Kr,Xe 1ms 16 Younget al” ° E E
e [ ]
&C. E. Mungan, Ph.D. thesis, Cornell University, 19@®publishegl - 1
PA. Biirger, C. Kryschi, L. O. Schwan, and D. Schmid, J. Lun88, 287 108k E
(1994. F ]
‘Reference 8. 3 1
YReferences 2 and 3. i i
*Reference 13. 1079 TeH- 3
'Reference 41. E % ]
YReference 6. [ SH- ]
h
Reference 17. 1o~ v v ) Co

6 10 14 18 22
. . , number of accepting modes N
CN™ is also an ionic system. The low-temperature vibra-

tional decay times of the chalcogen hydrides are compared {9 g, comparison of the 10 vibrational relaxation timessymbolg of
those of cyanide doped in salt crystals in Fig. 8, by combin-cN~ and ofXH™/XD™ in the alkali and silver halides at 1.7 K. For clarity,
ing Fig. 6 above with Fig. @) of Ref. 8. The continuous the symbol legends are not reproduced, since they are identical to those of

curves are fits to energy gap laws for the nonradiative partFig' 3(@) of Ref. 8 for cyanide and to Fig. 6 for the hydrides, from which
igures the solid curves are also taken. The abscissa gives the ratio of the

of the relaxation. The prefactory in Eq. (2), only differs by vibrational frequency to the accepting mode frequency, defined to be the
a factor of 2 for the two sets of systems, being equal to 50 p&ngitudinal optic phonon frequency for CNin the potassium, rubidium,
for CN™ and 25 ps foXH ™. This near agreement is probably and cesium halides, the highest frequency localized translational mode in the
fortuitous, in |ight of the complicated dependence of this¢ase of CN in the silve_r and sodium halides, and the librational frequency
. .. for the chalcogen hydrides.

factor on a large number of host and impurity
parameter$’“° Be that as it may, the two curves thus ex-
trapolate back to almost the same point on the vertical axis
for zero accepting modes, and thel(P difference in times  tegrated, giving 270 cit for the KCI:SH™ librational mode
for CN™ in the silver or sodium halides compared to S and 770 cm? for the AgCI:CN™ translational sideban¢tf.
the alkali halidegboth of which have about the same decayTable lll), in the opposite ratio to what is predicted. As a
ordep is due entirely to the exponential coefficiemd  check that these values are really representative of the whole
=1.93 for CN" and 0.38 forXH™. The difference between class of molecules, the normalized coupling strength of
these two values can be used to find the ratio of the couplingl:SH™ to librons is also evaluated and can be seen from
parameters to the local translational and librational modesTable 1l to agree to within 10% with that of KCI:SH Thus
Modeling the density of states of these modes using the Eirthe enhanced coupling of the vibrational modes to librations
stein approximation and assuming that the number density afs compared to translations is not easily explained. On the
librational (translational modes is equal to @) per impurity  other hand, in Ref. 8, the coupling of AgCI:CNo its high-
molecule based on their anguléspatia) degeneracies, we frequency local phonons and of KI:CNto bulk phonons
have A(XH)/A(CN™)=2.7, whereA is the coupling pa- was found to be the same, in striking contrast to the huge
rameter defined by Ref. 27 which does not include, howeverifference in sideband strengths listed in Table Ill. Hence, it
Coulombic terms in the interaction potential. is not just theXH™ systems whose coupling parameters are

To compare this to experiment, the high-frequency localnot related in the expected manner to the sideband strengths.
phonon sideband of AgCl:CNand the librational sideband Furthermore, it does not seem credible that the striking dif-
of KCI:SH™ at 1.7 K are normalized and their strengths in-ference between the lifetimes of tkH™ impurities and the
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V. SUMMARY

Incoherent saturation measurements of QHOD™, APPENDIX: ANALYSIS OF INCOHERENT
SH™, and TeH in the alkali halides at 1.7 K reveal that the SATURATION DATA
fundamental vibrational lifetimes vary between 0.3 and 3 ns _ )
in the electronic ground state. These times are too short to be AS discussed in Secs. 2.7 and 2.14 of Ref. 22, the use of
explained using a multiphonon-relaxation model, by com-até equations is appropriate provided that the laser band-
parison to the equal-order decays of Chto local and bulk width is much_ larger than t_he lifetime-limited IlpeW|dth,
phonon€ Furthermore, such a model predicts a large(27T1) . @s is always true in the present experiments. In
OH~/OD" isotope effect in the relaxation rate, which is con- that case, one recovers the Einstein limit of the optical Bloch
tradicted by experiment. equations bepausg the Rabi oscillgtions of centers having dif-
On the other hand, a strong correlation is discoverederent detunings interfere, masking any coherent effects.

between the vibrational relaxation times and the librationaffoWever, standard expressions such aSFE‘?-O) of Ref. 21
sidebands observed by ir spectroscopy. This correlation cafNNOt be used here for several reasons: Steady state may not

be quantified in terms of an energy gap law for the decay obe fully attained because of the short te_mporal vyidth of the
the excited vibrational level into an appropriate number oflaS€r pulses, many of the samples are intermediate between

reorientational modes. Convincingly, this model predicts athe homogeneous and strongly inhomogeneous broadening

null isotope effect upon deuteration, in agreement with thd€9imes, and the laser pulse has non-neglible spatial and
experimental data. Furthermore, persistent hole burning meépect_ral variations. So instead, the rate equations are numeri-
surements in mixed crystals are consistent with a picture irﬁ;ally |nt'egr.ated. . .

which a vibrationally excited defect reorients during A |_nC|d_ent laser p“'S? Is split Into temporal, spectral,
relaxation’ However, an accurate model describing theand radial bins and each piece thereof is propagated through

vibration-to-rotation transfer cannot be constructed until thet_Pr? cr;k/)stal, ,:{Vh'Ch IS |ttself .SUbd'V'lde?j |_ntto I_(t)ng|tud|nal b'?f]‘
reorientational potential is better understood. € absorption Spectrum IS resoived Into 1ts component ho-

The OH" lifetimes measured here are consistent with™C9€neous lines lying within the laser bandwidth, and, when

that deduced from hot vibrational luminescence observationgcc€SSary: the inequivalent molegular orientg tions are distin-
of the isolated molecule in KCE They are also compatible guished. Each piece of the pulse interacts with homogeneous

with the observed interconversion between red- and que_peakl at longitudinal _posmorz, radiusr, and timet accord-
shifted F(OH™) centers in KBr, though it is not yet fully ing to the rate equation
clear how the(200)-neighboringF center perturbs the OH
reorientational potentigft N (2 1) = AN(Z.1 t)f ai(di(zrt,y) Ny(zrt)

The dramatically smaller lifetimes of théH~ impurities RS RS hcv T,
in alkali halides compared to thdsef CN™ in the same (A1)
hosts at the same low temperatures and concentrations could
be explained by postulating a factor ef3 change in the whereN;; andN,; are the ground- and excited-state popula-
coupling parameters. However, direct spectroscopic meaions of transitioni, having constant total populatios and
surements of the relevant sideband strengths do not suppadtifference AN;=Ny;—N,;, and oj(v) is the absorption
such a hypothesis. cross section of this transitioqwith frequency,v, expressed

A large jump in the relaxation rates is also found whenin wave numbens The first term on the right-hand side of
one compares the equal-order vibrational decay of diatomithis equation represents the difference between the rates of
hydrides in ionic and van der Waals hosts. For example, thetimulated emission and absorption, and the last term results
systems KCI:SH and Ar:HCI are isoelectronic and the mass from spontaneous decay with ratd 1/ which is assumed to
asymmetries and rotational constants of the two guest mobe constant for all centers lying within the 0.27 chiaser
ecules are similar. Nevertheless, SHecays in picoseconds, bandwidth. NextN,; is rewritten as ;— AN;)/2 and sub-
while the relaxation of HCI is within an order of magnitude stituted on both sides, and the time derivativeAdf;(t) is
of its radiative limit> Apparently, Coulombic forces signifi- approximated by[ AN;(t+At)—AN;(t)]/At. Suppressing
cantly strengthen th¥—R coupling. the dependences anandr, Eq.(Al) becomes
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_ L 2
ANi(t+At)=ANi(t)[1—2AtJ' ai(u)¥ s, exp[(va“)
N=—2 - (A7)
At Oint —(vi—vor)
— - ) Ei eXp———=—
5 IN—AN) #2) %

where o defines the width of the inhomogeneous distribu-
tion. It is not necessary to measusg, separately, as it can
be deduced from the value of the low-intensity, unsaturated

which is an initial value problem witlAN;(0)=N;. The
integral is numerically approximated by

M transmission. For a very inhomogeneous limejs deter-
J () di(t,v) =S oi(v) Al(t,v)) ' (A3)  Mined by the absorption linewidthps In most cases, how-
hcv i=1 hcy; ever, the line is nearly homogeneous and a Voigt line shape
_ _ _ o is appropriate. Definingv,,=vo— 3yaps the distribution
i.e., M frequency bins of width\v centered aw; for bin j.  width is implicitly given by the following relation.
Assuming Gaussian temporal, spectral, and ra@iathe fo- 5 )
cus profiles, the intensity of each portion of the incident ox —(vi—vo1) ox —(vi—vo1)
laser pulse is given by 1 5 207 B 207
24 (ni—vo)”+ (Yhomd2)? T (vi—v1)*+ (Yhomd2)*
(A8)

Av —(t—tp)?
Al(Z=01,t,1) =1 pea exp{( o

5o s’
X expg —|ex
207

If the absorption spectrum consists of multiple overlapping
bands,o must be determined separately for each of them.
> , (A4) The final step consists in calculating the transmission.

20, For consistency, this is done by explicitly summing over the
where z=0 indicates the front surface of the sample. bing (note that the radial _bin; qut be multiplied by the
The Gaussian sigmas are related in an obvious way to thré’jldlal coordlna}te in the cylindrical integfaioth before and
temporal (At.=6 ns), spectral &v,=0.27 cni?), and gfter propagathn _of the laser .pulse across the sample. The
focal (A o;~100.m) FWHM. In this expression, the laser internal transmission is the ratio of these two numbers.

s assumed to have been tuned o resonance with the, 1 5 PR IEEEER 8 B 08 S
sample’s absorption peak frequeney;, and |4 is the P

incident peak internal intensity which appears on thetion: Let this polarization direction define the axis and

sbsisae of i he sauraon cuves. Experimenaly oo 2150 1.8 0P pening o andonn e
=bE(Atd “Y(Argo) ~2, whereE is the reflection-corrected P ' 9 brop

total pulse energy meastred using an energy meterband 1 SN T COTRRE B e C O B
a numerical factor equal to (4 In 2)%?=0.83. : ;

: define an integrated absorption cross section for this single
Subsequently, suppressing the dependenceas amdt, .
q Y, Supp 9 P molecule asr!?, with o?cog 6. But one must recover the

Al is obtained from the recursion relation spectroscopicI:m\,/alueint IIJpon averaging over a macroscopic
Al(z+Az,v)=Al(z,v)e~ 2242 \where number of centers, which implies
o\9=30,, cos 0 (A9)
“(Z'V):Zi ANi(2)ai(v), (A5 for a cubic crystal. Let the fractional number of centers hav-

ing orientationd be denotecNi(‘”/Ni . For example, suppose
with AN; given by Eq.(A2). Assuming that the integrated the laser polarization ig100]. Then for(100) centers, one-
cross section is constant and equabrg for all centers lying  third of them are parallel6=0°) to the field and experience

within the laser bandwidth, it then follows that a factor of 3 enhancement in their cross section, while the
other two-thirds are orthogonal and do not couple to the laser
Tint Yhomd 2 light at all. In the case of111) orientations and the same
oi(v)= T (1= 1)%F (Yromd 2% (A8) " [100] polarization, all centers are equivalent with

=cos Y(1#3), so that 3 cds#=1 and there is no enhance-

At low temperatures, the homogeneous lines are presumed toent. Finally, for(110 molecules, two-thirds of them have
be lifetime broadened; in general however, their width,#=45° which gives an enhancement factor of 1.5 and the
Yhomo May also depend of; , the pure dephasing time.  other one-third are orthogonal. If the centers are randomly

All that is left is to find N;. The fractional number of oriented with respect to the electric field and angular bins of
centers composing the absorption band is equal to the ratiovidth A¢ are defined, the number of molecules of transition
of the homogeneous strength of transitioto the entire ir i in the bin having mean orientatiofis Ni(”)=NiA6 sin 6.
strength,S,;. Making the standard assumption that the ho-The saturation analysis then consists in repladingnd o
mogeneous centers are log-normal distributed, it is then apby Ni(”) and ai(,ft), respectively, and keeping track of bath
parent that and 6.
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