Cavity ring-down spectroscopy for quantitative absorption measurements
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We examine under what conditions cavity ring-down spectroscd@iDS can be used for
guantitative diagnostics of molecular species. We show that CRDS is appropriate for diagnostics of
species whose absorption features are wider than the spacing between longitudinal modes of the
optical cavity. For these species, the absorption coefficient can be measured by CRDS without a
knowledge of the pulse characteristics provided that the cavity ring-down decay is exponential. We
find that the exponential ring-down decay is obeyed when the linewidth of the absorption feature is
much broader than the linewidth of the light circulating in the cavity. This requirement for
exponential decay may be relaxed when the sample absorption constitutes only a small fraction of
the cavity loss and, consequently, the sample absorbance is less than unity during the decay time.
Under this condition the integrated area of a CRDS spectral line approximates well the integrated
absolute absorption coefficient, which allows CRDS to determine absolute number densities
(concentrations We determine conditions useful for CRDS diagnostics by analyzing how the
absorption loss varies with the sample absorbance for various ratios of the laser pulse linewidth to
the absorption linewidth for either a Gaussian or a Lorentzian absorption line shaf89%®
American Institute of Physics.

I. INTRODUCTION of the incident light, the CRDS spectrum of the gas is ob-
tained.
Cavity ring-down spectroscop§CRDS is a new laser Several authors postulated that light in a cavity filled

absorption technique that has the potential for the quantitanith an absorbing gas decays exponentially with the ring-
tive detection of atomic and molecular species with a highdown time  given by?>’
sensitivity, comparable to photoacoustic spectroscopy. CRDS

was first demonstrated by O’Keefe and Deacon in 1988. r= tf ' 1)
CRDS, a laser pulse is stored in a high-finesse optical cavity 2[(1=2)+al4]

containing the sample, and the pulse decay is monitored Witm/heretr is the round-trip time of a light pulse in the cavity,
the aid of a detector that measures the intensity of light trans— ) denotes the reflection loss for the cavity mirror of
mitted through one of the mirrors. This arrangement aHOWSreerctivity %, and 2l is the round-trip absorbance for a
measurement of the absorption over pathlengths exceedirg;imme present in the cavity with absorption coefficient
thousands of times the sample length, in a way that is imzng lengthl. Provided Eq.(1) is valid, a plot of 1 as a
mune to variations in the light source intensity. To datefunction of laser frequency gives the absolute absorption co-
CRDS has been successfully applied when the absorption ificient versus frequency, from which the sample’s number
as small as one part in i@or tasks such as measuring the density(concentrationcan be determined with a knowledge
weak overtone spectra of HERor the absorption spectra of of the sample’s absorption cross section. As will be shown
jet-cooled metal clustefsThis technique has also been ap- below, this conclusion is not always correct but is an excel-
plied to measure the kinetics of phenyl radical reactidhs, lent approximation under cetain conditions. The goal of this
the temperature of OH radicals in a flathend the optical paper is to find the conditions for which E¢L) holds and
gain in a chemically pumped BiF laser systBrRecently, can be used to recover complete spectra of absorption coef-
CRDS has been used to determine the absolute transitiditient versus wavelength from CRDS measurements.
strengths in the CO molecdland to measure CHadicals First, we have to consider conditions that allow for reli-
in a reactor for diamond film growtH. able measurement of absorption in the optical cavity. In the
In an empty cavity formed by mirrors of 99.99% reflec- general case, the analysis is complicated because of the need
tivity with a separation of 0.1 to 1 m, the pulse can be storedo distinguish different time regimes defined by the pulse
for microseconds during which it makes thousands of roundjurationtp, the relaxation timeT, of the absorbing species
trips. The intensity of the pulse decreases exponentially ifiresulting from both homogeneous and inhomogeneous line
time with a rate determined by the reflectivity of the mirrors broadening mechanismshe round-trip time;, , and the cav-
and the length of the cavity. Therefore, by measuring thety ring-down time 7. Typically, the length of the optical
time constant for the intensity decay of the light stored in acavity varies from 0.1d 1 m sothat the round-trip time,
cavity, referred to as the ring-down timethe reflectivity of  varies from 0.7 to 7 ns. Although the temporal output of
the mirrors can be determined. When the cavity contains afasers ranges from femtoseconds to cw, most lasers used in
absorbing gas, an additional optical loss occurs which caus€SRDS applications have a pulse duratigrof 3—15 ns. The
a decrease in the ring-down time. By recording how the intime t, has to be compared to the relaxation tiffig which
verse of the ring-down time varies as a function of frequencycan be roughly deduced from the inverse of the HWHidf
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the absorption line. For a homogeneous line profile, the exact Cavity
relationT,=1/y holds; for a Doppler profileT, is typically Coupling Optics
in the range of 0.1-1 ns. Whep>T,, the amplitude of the
pulse envelope does not change during the relaxationTiyne

so that the species absorption in the cavity can be described
under the rate approximatiofsee Appendix A similar to

the case of absorption of cw light. This rate approximation is
well fulfilled as long asT, is much shorter than the ring-
down time 7. To evaluate an absorption of light inside the
cavity under the rate approximation, the spectrum of light Time profile Spectrum

must be compared to the absorption linewidth of species in- signal 7 A
8 Processing 8
A

side the cavity. Under the condition thiat>t, , the interfer-
Time Wavelength

Tunable -
Pulsed Laser

Ring-Down Cavity

Intensity

ence between pulse fragments propagating in the same direc-
tion in the cavity causes the cavity to have longitudinal
modes, and the width of these modes narrows, ascreases.
Consequently, absorption occurs when the absorption line FIG. 1. Schematic diagram of the CRDS experiment.
overlaps one or more of these longitudinal modes. Hence, we

require that the linewidth of the absorbing species is wider

thar;_thilspgcing betweel_wdlongitudina: modes for CRDS_ ;0 bBe measured even though the linewidth of the light inside the
applicable, i.e., to provide a complete spectrum wit OUtcavity is broader than the absorption linewidth. The integral

missing absorp.tion. features. For a pulsg durgti‘pshorter of this effective absorption coefficient over the frequency
thant, , no longitudinal modes of the cavity build up but the nearly equals the integrated absorption coefficient.

absqrptipn line is much wider than the maximum possible It what follows, we present the theory for cavity ring-
longitudinal mode spacing becauSg<t,<t, . down spectroscopy. In Sec. II, we introduce the principles of

On the other hand, fol,>t,, the species inside the o crps technique and discuss conditions for absorption of
cavity are absorbing pulses of light and we must consider thgpecies in the cavity to yield an exponential ring-down de-

relaxation timeT, of the absorbing species compared {0 4y A more detailed analysis of this conditions, in associa-
WhenT,>t,, the species are interacting with a sequence Ofion yith Beer's law of absorption, is given in Appendix A.
pulses emerging from the cavity mirrors during the tiMe |, sec. v, we introduce conditions where Beer’s law fails
The spectrum of such a sequence of pulges is given hy t.rl?ut the approximately exponential ring-down decay occurs
product of a spectrum of a single pulse times the periodigng the integrated absorption coefficient can be still mea-
pattern that resembles the cavity longitudinal mode structuresreq py the CRDS technique. The interference effects in the
Consequently, the molecules in the cavity do not absorb lighgptical cavity and their consequences for species absorption

except at the frequencies of the cavity longitudinal modes;,sige the cavity are discussed in Sec. Il and Appendix B.
and it is necessary that the absorption linewidth is wider than

the spacing of the longitudinal modes of the cavity for CRDS

to be applicable. Under_the g:ondytmnjﬁ;gtr , which guar- Il PRINCIPLES OF CAVITY RING-DOWN
antees that the absorption linewidth is wider than the maxi

. Lo . ; SPECTROSCOPY
mum possible longitudinal mode spacing of the cavity, the
absorption species effectively see a single pulse during the Figure 1 presents a schematic drawing of the CRDS ap-
relaxation timeT, and simply absorb some fraction from the paratus. A typical experiment consists of a pulsed laser
pulse linewidth. source, an optical cavity with coupling optics, and a photo-
So far, we have distinguished two limiting cases, whendetection system. A stable optical cavity is formed by two
the absorbing species interacts with quasi-cw light duringconcave mirrors of high reflectivity. These mirrors serve also
time T, (T,<tp), and when the absorbing species interactsas the side windows of the sample gas cell or of the molecu-
with a pulsed light during tim@ ,(T,>t,,). In both cases itis lar beam chamber. A laser pulse enters the cavity through one
necessary that the linewidth of the absorbing species isf the mirrors. The pulse is spatially shaped via a pinhole iris
greater than the spacing between the longitudinal modes @b form a TEM,, mode of the cavity. It then circulates inside
the cavity for CRDS to be applicable. We still need to estabthe cavity(reflecting back and forphwith minimum diffrac-
lish under what conditions the ring-down decay is exponention. For each round trip, the pulse energy decreases because
tial and obeys Eq(1). In the general case, E{L) is valid  of reflection losses at the mirrors and the absorption by the
when the linewidth of the absorbing species inside the cavitgas sample between the cavity mirrors.
is wider than the linewidth of the light inside the cavity. This The decrease of pulse energy is monitored by measuring
condition, which ensures Beer’s law for absorption, is com-+the intensity of light transmitted through the exit mirror of
mon to all kinds of absorption spectroscopies. For CRDS, @he cavity as a function of time. The intensity of sigi®t)
weaker condition also holds, namely, an approximately exis given by the product of the intensity of light{t) at the
ponential decay occurs when the loss from the absorption biransmitting cavity mirror times the mirror transmittivity:
species in the cavity is much less than the total cavity lossS(t) =.71(t). For a short input pulse, the intensity pattern of
Under this condition an effective absorption coefficient canthe cavity output consists of a train of pulses of decreasing
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intensity. If the input pulse length is longer than the cavity(A7/7),,=5X10 23— 2x107%2" the minimum measured ab-

round-trip length, these pulses overlap and give a continuousorbancgal g, is on the order of a few parts in 10

decay waveform. The following conditions, common to all absorption
If more than a single longitudinal mode is excited in the spectroscopies, must be fulfilled for Beer’s law behavior to

cavity, beats between the modes occur at the cavity outpuescribe absorption of light in the optical cavigee Appen-

which may cause modulation of the continuous decay wavedix A):*?

form. The pattern of mode beats is specific for the longitu-

dinal mode structure built by the laser pulse inside the cavity,

and usually changes from pulse to pulse because of the shifts

in the relative phase of the modes. Consequently, the beat

pattern, if present, washes out significantly after the decay ,
waveform is averaged over several laser putdes. as constant over the mode structure frequeneies

Consider the decay of light in a cavity containing no —for.each longitudinal mode being absorbed, the time at
sample under the condition where no beats between cavity ~ Which the mode envelope changes must be longer than
modes are observed. During a round-trip peripdi.e., the the relaxation timeT, characterizing the absorption
time for the light to complete a full round trip in the cavity line.
the intensityl (t) decreases by the square of mirror’s reflec-  The above conditions assure that the linewidth of the
tivity .72: | (t+1,) =27 (t). If the output signaB(t+nt,;) is  [ight in the cavity is narrower than the width of the absorp-
monitored aften round trips starting from some timethe  tjon |ine. If the linewidth of the light is too broad, i.e., a

—when a cavity contains multiple longitudinal modes,
the range of frequencies covered by these modes must
be narrower than the absorption line so that the coef-
ficient a(w) describing the absorption may be treated

signal measured has the form pulse of too short a length is used or the pulse bandwidth
S(t+nt,)=22"S(t), exgeeds the width of the ab;orption line, the Ios.s cqefficient
) #'is not constant as a function of the observation time and

=exgd2n In(2)]S(t). (2 nonexponential decay can result.

For .72 close to unity, Ii72) may be approximated by When Beer’s law behavior fails, CRDS can still be used

—(1—.%) and Eq.(2) becomes to obtain quantitative information, but the reduction of this
’ information to the absorption spectrum of the sample inside
S(t+nt;)=exd —2n(1-.2)]S(t). (3 the cavity will require detailed knowledge about the pulse
We define charggteristics. Copgequently, we emphasize in this paper de-
) 7 termining the conditions for which the ring-down waveform
Zo=2(1-7) (4)  shows exponential decay as a function of time.

The following discussion should make the above conclu-
sions more easily understood. Consider as an example the
decay of a long, multimode pulse in a cavity. When the pulse
S(t+nt,)=exp(—n.%y) S(t). (5)  linewidth is broader than the width of an absorption line,

Equation (5) resembles Beer's law. We can determine theonIy those frequencies that are on resonance are absorbed by

value of #, and the mirror’'s reflectivity7 by fitting the the samtpfle and gttenuated lby_ thle n:twrors,t \évhberetﬁs Oﬁ'
experimentally observed ring-down waveform to E%).and resonant frequencies are exclusively attenuated by the mir-

using forn the ratio of the observation tinfét+nt,)—t] to rors. Thls_ condition in genera_l causes nonexponential decay
the round-trip period, . that requires more than one time constant for adequate mod-

When the cavity is filled with an absorbing medium, an €/ing: _ _
extra loss is introduced on each round trip. If Beer’s law  On the other hand, consider a CRDS experiment accom-
behavior is valid, this loss is given by the sample absorbancBlished with a single-mode laser pulse. Because only a small
2ol where a is the frequency-dependent absorption coeffi-fraction of the initial pulse intensity can enter the cavity,
cient of the sample having a length inside the cavity. Pulse absorption can be analyzed analytically by linear, first-
Hence the round-trip loss coefficient for the cavity with order perturbation theory. The problem of absorption of a

to be the round-trip loss coefficient for the empty cavity.
Then,

sample becomes weak Gaussian pulse of coherent light by a resonant medium
o ) was investigated theoretically by Crisp in 19%0He showed
L=2[(1-2)+alg]. ®  that the decrease of pulse intensity with absorption path-

The CRDS spectrum of absorbance is given as the differend&ngth is described by Beer’s law only in the limit that the
of the cavity loss coefficientsd ;=1/2(#—%,). Expressing pulse duration is long compared with the transverse relax-
these two loss coefficients by means of the ring-down timeation timeT, for the medium(including both homogeneous
=t/¥ and 7=t,/%, we obtain al=1/2%y(A7) and inhomogeneous broadenindhis result was rational-
=(1-2)(Ad . ized on the basis of the argument that a pulse of duration
Consequently, the minimum absorbance measured withomparable to or less than the transverse relaxation Tigne
the CRDS apparatus is limited by the mirror reflectiviy  has a spectral conteriinewidth) that is comparable to or
and the minimum change in the timethat can be detected. broader than the absorption line of the attenuating medium.
For mirror reflectivities as high a$2=99.99% and for the In these two examples, the linewidth of the absorption
reported accuracy in the ring-down time determination offeature was assumed to cover many longitudinal modes of
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the optical cavity. We consider next what happens when the 6
linewidth of the absorption feature is comparable to or nar-
rower than the spacing between longitudinal cavity modes.

Ill. INTERFERENCE EFFECTS IN A CAVITY

The predecessor of the CRDS technique was the work of
Anderson, Frisch, and Mass$&mwho built a high-sensitivity

Transmittance
@
Il

ring-down reflectometer in which a monochromatic cw laser i | / | ;
beam is resonantly coupled with a cavity, and the ring-down VoS
decay is monitored after switching off the beam with a fast 0 , 2 , 7 ,
modulator. O’Keefe and Deacbmproposed to measure the m Frequ;‘:l‘;; o) m+2

ring-down time of the optical cavity with a pulsed laser
source, using a pulse whose spatial length or coherence

Iength is shorter than the cavity Iength. This solution allowsF!G. 2. Transmittance of an optical cavity as a function of pulse frequency
for different pulse lengths. The transmittance is given in units equal to the

fOI’ continuous scanning of the laser frequen.cy without Jump_transmittivity of the cavity mirrors7 2. The dotted line represents the trans-
ing from mode to mode as the frequency is scanned. Bothssion function7,(w) for a pulsel, whose length is shorter than the
approaches, switched cw laser beam or broad-linewidth laservity round-trip lengthl,. The dashed line represents the transmission

pu|Se seem to be suitable for CRDS. As we show. in eacﬂ,lnction.ﬂ(@ for I,=2I,. The solid line represents the transmission func-
! ’ ' tion.7(w) for the pulse of the temporal length much longer than the cavity

case the same Iimitation for the ab_sorption linewidth ho_ldsring—down timer. The function.7(w) was calculated assuming a cavity-
namely, the linewidth of the absorption feature must be wideross coefficientz=0.01.
than the spacing between the cavity longitudinal modes.

For laser pulses whose length exceeds the round-trip

length |, =ct, of the caw_ty, !nterference oceurs pet\{veen ulse frequency, or pulse linewidth. In specialized cases, this
pulge fragment_s propagating in the same dll‘ECtIO!’] inside th ehavior can be conveniently modeled by means of a com-
(I;a\gty. ;heietr:nterfer]?nce efftects %r]e _thte ]?UbJeCt Ofttth uter simulation. Here, we present a general analysis of the
f a ry; _ero gtory ho resonators. The r']n er eren(;e ff"‘ te avity transmission effects assuming a single transverse cav-
ormed in a cavily Snows resonance enhancement ot in erh'y mode and approximating the intensity of the signal

.S“y for Fhe fre_quencies interfering ‘_‘in p_hase," _and quench-S(Hmr) emerging from the cavity with an expression of the
ing of intensity for the frequencies interfering “out of {orm (see Appendix B

phase.” It is this interference pattern that is the source o
etalon effects that cause variation of the intensity of light ~ S(t+nt)=lg(w)7(w)exp—n¥%), (7)

transmitted through a cavity as a function of frequency. Th%herelo(w) is the intensity of the single-mode pulse of fre-
optical frequencies for which the intensity of light inside the quencyw before it enters the cavity7(w) is the cavity trans-
cavity is resonan_tly enhanced give rise to the Iongitudm‘"‘h’lission function atw, and the exponential factor describes
modes of thg Cav'tY' . ) . the cavity ring-down decay.

.The cavity longitudinal mode structure is defined by the The function!4(w).7(w) in Eq. (7) gives the initial in-
cavity geometry and the pattern of transverse modes SUgansity of the signal(t) for a longitudinal mode pulse of
tained in the cavity by the laser pulse. The TiNtansverse o4 encyw propagating in the cavity. This initial intensity is
mode has longitudinal ~eigenmodes at  frequencieneasyred at some arbitrary tirhevhen the pulse is already
wp=2mm/t,, wheret, is the cavity round-trip time for the ;o jetely contained in the cavity, and it may be used to
TEMgo mode andn is a large integer given bj=1,/\. For - c,mpare cavity transmittivity at different frequenciesThe
other tran'_sverse modc_es, the Iong|tud|nal_ que frequenmeesxpncit form of the function7{w) depends on the relation
©m May differ depending on the round-trlp_tlme for the . _between the pulse lengthy and the cavity round-trip length
given tre}nsverse mode. Therefore, the density of I'ongltudlnqlr. We evaluated”(w) for three separate cases correspond-
modes increases and, consequently, the spacing betwegy 1, 5 single transverse mode sustained in a cavity with a
modes decregses Wlth_an increase in the number of tran§fware pulse of length, (a) shorter thar, , (b) equal to 2, ,
verse modes in the cavity, except fofdegenerateconfocal and (c) longer than the ring-down time. We show in Ap-
cavity geometry wher¢, is the same for all the transverse pendix B that
modes. For a single transverse cavity mode, the longitudinal
mode spacing is given bfw,=27/t, and equals 0.3 GHz Ta(@)=72 1,<l, (89
for a 50 cm long cavity. On the other hand, when a large - ) _
number of transverse modes is excited in the cavity, the lon- To(w) =47 % cos(wt12), ;=21 (80)
gitudinal mode frequencies can overlap and a quasicorand
tinuum of longitudinal cavity modes can res(ilt. 72

The intensity and spectrum of light transmitted through .7 (w)= 1—2e’1’2;/ v
the cavity can be characterized by means of the cavity trans- r
mission function. This transmission function is specific for These three different cases are plotted in Fig. 2 The trans-
the transverse mode pattern sustained in the cavity and variesission function?{w) was evaluated for the case of a me-
with a change of the pulse parameters, such as pulse lengtthanically stable cavity for which the vibrations of the cavity

l,>cT. (80
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mirrors are of low amplitude and frequency so that its con-

tribution to the broadening of the longitudinal modes of the o (@
cavity can be neglected. A
For a pulse shorter thdn, the cavity transmission is not
frequency selective and depends only on the mirror transmit- T(o)
tivity .7 [see EQ.(8a)]. Under these conditions the cavity
does not behave as a comblike frequency filter. For a pulse
length greater than the round-trip lendth the transmission I(w)
function increases at frequencies resonant with the cavity-
mode frequencies and decreases for frequencies off the
cavity-mode frequencies. This behavior is common for any
pglse of length longer thah ' regardiess of the_ pglse bam_j_ FIG. 3. The line profiles as discussed in Sec. IV. The absorptioring is
width. The spectral modulation of the transmission functionygad compared with the spacing between frequenaigsof the cavity
7 (w) is initially given by a cosine-squared functipsee Eq. longitudinal modes. The laser pulse has a Gaussian pi¢filg and length
(8b)], and approaches the ultimate longitudinal mode struclp much I(_)nger than the ca_vity' round-trip lengdth Inside the_ cavity, t_he
tre of the opticl caviy fo puises of temporal length longerfs SEeles At e il moces hese reduencies e guen
than the ring-down time [see Eq(8c)]. For cosine-squared function.7,(«w) defined in Eq/(8c).
modulation, the cavity transmission function ranges between
472 and 0. For pulses longer thanthe on-resonance trans-
mittance approaches 100% in the absence of absorptiogavity and the pulse matches a single transverse mode of the
losses, whereas the off-resonance transmittance is propatavity, this modulation function has the form given by Eg.
tional to.7 /4. (8), where.7,(w) is associated with a single puls&y(w) is
When the relaxation tim&@, characterizing the absorp- associated with a sequence of two pulses, .aitw) is as-
tion line is much shorter than the pulse duratigiT,<t,),  sociated with a train of pulses longer than the ring-down
the species absorption inside the cavity can be given usinime r. Consequently, absorber species in the cavity cannot
the rate approximatiofsee Appendix A similar to the case absorb the laser pulse unless the absorption linewidth over-
of absorption of cw light. To evaluate absorption under thes¢aps the frequency of one or more longitudinal modes of the
conditions, the spectrum of light in the cavity must be com-cavity.
pared to the absorption linewidth. For the laser pulse longer The requirement for the absorption line to overlap the
thanl,, the light inside the cavity persists at the cavity lon- longitudinal modes of the cavity is always met if the absorp-
gitudinal modes and the absorption lines that are narrowetion linewidth is wider than the spacing between the modes.
than the longitudinal mode spacing and lie between thd-or the case of,>t,, this condition can be fulfilled only if
modes cannot absorb the light in the cavity and are not oba sufficient number of transverse modes is sustained in the
served in the CRDS spectrum. cavity so that the longitudinal mode spacing is narrower than
A similar limitation holds for the relaxation tim@,  the absorption linewidth. Such an approach was demon-
much longer than the pulse duratign(T,>t,), when spe- strated in the work by Meijeet al” When only a single
cies in the cavity are absorbing pulsed radiation. Theséransverse mode is sustained in the cavity, the complete ab-
pulses arise from the highly reflective mirrors of the cavity.sorption spectrum cannot be measured under the condition
The relaxation timd', is generally a strong function of pres- thatT,>t, because the absorption linewidth is narrower than
sure. For example, under molecular beam conditions it ishe longitudinal mode spacing and absorption lines can be
often expected thafl,>t, whereas under atmospheric- missed in the CRDS spectrum. To measure a complete ab-
pressure conditions it is usually expected thatt,. When  sorption spectrum with a single transverse mode in the cav-
the relaxation timeT, of the absorbing species is much ity, the condition ofT,<t, must be met by an appropriate
longer than the round-trip timg , each absorber molecule adjustment of the cavity length. Under this condition, the
inside the cavity interacts with a sequence of pulses duringpacing between longitudinal modes is always smaller than
the timeT,. The molecular polarization induced by this in- the absorption linewidth, which guarantees that no absorp-
teraction is given approximately by the superposition of po-tion lines are missing.
larizations induced by each pulse of the sequence. Conse-
qguently, the molecules are polarlzgd and absorb light only a]\/ VALIDITY OF THE EXPONENTIAL DECAY MODEL
the frequencies that are present in the spectrum of the se-
guence of pulses. This behavior is the basis of the technique To investigate the necessary conditions for the exponen-
of Ramsey fringe$® which was demonstrated as a high- tial decay model to hold, let us consider the experimental
resolution spectroscopic method effective in the opticalsituation sketched in Fig. 3. The absorption line is broad
domain?® compared to the cavity longitudinal mode spacing, and the
For a sequence of identical pulses, the effective spectrumpulse length is much longer than the cavity round-trip length
is given by the spectrum of a single pulse times some peritl ,>1,). The spectral profile of the laser pulse is approxi-
odic modulation function that depends on the number oimated by a Gaussian function. We consider a resonance con-
pulses and the pulse spacing. When the pulse sequencedgions, where the line-center frequency of the pulse is tuned
created by the reflections of the laser pulse inside the opticab the center of the absorption line, as shown in Fig. 3.

B2 m+3

Frequency

Downloaded-18-May-2007-t0-128.146.239. 37 & D& BN i¥LsLOFe Moo LS -MeRAHAIYF998py right, ~see-http://jcp.aip.orglicp/copyright.jsp



P. Zalicki and R. N. Zare: Ring-down spectroscopy for absorption measurements 2713

1 S(t+nt,)=S(t)exd —2n(1—-.2)]
8+ N
q4 N\ Aw,/T 1
TN x| g Stomexd —2na(oy)ld}, (10
4 SN e 2 S(t)
3 BN RN m
2] \ where
" . -
3 N
s %' 1 S(t)=2 S(t;wn). (1D
'g_ Iy \\\ ‘\\ m
2 .
2 Y ! The loss caused by the sample absorption is represented by
*l the term in braces in Eq10).
] \ The deviation from exponential ring-down decay be-
05 comes significant for long observations times, which are as-
0.01 3 R sociated with the pulse absorption pathlengths equal to sev-
o o0 02 o4 08 0.01 eral line-center absorption lengths 1. For the absorption
s | | | | | pathlength shorter tham ™!, the decay remains approxi-
0 1 2 3 4 5 6

mately exponential, even if the pulse linewidth is wider than
the absorption linewidtlisee the insert in Fig.)4
FIG. 4. Plot of the absorption logserm in braces in Eq(10)] versus the In practice, the Iength of the observation time is limited

line-center absorbance for different ratios of the pulse linewidith to the DY the dynamic range of the detection system used to acquire

absorption linewidthl’. The full width of the absorption line w) is as- and digitize the ring-down waveform. It is justified, there-

sumed to be ten times the width of the cavity mode spacing. The solid ling§qre tg restrict the observation time to about herer is

is the result for the Gaussian profiléw), and the dashed line is the result th . d ti for th t H Duri th b ti

for the Lorentzian profilex(w). The insert shows the approximately linear e rnng- Own. ime _Or e_ system.buring the observation

part of the absorption loss for absorbance less than 0.5 time 5r, the signal intensity decreases by about 99%. For
sample absorption loss constituting about 10% of the total
cavity loss, the observation timer3s associated with an
absorbance value of 0.5.

If sample absorption is the major source of the cavity

Absorbance

Forl,>1,, the light in the cavity persists almost exclu-
sively at the frequencies,, of the longitudinal modes after loss, the pulse travels a few absorption lengid during

the pulse has filled the cavity. Each mode of frequeagy  he ghservation time and the absorbance is greater than one,
decays exponentially at a rate given by the round-trip 10Sg;iing nonexponential ring-down for wide pulse linewidths.
coefficient Z(wp) of Eq. (6): Z(wn)=2(1-R)+a(@m)lsl.  conversely, for weak sample absorption compared to the
The ring-down signab can then be expressed in the form 5,y |oss, the absorbance is less than one and the decay of
the pulse is nearly exponential. This behavior is reflected in
S(t+nt,)= 2 S(t; o) exd —nA(owm) 1, 9 Eq. (10) where, for small absorbancénal<1), the expo-

m nential term exp—2na(wy,)ls] can be replaced by the lead-

ing two terms in its power series expansion Zna(wy)l .

where the contributions from different cavity modes areEquation 10 then reduces to

summed to yield the total signal intensity. The number of
components in this sum is finite and depends on the number S(t+nt,)=S(t)(1—2nae4l)exd —2n(1-.2)], (12
of longitudinal modes that are sustained by the laser pulse in

the cavity. When the spacing between the longitudinal mode¥here

is small with respect to the absorption linewidth and the

pulse linewidth, or the longitudinal modes overlap, the sum- > S(t;wm) alwm)

mation overw,, in Eq. (9) and in the following equations can m

be replaced by integration. Peff = S() (13

If the absorption linewidth is comparable to or narrower ) ) - -
than the pulse linewidth, the loss coefficierf(w,,) in Eq. IS the effective absorption coefficient. Under the condition
(9) varies substantially with frequency,, and cannot be that N1l <1, the term Bagls in Eq. (12) is much smaller
factored outside the summation. Under this condition, deviathan the unity, and *2naeql=exp(—2naels). Conse-
tions can be expected from exponential decay. We illustrat§uently, the signas(t+nt,) decreases approximately expo-
this behavior in Fig. 4, where the line-center sample absorp?€ntially in time
tion loss is plotted as a function of the dimensionless absor- _ _ ny
bance(line-center absorption coefficient times the total path- S(t+ nt) =S(tyexp{ = 2n[(1=7) + erl ]} a4
length of the pulse in the samplr different ratios between Based on the work of Crispf we conclude that for small
the pulse linewidth\ w;(FWHM) and absorption linewidtf absorbance values a similar, approximately exponential be-
(FWHM). The loss caused by the sample absorption wasavior can be observed for the pulse whose linewidth arising
determined by transforming E) with the help of Eq(6)  from the pulse shortness is wider than the absorption line-
into the form width.
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FIG. 6. Plot of the ratio of the effective absorption coefficiegt given by

Oft:‘q. (13) to the estimate of the fit value.s, as a function of the absorbance
for different values ofAw,/T", whereAw; is the laser pulse linewidth arid

is the absorption linewidth. This ratio estimates the accuracy.jndeter-

. ’ . - L "mination from the fit of the approximately exponential ring-down wave
effective absorption coefﬂmemeﬁ‘ (Eq. (14)]. The absorption line 1S 85 torm to Eq.(14). This accuracy is less for wider pulse linewidths and de-
sumed to _have a Gaussian profile whose _\NlHtleq_uals the pulse W_'d_th creases with the increase in the absorption pathlength. The fit ugjugas

Aw,. The fit of Eq.(10) to Eq.(14) was obtained with the standard fitting estimated by taking the natural logarithm of the absorption loss given by the

procedure, by taking the natural logarithm of the wave form given by Eq. ; : RS .
(10) [In(y)] and fitting it to the natural logarithm of Eq14) with (y?) term in braces in Eq10) and dividing it by the absorption pathlength.

weighting.

FIG. 5. Plot of absorption loss versus absorbance. The solid line is the pl
for the observed ring-down decéiq. (10)]; the dotted line is the plot for
the ring-down decay assuming exponential beha{igy. (10) fit to Eq.
(14)], and the dashed line, for the ring-down decay approximated by a

Fig. 6, where the ratio of the effective absorption coefficient

ae given by Eq.(13) to the estimate of the fit value; is

from the slope of a plot of the absorption loss versus time irPlotted as a function of the absorbance. The most accurate

the insert to Fig. 4. The amplitude oty changes with the value of a4 can be measured for small absorbances, as ex-

pulse linewidth, approaching the actual value of the absorppeCtedi Ne\(erthelqss, for an absorbance equql t0 0.5 a_nd the

tion coefficienta in the limit of narrow linewidth and de- PVIS€ linewidth twice as wide as the absorption linewidth,
differs from a4 by less than 10%.

creasing with an increase in the linewidth. Despite thesé'eff . . - .
g b In place of the line center absorption coefficient, the in-

changes in the amplitude, the effective absorption coefficient rated absorption fficiefit(w)deo is fr nil d
aes can be used as a measure of the relative absorption of yfggrated absorption coefficie \w)dw IS frequently used as
measure of absolute absorption. This quantity does not suf-

gas sample provided that the absorption lines are of th ¢ line broaden; ttocts. The int tod Hicient
same, constant width. From such a measurement the relative. Lomd'metl rot?t e_zmr(\jgfe eihs' . te |nt_egra ::thcoeﬁ 'Cfn
concentration or temperature of the sample can be obtaine§2" D€ directly obtained from the integration of the eflective

Because the value af,; decreases with an increase in the coefficientaey(w) as a function of the line-center frequency
Pc of the laser pulse. The coefficientx(w.) depends on

pulse linewidth, these measurements will decrease in senﬁ f th h the intensity factoiS(t; o) and
tivity, as the pulse linewidth exceeds the absorption line-aS€r requencyy,; through the intensity tac orS(t; wry) an

width S(t). When the laser line covers a number of frequeneigs

In what follows we parametrize these deviations fromSUfﬁC'E"nt to replace the summation over by integration,

Beer’s law behavior in terms of dimensionless plots. We as'Ehe factor(t) does not depend on the laser frequeigy

sume that the observed ring-down decay waveform is dezElnd equals the integral G¥(t; ) over a. This relation

; : : = holds for any longitudinal mode,, over which the laser
ﬁscggte:mbe)é If)?/(f?t?i)r.w J ?he eeoflf)escetlr\\//ee ; zsezg);l\?vr;\fgfif:ﬁe;%zn bJreQUency is scanned. Therefore, by integration of both sides
Eq. (10), to Eqg. (14). The absorption loss predicted by Eq. of Eq. (13) over the frequencyn we obtain
(10), the absorption loss approximated by Ety4), and the
result of the fit are plotted in Fig. 5 as a function of the e w)dwe= 2, a(wmn)Awny, (15
absorbance, for the Gaussian absorption line of FWHM m
equal to the linewidthAw, of the laser pulse. The value of whereAw,, is the spacing between the cavity longitudinal
the coefficienta4 resulting from the fit varies depending on modes.
the way the experimental points are weighted within the fit ~ When the absorption line is wide enough to replace the
procedure, and is smaller than the value of the coefficigpt summation ovem by integration, Eq(15) can be used to
predicted by Eq(13). Only under the condition where the determine the integrated absorption coefficient from the mea-
decay is exactly exponential does the coefficiegf from  surement of the effective coefficieni,; as a function of
the fit equal the coefficient. given by Eq.(13). laser frequency. We estimate that for a laser pulse having a

The accuracy of the determination of the effective ab-Gaussian profile whose FWHM is wider thamw,, the factor
sorption coefficienta,; can be evaluated with the help of S(t) differs from thew, integral ofS(t; w,,) by no more than

The effective absorption coefficients can be deduced
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TABLE . Limiting cases of CRDS. time varies linearly with the absorption coefficient, is strictly
——— valid only if the absorption linewidth is much broader than
Appearance of Absorption linewidths Vs the |inewidth of light circulating in the cavity. Because the

ligh A i ibl . . o o RO
'ght absorbed - Appearance maximum possible mode linewidth of light in a cavity is controlled by the linewidth of

Limiting cases by sample of modes spacing o . .

the laser pulse injected into the cavity, CRDS measurements
1Etp>T2>tr ow Yes Narrower gain in accuracy as the pulse linewidth decreases with an
gttitt'i% Ex Leos VV\\//I'(?;r increase of both the pulse coherence length and spatial
b T2>tpp>t, Pulsed Yes Narrower length. Although this implies that the uItlma_te accuracy of
5 T>t>t, Pulsed Yes Narrower CRDS measurements can be achieved using a monochro-
6 t,>T,>t, Pulsed No Wider matic, cw laser beam that is tuned into resonance with con-
Maximum possible mode spacing s given by —I L (am 1), indepen- secutive cavity Iongitudinall modes as the laser freqqency is
dent of whether modes actually develop. scalled across the absorption line, the CRDS technique can
PPulse duratiort,, greatly exceeds round-trip tinte. still be used accurately by choosing the laser pulse to have a

width that spans the longitudinal cavity modes.
When the absorption linewidth is comparable to the line-
+10%. Furthermore, for a Gaussian or Lorentzian absorptiogigth of light circulating in the cavity, CRDS can provide a
line profile with a FWHM wider than the spacinjw, be-  yseful absorption spectrum provided that the absorption loss
tween the cavity modes, the relati¢h5) approximates the constitutes a small fraction of the total cavity loss. Figure 4

integrated absorption coefficient to within 10%. presents a dimensionless plot describing how the absorption
loss varies with the absorbance of the sample for various
V. CONCLUSION ratios of the laser pulse linewidth to the absorption linewidth

Two requirements must be met for CRDS to be a usefu

diagnostic tool:(1) as the pulsed light source is tuned in . : . .
frequency, the CRDS spectrum is obtained with sufficientncreases exponentially with the absorbance, and an effective

resolution so that the full absorption spectrum can be recovgbso_rptlon coeﬁ|C|eqheﬁ can -b-e reaqny defmgd under this
ered without missing absorption features; &@y the ring- ?Ond't'on' The effechye coeffiCiente is p.roportlor)al to the
down waveform decays exponentially so that the CRDS Sigl_nverse .Of th_e decay F|mebut changes with the width of the
nal can be directly related to the absorption spectrum of thggsorpt!on "”eﬁ"?“Td IS sl,maller .than fthﬁ ac;fual .value c;; the
sample without a knowledge of the pulse characteristics. Thé sorption coefficient. Integration of the effective coeffl-

first requirement arises because the light absorbed by th ent aeq Over wavelength, however, gives to high accuracy

species inside the cavity can consist of longitudinal modedne value of the integrated absorption coefficient. This inte-

whose spacing is defined by the cavity geometry and thgration permits the determination of the absolute absorption

number of transverse modes inside the cavity. When the Spgpefﬂment from a C?RDS spectrum in away th.at IS Insensi-
cies are absorbing under the rate approximation regimﬁve t(_) the changes in both the absorption linewidth and pulse
(T2<tp), these modes can be associated with cavity etalo newidth.

effects, whereas for the species absorbing pulses of light in a Thesp consnderapons allow CRDS t_o become a practical,
coherent regiméT,>t.), the modes are so-called Ramseyquantltatlve diagnostic method for species that can be placed
2 p/» -

fringes. Therefore, the analysis of requiremébtis compli- inside a highly reflective optical cavity. A wide range of con-

cated because of the need to consider three different timg1onS exIst and can be m_et in which the rlng_-down wave-
scales, the pulse duratiaiy, the round-trip time of the pulse orm can be clearly approximated as exponential and the full

inside the optical cavityt,, and the relaxation time of the absorption spectrum can be recovered from a recording of

absorbelT,. Table | presents six limiting cases, which were the ring-down decay time versus frequency.

discussed in more detail in Sec. Ill. We conclude, that for the

measurement of the smooth, complete absorption spectruMCKNOWLEDGMENTS

by CRDS the absorption linewidth must be wider than the  \yie gre grateful to Glenn C. Jones, Jr., Kevin L. Leh-

spacing between the cavity longitudinal modes. For cases 2,5nn Anthony E. Siegman, and William R. Simpson for
3, and 6 this requirement is always fulfilled because the abne|fy discussions. P. Zalicki thanks the Kosciuszko Foun-
sorption linewidth is broader than the maximum possibleyation for a fellowship. This work was supported under the

longitudinal mode spacindwy,=!, *, even though modes do 4 spices of the U.S. Department of Energy, Grant No. DOE
not appear in cases 3 and 6. When the FWHM absorptiofye_F503-92ER 14304,

linewidth I is narrower thamw,,=1, ! (cases 1, 4, and)5

the IC.RDS spectrum can be still measurgd prov@ng t.hat A PPENDIX A: BEER'S LAW BEHAVIOR

sufficient number of transverse modes is sustained in the

cavity so that the resulting spacing between the longitudinal Our treatment closely follows that of Meystre and

modes is smaller thah. Sargent? To describe absorption of the molecular sample in
The second requirement for CRDS to be applicable as an optical cavity, consider a pulse interacting with a molecu-

guantitative disgnostic is to fulfill the conditions for expo- lar system in whichg ande denote the ground and excited

nential ring-down decay. The exponential model of the ring-state. Diagonal elementgy(z,t) andpedz,t) of a two-level

down decay, which predicts that the inverse of the ring-dowrdensity matrix are populations of the ground and excited

Lor either a Gaussian or a Lorentzian absorption line shape.
or absorbancesn2y(w)l ¢ less than unity, the absorption loss
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2716 P. Zalicki and R. N. Zare: Ring-down spectroscopy for absorption measurements

levels, and nondiagonal elements(z,t)[pge(z,t)] contrib-  andpyq can change, EGAS5) can be integrated ovelt’ such
ute to the macroscopic dipole polarizatifz,t) of the ab-  that both #;(z,t) and the population terms can be moved
sorbing medium in the cavity outside the integral

P(Zat):Tr(#TP(th))EMeQPge+ CcC, (A1)

where u is the dipole moment operator for the molecule.
PolarizationP(z,t) is a source term in the wave equation that +oo 1
will be used to describe the propagation of the pulse. X fﬁx dv W(v) y+i(weq—Kiv — ;) (A7)

A pulse propagates in a cavity along theaxis. Typi- ’
cally, it is 5—15 ns in duration and consists of a single lon-which allows us to formulate Beer’s law for absorption.
gitudinal mode or of a number of closely spaced single The approximation of a slowly varying population is
modes forming a multimode structure. For linear absorptionyvell fulfilled for the system because the intensity of light in
these modes are not coupled and propagate independently.cavity is weaker than the saturation intensity and, conse-
Therefore, absorption of each of the modes will be considquently, the population is not altered by interaction with the
ered separately; the overall pulse absorption is calculated byulse. The population differencH is equal to the value
summation of the single-mode contributions. N=peZ,—%) = pgg(Z,— ).

For a molecule interacting with a longitudinal mode of The approximation of a slowly varying field envelope
frequencyw;, the interaction operator in the rotating wave introduces constraints for the maximum variation of the in-

:_i_ N Z i(Kjz— wjt)
Peg(zat) 2% Meg>|(z)e

approximation takes the form tensity of light in a cavity and thereby limits the minimum
. k2 ort) length of the pulse. This restriction resembles the observa-
7 edZt) == (112) pegZi(z,1) €5 0 (A2) " tion by Crisp?® that the absorption of a coherent pulse can be

described by Beer’s law only for a pulse length long with
respect to the timé,.

The macroscopic polarizatid®(z,t) for the wavew; can
be found by combining expressiof&l1) and(A7). This po-

The density matrix elemeng,, induced by the interaction
(A2) evolves according to the Liouville equation, which after
formal integration gives

e Cyti(emk , larization constitutes a generic term in the Maxwell equation
Peg(Z,1)= gf_wdt e e (1) of motion. Under the slowly varying envelope approxima-
tion, we have
X%/ég(zyt’)[Pee(zat,)_ng(zyt,)]- (A3) dz
%i(2) i(kiz— w;t) & i(kiz— w;t)
. . —— e 9= — g (w;) £ (2)e" 7 @i (A8)
Here, hw.q is the energy gap between excited and ground dz

level, andk;v describes the Doppler shift for molecules mov-
ing with velocity v along thez axis.
For many media, including gas cells and molecular

where a complex coefficient of absorptiafiw) is expressed
in the usual form

beams(in a direction perpendicular to the beam axige k,uig +o0
velocity v has a Maxwell-Boltzmann distribution alw)=—5— Nf_x dv W(v)
1 v |2 2kT\2 —kp—
W(v)= ex;{—(—) }; Av:(—) ] (A4) 04 i (weg— kv —w)
Vmav av m Y+ (weg—kv—0)? Y+ (weg—kv—w)?]
By averaging Eq(A3) over the velocity distributioitA4) we (A9)
obtain

The real part of the coefficieni(w) describes absorption
and the imaginary part of(w) describes dispersion. As a

i t
peg(Z,t)Zg f dt’ exp—(y(t—t’) result of dispersion, the pulse velocity in the absorbing me-
- dium changes as a function of detuning from resonance. This
(k. 20— 1)24i L dispersion effect can influence the ring-down timtiarough
(kiAv/2) (=) Flweg(t=1")) the change in the round-trip tinte. We estimate, however,
X7 o2t )[ped Z,t') = pgg(Z,t')]. (A5)  that the maximum change in the ring-down timehat is
o ) caused by the dispersion is on the order of the optical period
The exponential in EAS) includes two terms that control 1/, i e.
the rate of decay of the dipole: the homogeneous wijdtind
the Doppler widthAv. The decay timd, can be found as a 1]Im(a)| _ 1 |we—ol
. . . |Ar|<— < — . (A10)
solution of the quadratic equation ® Re(a)\ ) vy

yTo+(kiAv/2)3(Ty)?=1, (A6)  Consequently, dispersion effects are negligible.
o Equation (A8) can be transformed into Beer's law for
ening andT,=2/k;Av for purely inhomogeneous, Doppler
broadening. When the decay tiffig is much shorter than the di(z)

time in which the pulse envelopé (z,t) or populationspee dz ~2 R4a(w)]1(2). (A1)

Downloaded-18-May-2007-t0-128.146.239. 37 & D& BMNSi¥LsL0Fe Moo LSRRI L9988y right, ~see-http:/jcp.aip.orglicp/copyright.jsp



P. Zalicki and R. N. Zare: Ring-down spectroscopy for absorption measurements 2717

In a cavity, there are two counterpropagating waves awhere for the square pulse the field amplitudg(z,t) is
frequencyw;. For linear absorption, however, the forward replaced with constant amplitud&,.
(+k) and backward { k) propagating waves can be consid- In Eq. (B3), the intensityl (t+nt,) is given as a product
ered independently, and the equations will have the samef the pulse initial intensity I,=(ZZ]*) and the
form for both directions of propagation because of the symfrequency-dependent interference factor that defines the
metry of distributionW(v). Therefore, by integrating Eq. spectral characteristics of the cavity transmission function
(A11) over the round-trip path, starting, for example, from.7{w). The output signaS(t+nt,) can be expressed in the
the exit mirror of the cavity, and then summing over frequen-form
cies w;, we obtain the round-trip pulse absorption. Because
of the resonant character of absorption, that sum includes
different values of absorption coefficients for waves of dif-
ferent frequencyw;. Expressing a round-trip absorption with
a single absorption coefficient requires the absorption fea- where
ture to be wider than the bandwidth of frequenaigso that
a(w;) can be replaced by an average value. Under these )
conditions,a(w;) can be taken outside the summation as Tw)=72 2 [exp( —r )]V 2ot (B5)
a quantity that varies only with the laser line-center fre-
guencywy. This factorization yields Beer’s law for the pulse
absorption inside the cavity.

S(t+nt,)=ly(w).7(w)exp —n%), (B4)

r

is the cavity transmission function. Equati@®) is derived
from Eq. (B4) by using for the function”{w) the explicit
APPENDIX B: FABRY—-PEROT THEORY form for the case ofa r=0, (b) r=0, 1, and(c) r=0,

. . . ... 1,...,n asn goes to infinity.
Consider a single-mode laser pulse that has an mma?' g Y

amplitude
Eo(z,t)=(1/2)%o(z,t)e *¥ Y+ cc, (B1)

Wh'Ch Is injected into an optical gavny. Th? pulse forrr_us 8 15  O'Keefe and D. A. G. Deacon, Rev. Sci. Instrusg, 2544(1988.
single transverse mode of the cavity, for which the amplitudezp romanini and K. K. Lehmann. J. Chem. Phgs, 6287 (1993.
of the field at the transmitting mirror can be expressed in the*D. Romanini and K. K. Lehmann, J. Chem. Phts.be published, 1995

form “A. O’Keefe, J. J. Scherer, A. L. Cooksy, R. Sheeks, J. Heath, and R. J.
Saykally, Chem. Phys. Letl72 214(1990.
— e 5 H
E(t+nt,)= %\/}exq_ n(%;%—k iwt,)] T. Yu and M. C. Lin, J. Am. Chem. Sod15, 4371(1993.

5T. Yu and M. C. Lin, J. Phys. Chen®8, 9697 (1994.
. ’G. Meijer, M. G. H. Boogaarts, R. T. Jongma, D. H. Parker, and A. M.
X E [exp(— r,,,%/)]l/zé’o(rl Lberetr+cc. Wodtke, Chem. Phys. Let@17, 112(1994.
; 8D. J. Bernard and B. K. Winker, J. Appl. Phy89, 2805(1991).
(52) °R. T. Jongma, M. G. H. Boogaarts, and G. Meijer, J. Mol. SpectriBs.
303 (1994.
) ) . 19p, Zalicki, Y. Ma, R. N. Zare, J. R. Dadamio, E. H. Wahl, T. G. Owano,
In Eq. (B2), \/7 describes a transmittance of the cavity en- and C. H. Kruger47th Annual Gaseous Electronics ConfergnGaith-
trance mirror, the summation overaccounts for the overlap nebeL_J”fg’dMafy'a”d’ 1994. ; " |
of pulse fragments in the cavity and gives the initial ampli- 2’243('13;91)0”’ M. E. Couprie, J. M. Ortega, and M. Velghe, Appl. G,
tude E(t) of the light |n3|de_the cavity, and the _exponentlal 2p, Meystre and M. Sargent IlElements of Quantum Optic&€nd ed.
term in front of the summation represents the ring-down de- (Springer, Berlin, 1991
. . . 13 3
cay. The number of components in the summation ovier M 2- i”zpv Physj RgV-FA[' 1g04(1d97g-s " . 1058
finite and depends on the ratio between the pulse length anaﬁ'gs;y nderson, J. C. Frisch, and C. S. Masser, Appl. Q.

the round-trip length,. The light intensity corresponding to 15w, pemtrader, Laser SpectroscopSpringer, Berlin, 1988

the amplitude(B2) is given by 16T, W. Hansch, inLaser Spectroscopy |IProceedings of 3rd Intern. Conf.,
o Jackson Lake, 1977, edited by J. L. Hall and J. L. Carlg@®pringer,
[(t+nt)=.7 exp(— N (£ £o]*) Berlin, 1977, p. 149.

’ The detection system may show deviations from exponential decay for
n1/2 it ot early recording times because of the response to transients. Therefore, in
X 2 [exp(—r )]~ “e" |, (B3) practical work the early-time part of the CRDS wave form may need to be
r omitted.
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