Response of a ring-down cavity to an arbitrary excitation
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An eigenmode analysis of the response of an empty ring-down cavity to an arbitrary laser excitation
is presented. By explicitly taking into account both the mode structure of the ring-down cavity and
the spectral content of the laser pulse, it is found that the complicated ring-down signals commonly
observed in the laboratory can be interpreted in terms of cavity mode beating. Some conclusions
drawn from this analysis are verified experimentally by measurements of the time and frequency
response of empty cavities. These observations provide clear evidence for the existence of
longitudinal and transverse mode structures in ring-down cavfi&#021-96066)01947-3

I. INTRODUCTION work of Fabry—Pmot theory was presented. Their simula-
. _ tions predicted that the energy transmitted by the ring-down
Many industrial processes are prone to reduced produiayity as a function of laser detuning is not constant for

yields and increased product defects as a consequence Qfitain experimental configurations. Under such conditions,

trace-level gaseous contaminants. In such applications, the.ﬁealicki and Zare concluded that entire absorption features

is a critical need for sensitive and accurate real-time monl-Could be missing from spectra measured with CRDS if these

tors of contaminant concentrations. This need has driven th@ ¢ d at i f . Sub "
demand for standards-grade measurements of low level ga -afures occurred at unpropitious frequencies. subsequently,

eous contaminants, most notably water. In response to thiachereret al® reported a series of experiments intended to
demand, we are exploring experimental techniques based dgst these predictions. They claimed that results of their ex-
cavity ring-down spectroscopfCRDS*® as the basis for Periments demonstrated a failure of the analysis of Zalicki
new density measurement standards in vacuum environmeng§d Zare and further conjectured that ring-down cavities are
and process gas streams. frequency selective only when the coherence length of the
Although CRDS is considered to be one of the mostexcitation is long relative to the round-trip cavity length. In
promising spectroscopic tools for quantitative measurementgsponse to those experiments, Lehmann and Roni@nini
of rarified species,its full potential has not yet been real- presented a general framework, based on the superposition
ized. Toward this end, we are investigating some of the facyinciple, for describing the excitation and response of ring-

tors that limit quantitative, CRDS-based absqrbgncegmeadown cavities. They demonstrated that ring-down cavities
surements. For example, as delineated by Zalicki and°Zare

and demonstrated in our laboratdtinite linewidth effects act ?S frequency filters regardles; of 'the tempo.r al p'rofile of
tend to make the characteristic light amplitude decay nonext-he input field as long as the_ cavity ring-down time is long
ponential when the excitation laser is tuned to an absorptioffMPared to other relevant time scales, such as the dephas-
feature, and this in turn leads to an underestimation of thé"@ time of the absorbing species.

absorptive losses. In this paper we investigate the details of Here we present an eigenmode analysis of the empty
the complex temporal structure of ring-down signals com-+ing-down cavity response that is based on the well-
monly observed in the laboratory. Measured ring-down sig-established theory of stable resonators. By examining in de-
nals usually possess a great deal of periodic, high frequenagil the eigenmode decomposition of the cavity fields, we
structure superimposed on the overall decay signal, and thisxplicitly analyze the time and frequency response of an
structure varies from shot-to-shot. Clearly, for the ultimateempty ring-down cavity. The general case of cavity excita-
potential of CRDS as a quantitative spectroscopic techniqugon by an arbitrary laser pulse is presented, and the specific
to be realized, it is necessary to have a detailed understangdz oo o cavity excitation by a frequency modulated

ing of the physical mechanisms that give rise to these Com(“chirped”) Gaussian pulse is examined in detail. Following

plexities. In particular, the present work is motivated by thethis analysis, we present the results of experiments designed
lack of a clear understanding of how the details of the con- ysIS, P b g

struction of ring-down cavities and the characteristics of thet0 verify specific predictions of the model. The goal is 1o

excitation laser such as laser bandwidth and laser tempord]Vestigate the validity of a stable resonator description of

coherence affect the temporal structure of ring-down signalding-down cavities injected with pulsed laser light. We find
The present work is also motivated by conflicting claimsthat the experimental results are consistent with predictions

regarding the frequency selecting nature of ring-down caviobtained from the stable resonator framework, and we be-

ties under pulsed excitation. In a recent paper by Zalicki andieve this viewpoint also can explain the results of Scherer
Zare? an analysis of ring-down cavities within the frame- et al®
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Il. RESPONSE OF A RING-DOWN CAVITY TO AN separation is between transverse modes in comparison to the
ARBITRARY EXCITATION longitudinal mode spacing. A maximum separation of
We consider the case of an open, axisymmetric stabl&tr — ¥ OCCurs in a concentric_ res_onator, for which2r. In
resonator % constructed from two identical mirrors of fi- 9&neral, transverse and longitudinal modes are not degener-
nite intensity reflectivityR and radius of curvature that are ate, ar_nd there is essentially a cont|_nuum of modes. However,
separated by a distanteThe origin of the Cartesian coor- for a fixedr there are certain cavity lengths for which the

dinate system is defined to be at the center of the cavity anfft© of the I(IJngltudlnalj—to—:[‘r ansye’fse mgdeﬂs 5\? Cmgpl".’
the z axis is coincident with the cavity axis. We denote IS Integer-va uedtermed a maglci nur.n”er e exploit
this degeneracy feature for such “magic” number cavities in

Ei(x,y,z,t) =e(H)ui(x,y,z)exp( —iwct) (1) the experiments described below. Meijatsal*® and Leh-
to be the time-domain complex analytic representdfioha ~ Mann and Romanitfl have previously discussed these points
linearly polarized input laser field, whetg, is the laser car- I the context of CRDS.

rier angular frequencyy;(x,y,z) specifies the transverse Eac_h cavity eigenmode will be excited to varying ext_ent_
profile and direction of propagation of the pulse, and dependlng on the ove_rlap_of the spectral content of the inci-
_ dent field with the cavity eigenfrequency structure and to the
e(t)=Ai(Dexdi®i(t)] (2)  extent to which the transverse profile of the incident beam

describes the pulse envelope and the associated phase va@¥eraps with the cavity transverse eigenmodes. The net field
tion with time, t. The instantaneous angular frequency of theln the cavity is simply a weighted sum of all of the excited
field, o, is given by® eigenmodes. Using the Gauss—Hermite polynonifls,

4o (1) Ymn(X,Y,2), as the basis set, the total field can be written as
W=we— dl'[ . 3

E(X,y,Z,w)Zg % Cmnwmn(xvyaz)"éqmn(w)’ (6)
The spectrum of the incidentexcitation field, € (w), is
found via Fourier transformation @ (t) and has the general

form Con= [ [ wixy =120,y 112) ax dy.
Ei(w):ai(w—wc)exr[id)i(w—wc)], (4) —oJ —x (7)

wherea;(w—w.) and ¢i(w—w) are the spectral amplitude e associated time evolutioB(x,y,z,t), is found via Fou-
and phase of the field, respectively. The power spectrum Oifier transformation of Eq(6).

the incident laser pulse is given by the modulus squared of
the spectral amplitude and is peakedet For transform- plex optical transfer or response functiodyym{e), which

limited pulses,¢;(o—w) is a constantg,. _relates the output field spectrum of mode,rh,n) to the
The cavity eigenmodes of an open resonator or CaV'tanut spectrurf?

constitute sourceless configurations of the electromagnetic’ _ - _

field that satisfy Maxwell’s relations and the boundary con-  €qmn( @)= Zgmr(@)€i(®). (8)
ditons imposed by the mirroré:!® These modes are For the stable resonators considered herein, the total re-
uniquely denoted by the label, TEM,, for the Gauss— sponse function is the usual Fabry+&eresponse function
Hermite polynomials of orderng,n) or, TEMy, for the  given by
Gauss—Laguerre polynomials of order,l). The (m,n) and _ &
(p,!) indices represent the number of nodes of the transverse 7, (w)= — LN , 9
electromagnetic fiel@the “transverse modeJ, and the index 1-(1= %) - exdi(0— ogmit]

g index is the number of nodes of the axial standing wavevhere “,, is the total resonator intensity loss per pass. This
along the cavity axigthe “longitudinal mode’). The eigen- response function, which depends on properties of the cavity,
frequenciesyym,, of an empty resonator are given'fy® represents the total response at frequeadyom all of the
longitudinal cavity modes associated with a given transverse

whereC,,, are the spatial coupling coefficients given'by?

The frequency coupling is expressed through the com-

) c 2 | i i i divi
Vamn= gmn_ ~ q+ = arcta (m+n+1), mod_e. It_ can be.wrltten as the summatloq over all individual
27 2l T Ji2r=1) longitudinal cavity mode response functions for transverse
) mode m,n)%+%

wherec is the speed of light. The eigenfrequency associatec%mn(w): > }qun(w)
with mode TEM,,, can be found by associatingp2-1 with 4
m-+n. Adjacent longitudinal modeéAg=1) with identical _9 o
transverse mode indices are separated by the cavity free = — — 2 Fﬁm

spectral rangew;/2m=v;=c/2l, and adjacent transverse IN(1= 2 (2= Zmn) ad=—=

modes [Aq=0 and A(m+n)=1] are separated by, —(1— 7 . P _

= (c/wl)arctafil/\/1(2r —1)]. The relative values aof and|! 1-(1-Znn) - eXd (iw— ogmp— Ade)t,]
determine the transverse mode spacing, and as3Edlus-
trates, for fixedr the more disparate andl, the smaller the (10

rﬁm"’ (0— Wamn— Aq(J’)f)2
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wherel',, is the cavity linewidth and,=2l/c is the cavity  since they,,,'s are time independent. However, since the
round-trip time. For frequencies close to the resonancetptal field is expressed as a linear superposition of the eigen-
|(w— wqmp|t,<1 and for small losses such that,,<1, the mode terms, it can assume a complicated space and time
individual mode response functions of Eq.0) are closely dependence which describes ray propagation within the
approximated by the familiar dispersion function, cavity 3233
Using Eg.(8), along with Egs.(4) and (11), one can

i ] (12) calculate the total field exiting the cavity, given by EE).
mn~ 1 (@~ ©qmp) After Fourier transformation to obtain the time-domain rep-
This approximate decomposition of the total cavity responséesentation of the total field, we can derive an expression for
function into the sum of dispersion functions facilitates in thethe radiant flux transmitted through the end mirror of the
eigenmode decomposition of the total field exiting the cavity.cavity (signa), #(t). In the limit that both the amplitude and

The finite cavity linewidth arises from losses in the reso-phase variations in the excitation spectrum are broad relative
nator such as the finite reflectivity of the mirrors and trans10 the width of the cavity modes, we find
verse mode-dependent diffraction losses. The linewidth, the
intensity decay constant,,, and the intensity loss per pass #(t)=2\ey/uo >, 2 ai(wgmi— ©c)ai(®g mmn — ©c)
are all related through, amn g'm’n’
1 B —|n(1—,:%7mn) XqunFq,m,n, qu_qunt)qu_qumrnrt)

2T t
mn ' ><COS{(“’qmn_ wq’m'n’)t+¢i(wqmn_ o)

mn

-}qun(w)~ T

o=

12

For mirrors of intensity reflectiviyr, and diffraction losses

. *
74 the total loss per pass is given by ~ dilogmn = 0] CunCypy

San=1—R+ 79 (13

xf f (X, Y1247, (X,y,172) dx dy, (14)
Here 1-R includes the losses in the dielectric mirror coating
and mirror substrate that are associated with absorption, scattheree, and u, are the permittivity and permeability of free
tering, and transmission of the light. The phase shifts in thespace, respectively.
reflected field due to these weakly frequency-dependent ab- This expression describes the time evolution of the out-
sorption and scattering processes are expected to be smplit signal arising from radiation from the excited cavity
and have been neglected in this discussion. modes, but assumes an instantaneous cavity respohs® at

An important figure of merit for an open resonator is thelt is in general valid for times greater than the input laser’s
effective Fresnel numbeNg, which represents the ratio of pulse duration and shows that the output signal is a sum of
the angle subtended by one mirror to the angle of diffractiorweighted exponential decays modulated by sinusoidal beats
of the electromagnetic wave as it travels across the cavitywhose frequencies correspond to the cavity eigenfrequency
This determinesZ3™ and in turn the maximum mode order spacings. Although this expression describes beating be-
sustainable in a cavif§f which is of the order ofrN-. Fora  tween all excited modes, transverse mode beating will be
particular transverse modé&;%° the diffraction losses de- observed only if the orthogonality between transverse modes
crease exponentially with increasifdg . As a typical ex- is not preserved, such as when part of the detector is ob-
ample, consider a 50 cm long ring-down cavity constructedscured, when the detector has a nonuniform response, or
from 1 cm diameter mirrors with 4R=10"* andr=100 when there are inhomogeneous losses in the output coupling
cm. For this cavityNg~20, and in this casez%" ~ 10*  optics. This expression also accounts for the effect of tem-
only when m+n~46. Thus, only very high order modes poral incoherence in the input laser field through the varia-
have diffraction losses comparable with those associatetion in the phase of the input spectrum.
with the finite mirror reflectivity. One can calculate the complete ring-down signal, includ-

The excitation of the transverse modes is governed byng the transient response of the cavity using the response
the overlap integral, Eq7). Its structure implies that on-axis function of the cavity, Eq(9), and numerical Fourier trans-
injection of an axisymmetric beam will excite, to a varying formation of Eq.(6). The result of such a computation for the
extent, all even-order modes of the cavity unless perfecsingle mode excitation of a 13.4 cm long cavity;=1.12
mode matching is achievé®??In practice, transverse mode GHz, #,,,=0.002/pass by a transform-limited Gaussian
matching is not ensured without careful measurements of thpulse(Aveyuw=93 MHz, Atpywum=4.80 ng is given in Fig.
spatial structure of the light exiting the cavity. On the otherl. In this calculation, the laser carrier frequency was detuned
hand, light injected off-axis will excite, to a varying extent, from the nearest cavity eigenfrequency by 100 MHz. The
both even- and odd-order cavity eigenmodes. Since the clasransient response of the cavity exhibits a sharp spike near
sical optics ray trajectories within cavities can be cast int=0, and this transient is completely over -3 laser pulse
terms of a linear superposition of cavity transversewidths (~15 ng. After that time, the output is the single
eigenmodes! the propagation of light within a cavity along exponential decay precisely predicted by Ef4). Use of
off-axis paths implies the excitation of many transverseEq. (11) in lieu of Eq. (9) for the response function gives
modes. Furthermore, despite claims to the conftang cav-  nearly indistinguishable results, indicating that the dispersion
ity eigenmodes do not “walk” around the cavity exit plane, function is an excellent approximation 1&,,(w) for this
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case. Other calculations demonstrate that for a given excitdn this expression, the integrand represents the power spec-
tion the transient spike does not change with detuning of thé&rum of the light exiting the cavity. For the case of perfect
laser, and that the variation in the amplitude of the exponenmode matching, when the cavity linewidth is small relative
tially decaying signal is precisely as predicted by Eiy).  to the bandwidth of the input laser power spectrum, and
For zero detuning, the amplitude of this spike and the expowhen the cavity mode spacing is large relative to the input
nential signal are equal. Also shown in Fig. 1 is the calcu-spectral bandwidth, Eq.15) yields the intuitive result that
lated temporal variation of the instantaneous frequdii@y ~ measurement of the transmitted energy as a function of laser
(3)] of the exiting field. As is evident from this figure, the carrier frequency simply maps out the laser’'s power spec-
instantaneous frequency of the output field chirps from theérum. In the opposite limit, when the laser’s power spectrum
laser carrier frequency to the nearest cavity eigenfrequencg narrow compared to the cavity linewidth, this expression
during the transient portion of the cavity’s response. Thisyields the familiar Fabry—Ret intensity transmission func-
result demonstrates that the ring-down signal contains infortion which is given by the square of the modulus of E2).
mation only about the optical losses at the cavity eigenfreWhen the width of the laser power spectrum becomes com-
guencies. Finally, from these simulations we find that Eqparable to the cavity longitudinal mode spacing, adjacent
(14) contains all the information about the decay signal thatransmission peaks start to overlap and modulation in the
is of interest in CRDS. transmitted energy is reduced. In this regime, the transmit-
Another measurable quantity is the energy transmittedance becomes independent of the laser carrier frequency.
by the cavity as a function of laser carrier frequen€ygp,). However, this does not imply that all laser frequencies are
We define the cavity transmittanceyw.), to be,“(w)/Z,,  transmitted by the cavity. On the contrary, E45) shows
where # is the incident pulse energy. This is calculated bythat only light at frequencies near the cavity eigenfrequen-
taking the modulus squared of the total exiting field given bycies contributes to the transmittance. Coupling into multiple
Eqg. (6), integrating over the exit plane of the cavity, and transverse modes tends to reduce further any modulation in
integrating over all frequencie$Note that the summation the transmittance. Finally, in their recent paper Zalicki and
over the longitudinal mode index;, yields the total cavity Zare® presented cavity transmittances calculated using a
response function of transverse madgn) operating on the time-domain formalism and assuming excitation of a single
input excitation spectrumThe resulting transmittance, valid transverse mode. Calculations using Edp) and the excita-

for an arbitrary input field, is tion spectrum implied in their analysis yield results identical
— to theirs.
Twe)= i f €o/ Mo > [Cmnil? Since the cavity transmittance is measured on a time-
Zp Jo ™ mn averaged basis, there are several effects which could prevent

the experimental realization of the transmittance predicted by
X : do. Eqg. (15). An obvious effect is shot-to-shot variations in the
1+ (1= L) = 2(1= Zmp) - €O§ (0~ 0gmpty] excitation power spectrum. Another mechanism is fluctua-
(15 fions in the cavity eigenfrequencies associated with changes
in the optical pathlength. A change in the optical pathlength
of &1 will shift the cavity eigenfrequencies B

:%ﬁm|ai(w_wc)|2

60

100 | ol
\““ - 50 Sw=~— m R OF 0 (16)

80 |

When fluctuations it associated with mechanical vibrations
and thermal expansion of the cavity are slow relative,ig,
single-shot cavity linewidths may not be degradedlever-
theless, such fluctuations in the cavity optical pathlength can
be important over the course of time-averaged measure-
ments. Consequently, the narrow transmittance features pre
dicted by Eq(15) can only be realized with length-stabilized
_ cavities. Similar effects can arise from density fluctuations in
o 700 o0 ' 200 the cavity medium.

time (ns) A useful model for the incident laser field that provides

some insight into the effects of temporal incoherence on the

FIG. 1. Calculated ring-down signdbolid line) and instantaneous fre- ring-down signal is that of a Gaussian time envelope with a
quency of the associated electric field relative to the nearest cavity eigerdinear frequency modulation or chifp.The model is useful
frequency(dashed ling for the single mode excitation of a 13.4 cm cavity pecause the time and frequency transform pairs of the field
(1=1.12 GHz, #1n,=0.002/pass by a transform-limited Gaussian pulse 41 he \yritten in a closed form, and moreover it reflects the
(Avewpm=93 MHz, Atryym=4.80 n3. Note that the exponential decay of . . . .
the ring-down signal only contains information about light at the cavity €SSential physics of the effect of temporal incoherence in the
eigenfrequency. input field. This input field of amplitud&, can be written as

60 |

(un “quy) Aysusyul

frequency difference (MHz)
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&i(t)=Eo exp(— yt*+iBt?), (17) Awpwrn Aty =4 IN(2)V1+ (Bl y)?, (20)
whereg is the chirp parameter, and the instantaneous angular
frequency is, where the times-transform-limit facton,=+1+(B/v)?, is
w(t)=w.—2pt. (18) the ratio of the bandwidth of the pulse to the bandwidth of a

) . . ] transform-limited pulse having the same temporal width. In
The temporal duration of the intensity of the input laser pulsene [imit that3—0, Eq.(20) reduces to the well known reci-

1S procity relation for transform-limited Gaussian pulses.
21n(2) Subject to the same assumptions used in the derivation
Atpwhm= , (199  of Eqg. (14) and assuming that the orthogonality of the trans-
Y verse modes is preserved, excitation by a chirped Gaussian
and for this pulse the time-bandwidth product is pulse leads to

. ESW Umax
() =2Veol po —— Z |Cmn|2[ 2 Fﬁm exq_(wqmn_ wc)zlza'(zaff) -exp(— 20 mt)

Oeff mn 9= 0min
Umax-1 Amax

+quq > T2, exp — (0gmi— 0o) Y402 - eXH — (@q mn— wo) 402g) - exp — 2T pit)
=0min q'=q+1

) Cos{(wqmn_ wq’mn)t+ ¢(wqmn_ w¢) — ¢(wq’mn_ )]s (21

for the output signal of the ring-down cavity, where, thetransmitted by the cavity will depend greatly ap. For the
-112

effectivee™ < angular frequency half-width of the excitation “intermediate” case in which the cavity is neither “short”
power spectrum is nor “long,” #(t) will be a decaying signal modulated by
longitudinal and perhaps transverse mode beats, with a
oer= A1+ (BIyZ]=niy, (22 modulation depth dependent ap and 7.
and in which the spectral phase of the input field is To illustrate these mode beating effects for the “short,”
1 B Blo—wy)? “intermediate,” aqd “long” gavity cases, E.qz.l) was used _
bi(w—we)= P+ = arctan— — ————r—. (23  to model output signals, using transform-limited pulses with
2 y Ay +p) 7=0.1, 0.75, and 1.25. The results are shown in Fig. 2. In the
casen=0.75, although the modulation depth is sensitive to
1l. DISCUSSION w,, this effect is diminished when multiple transverse modes

are excited. Thus, to the extent that the excitation is not
o o mode matched, variations in the modulation depth of the
The number of longitudinal modes contributing to the output pulses for cavities of “intermediate” lengths a con-
signal scales with the ratio of twice the laser linewidth to thesequence of shot-to-shot variations dg) will be reduced.
longitudinal mode spacing of the cavityy=2-e/wi. D&~ For the “long” cavity excitation[Fig. 2c)] the shape of the
fining a “short” cavity as one for whichy<1, in this imita  oytput pulses is very nearly Gaussian and appears to be a
single longitudinal mode for each transverse mode will beepiica of the input pulse. However, because of the frequency
dominant, and the total energy transmitted by the cavity willsg|ectivity of the cavity, we reiterate that the power spectrum

vary strongly withe, . The excitation of a single mode will - of the light exiting the cavity is not identical to the excitation
yield a single exponential decay, as long as orthogonality i$ower spectrum.

maintained and losses are independent of transverse mode

order. Consider next the opposite extreme, denoted as trbe Coh &

“long” cavity limit where »=1. In this limit, several longi- - Coherence effects

tudinal modes will be excited regardless @f and longitu- As Wolf and co-worker®*” have demonstrated, the de-
dinal mode beating will occur. For this casé&(t) corre- gree of coherence for any electromagnetic field in a cavity
sponds to a series of pulses separated in time by the cavigan be described using the fundamental cavity eigenmodes.
round-trip time where the pulse amplitudes are exponentiallAlso, as demonstrated by Lehmann and Romaifiimicoher-
decaying. Given excitation of a single transverse mode, thence in the excitation pulse in no way affects the frequency
envelope of£(t) will be a single exponential having a decay response of a cavity. Thus, the present eigenmode analysis of
constant characteristic of that transverse mode and neitheavity excitation by nontransform limited pulses should
the depth of modulation of the pulses nor the total energyroperly account for the coherence of the incident field.

A. Mode beating effects
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. 081 FIG. 3. A portion of the ring-down signal calculated using E2{l) for a
= 100 cm cavity for excitation by three pulses having the same energy but
2 s with varying bandwidth and temporal coherence. The three cases are labeled
o (), (b), and(c) and correspond t0Atewiv » Avewam, N)=(3.30 ns, 134
< MHz, 1), (3.30 ns, 535 MHz, ®#and(0.825 ns, 535 MHz, )1 respectively.
2 04y The excitations associated with cages and (b) have the same temporal
2 envelopes, whereas those of cad®sand (c) have equivalent bandwidths.
[0}
£ o2}
o.o0 - . (b) is approximately 10% less than that of casg while
3 caseqdb) and(c) are predicted to have identical throughputs.
Turning to Fig. 3, the time-integrated signals corresponding
10} © to caseda), (b), and(c) give the same relative energy trans-
mittance as predicted by E¢L5). Comparison of case®)
o8t and(b) shows that the main effect of the chirp in the excita-
E tion is to distort the emergent pulses. Comparison of ¢ase
5 908} to case(c) also indicates that chirp in the excitation yields
< distorted pulses at the cavity exit. These calculations reveal
2 o4l that the changes in the temporal coherence associated with
g different degrees of chirp in the excitation are encoded in the
€ o2 ¢;(w— w.) and manifest primarily in the shape of the pulses
exiting the cavity. For “short” cavities and in the limit that
0.0 U U , M\A/\/\/\/\/\/\/\ A j[he.excit'ation phase does not vary s?gnificantly over the cav-
0 1 2 3 ity linewidth, the purely exponential ring-down signal will be

t/x essentially independent of the temporal coherence of the la-
ser pulse. Also, since ring-down signals depend on the inci-
FIG. 2. Ring-down signals calculated using Eg1) for (a) “short,” (b) dent pu_lse’s COherer_]?e’ we speculate that “intermediate”
“intermediate,” and(c) “long” cavity cases for transform-limited pulses €ngth ring-down cavities may be used as a tool for the char-
with =0.1, 0.75, and 1.25, respectively. For these calculations, the excitaacterization of incoherence in laser pulses.
tion spectrum was centered on a cavity eigenfrequency. Schereret al®® have recently discussed the frequency
response of ring-down cavities to excitation by pulses of
varying coherence properties. They asserted that the fre
To investigate further the role of temporal incoherencequency selectivity of the cavity depends largely on the ratio
in the incident field, we have used EQ1) to calculate ring-  of the round-trip cavity length, -2, to the coherence length,
down signals for chirped pulses. In Fig. 3 we present a port., of the input laser pulse. According to their analysis, for
tion of the output signal of a 100 cm long cavity for excita- 2-1/I =1, ring-down cavities are not frequency selective, and
tion by three different pulses having the same energy. These is claimed that experimental measurements of constant
cases are labeleda), (b), and (c¢) and correspond to transmittance as a function of laser carrier frequency support
(Atpwuam Avewnm Ny =(3.30 ns, 134 MHz, 11 (3.30 ns, 535 this model. Conversely, they claimed that ring-down cavities
MHz, 4) and(0.825 ns, 535 MHz, 11 respectively. The ex- exhibit frequency selectivity only in the regime;|8 . <1.
citations associated with casés) and (b) have the same Their results are at odds with the present analysis.
temporal envelopes, whereas those of cdlbpand(c) have We would like to offer a few comments on their analy-
equivalent bandwidths. The total energy transmitted for cassis, particularly on the use of coherence length to predict the
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transmittance properties of ring-down cavities. First, it is 05 -~ i 1.00
well known that the response function for a linear optical a AAéAﬁAiﬁieugﬁaAeMMﬁﬁ A __,
device depends only on system parameterg., mirror re- a
flectivities, geometryand not on the incident fie:*® Sec- 044 4
ond, the coherence time,=1./c can be defined in a number

of ways2® and as such it provides neither a unique nor com-
plete measure of the degree of temporal coherence of a laser
pulse. As an example, Wolf has definedas the normalized
root-mean-square width of the autocorrelation of the com-
plex analytic field amplitude at a given point in space while
Mandel has defined, to be the power-equivalent width of 01 8
the normalized autocorrelation function. For pulses with . o o° 8
Gaussian temporal and spectral distributions, Wolf's defini-
tio_n gives, 7. = AtFWHM/(Z\/In(_Z)), while that of Mandel _is 0-?1500 T T P R o
strictly proPomonaI to the reciprocal of the spectral width, detuning (MHz)

Tc = Awpyuwy8 IN(2)m. Thus, by the first definition, cases

(@ and (b) ConS'.dered above have the Same Cc’herenCEIG. 4. The measured transmitted energy at the exit of a ring down cavity,
lengths, whereas in terms of the second definition, the cohet, as a function of laser frequency for a nonlength-stabilized degenerate
ence lengths of caséb) and(c) are identical. We conclude cavity (magic number equal to)6excited with a single-mode pulsed laser

that the use of coherence time of the excitation pulse canndt 100 MHz FWHM). The data taken with an intracavity aperture present
b dt dict it Rath h dd . exhibit a strong modulation in the cavity transmittance with laser frequency.
€ used 1o predict cavity response. Rather, when addressiRdeqe gata are indicated by and® for scanning of the laser frequency in

coherence effects, the cavity response function and a rigopositive and negative directions, respectively. The data taken with an intra-
ous description of the excitation fieldg;(w— ;) and cavity aperture removed, indicated By, exhibit no modulation with laser
¢i(0—w,), are required. frequency.

o]
°§oe Jors

0.3 -— 00
o050

0.2 4

Q
8 4025
8

transmitted energy (Arb. Unit)
Quun "qiy) ABiaus papiwisues

IV. EXPERIMENT . . . .
was approximately rectangular of nominal dimensions 1

To test certain conclusions of the foregoing analysis, wenmx3 mm. No particular effort was made to mode match
have carried out two sets of experiments. In the first set ointo this cavity.
experiments, we demonstrate that the transmittance of a cav- The excitation of high order transverse modes was sup-
ity modulates as a function of laser detuning, as implied bypressed by placing a 1.5 mm intracavity apert(approxi-
Eq. (15). In the second set of experiments we show that thenately three times the TE) e waist diameter at the
observed ring-down signals can be understood in terms afenter of the cavity. The effective Fresnel nuniBéor this
cavity mode beating for all cavity lengths investigated, ascavity is ~20. At a given laser carrier frequency, the ring-
implied by Eq.(14). down signal was integrated over am20 us time window

The cavities were constructed from 2.54 cm diameter(>5 e ! ring-down time constantseginning neat=0 for
100 cm radius of curvature mirrors with maximum reflectiv- each laser shot, and 500 or more shots were averaged to-
ity, R~0.9998 near 810 nm. The mirrors were held in goodgether to give a measure of the transmitted energy. The sig-
quality mirror mounts that were mounted on 2.54 cm diam-nals were not normalized for variations in the laser energy.
eter stainless steel mounting posts bolted to an optical table. Figure 4 displays the time-averagedultisho) transmit-
The cavities were open to room air and no particular effortted energy with laser detuning for this cavity. Clearly evident
was taken to stabilize the cavity length. The ring-down sig-in this figure is a deep modulation, and the maxima are sepa-
nals were measured with a low gain photomultiplier tuberated by 1.12 GHz, which corresponds to the calculated free
terminated into 50 and digitized with an 8 bit, 1 spectral range of the cavity. The FWHM of the features is
GSample/s digitizing oscilloscope. The rise time of this de-~540 MHz. At the peak of the transmittance, the single shot
tection system is estimated to be better than 1 ns. ring-down signals were exponential with a time constant of

In the first set of experiments, we report transmittance~3.5 us, corresponding to intracavity losses ofl.25x
measurements of a 13.39 cm open air cavity. For this cavityl0¥/pass. The transmittance curve in Fig. 4 was recorded by
the longitudinal mode spacing is 1.12 GHz and adjacentuning the laser from low to high frequency and then from
transverse modes are separated by one sixth the longitudinligh to low frequency. Tuning the laser in either direction
mode spacingl87 MHz). The cavity was injected with light gave the same result.
from a pulsed N&":YAG-pumped dye cell amplifier chain The successful coupling into low order modes was con-
that was seeded by a single-mode, tunable continuous wa¥gmed by monitoring the intensity profile of the light emerg-
diode laser. The resulting pulse had a nearly Gaussian timiag from the end of the cavity opposite injection with a CCD
profile with ~4.8 ns FWHM, and its single-shot spectrum camera. At a transmittance maximum, the intensity profile
was determined to be-100 MHz FWHM at a nominal was observed to be usually a TEM sometimes a TEWM,,
wavelength of 840 nm. The beam was shaped with a simpland rarely some more complicated transverse mode. The
Galilean telescope, and at the input mirror the beam profil@ EMy, or TEM,, profiles were fit with the Gauss—Hermite
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wave functions and gave a best-fit Gaussian beahdiam- 1.0
eter of 0.522 mm. This value is within 3% of the calculated | :
diameter of 0.536 mm for this cavity. When the laser was
tuned off resonance, in contrast, most shots had no measur-
able intensity. Those that did usually displayed some high_. ‘
order, more complicated transverse mode pattern with pealg 06 ;
intensities much less than the profiles observed on resonancey [ sk 6
The transmittance was measured again in a second ex< [ i \

. . . .
502 503 504 5.06
(us)

time (s,

periment with the same cavity without the intracavity aper- 2 04}
ture. This data, also shown in Fig. 4, clearly lack the struc-%
ture so readily apparent when the aperture was in place. Thé&
slight slope in the transmittance is probably an artifact of the
uncompensated drift in the laser pulse energy. The intensity
profiles were highly structured, did not correspond to simple 0.0 — ™
cavity modes, and varied from shot-to-shot, indicating the 0 2 4 6 8 10
excitation of relatively high order transverse modes. time (us)

For excitation of a single transverse mode, Bdp) pre-
dicts that the linewidth of an isolated resonance is given bﬂ‘;; tTh';eCf;r\‘/%‘d3‘;ng5it%”zc’2redaiﬁ;eg;g ; ”;?ggm‘ém‘fsf ?acfﬂc‘?}e‘;r
th,e ConVOIUt'f)n ,Of the Ias,er power spgctrgm W_lth th? Fabry_evidence of tran)éverse mode beating. In this caée, the ca\r/Jityywas slightly
Peot transmission function. The cavity linewidth, inferred misaligned to destroy the orthogonality of the transverse modes. The decay
from the measured ring-down time constant;-i45 kHz and  time constant, which is 3.ps, corresponds to a nominal loss of 1B ¢
is negligible in comparison to the single—shot laser bandPer pass anq m_ode Iinewidth of 45 kHz._Note thatin‘the main figgre, due_to

. . . . . undersampling in the data display, aliasing effects give the false impression

width of ~100 MHz. The predlcted linewidth is therefore of a low frequency beat signal. Inspection of the inset, however, reveals that
much smaller than the measured value of 540 MHz for theneasured modulatiori®), is well described by a sinusoigolid line) at the
intracavity aperture case. The disparity between the medransverse mode spacing of 187 MHz.
sured linewidths and the model prediction can be attributed
to frequency jitter in the excitation laser, the effects of me-
chanical instabilities, and density fluctuations, as discussederse mode beating using ‘“short,” “intermediate,” and
earlier. A change in cavity length of only 100 nm is suffi- “long” cavities. The observation of transverse mode beat-
cient to shift the cavity transmittance peak by some 300ng, which can be observed by destroying the
MHz. Similarly, a change in the pressure of 100 ®a75  orthogonality**? of the transverse modes, is considered to
Torr) would shift the transmittance peak by approximatelybe “a subtle but very significant confirmation of tligtable
100 MHz. Changes of these magnitudes are reasonablegsonator theory.” ** For the “short,” magic number six
given the construction of this cavity. As given by E45), cavity, described above, all transverse modes would be ex-
for multimode excitation, the transmittance is a sum of thepected to beat at multiples of the fundamental transverse
transmittances associated with the individual transversenode spacing, 187 MHz. By slightly misaligning the cavity
modes. The superposition of six transmittance curves, sep# promote off-axis injection of the laser beam and to destroy
rated by 187 MHz, and each having a FWHM of 540 MHz, the orthogonality of the transverse modes, ring-down signals
would give a constant transmittance, consistent with the nodominated by transverse mode beating were obtained. A
aperture data presented in Fig. 4. typical signal for this case, shown in Fig. 5, appears as an

Schereret al® reported a set of experiments from which exponential decay with a deep sinusoidal modulation. In the
they concluded that there is no frequency selectivity forinset of Fig. 5, a limited range of the data is fit very closely
pulsed excitation of a “short” ring-down cavity. This con- by a sinusoid at the predicted fundamental frequency of 187
clusion was drawn from two experimental results: the obserMHz. For this case, no other beat frequencies were observed.
vation of a constant transmittance for “short” unstabilized Experiments were carried out to look at both longitudi-
cavities, and the observation of all anticipated features imal and transverse mode beating in two “intermediate”
CRD absorption spectra. These results can be interpreted langth magic number cavities. In these experiments, the light
the context of our model. As discussed above, observation cfource was a Littman-oscillator-based Ti® laser
a constant transmittance does not imply that the cavity is ngpumped by a N#:YAG laser. The single-shot laser output
frequency selective. Imperfect mode matching or misalignfrom was a near-transform-limited pulse, having a FWHM of
ment of the input beam could have excited multiple trans—~3.3 ns, giving an estimated bandwidth ef135 MHz
verse modes, and since Schee¢ral® used nondegenerate FWHM near 760 nm. As with the cavity above, intracavity
cavities there was a virtual continudfof modes in which to  apertures and a CCD camera were used to ensure on-axis
couple. These effects were doubtlessly exacerbated by tHesam propagation and proper alignment of the cavity. We
use of unstabilized cavities and frequency jitter in their ex-examined a 29.3 cm cavitywhere ;=512 MHz and
citation laser. vil v, =4), and a 100 cm cavityin which »;=150 MHz and

In the second set of experiments we test our interpretar;/ v, =2). Transverse mode beating was induced by placing
tion of ring-down signals in terms of longitudinal and trans-a small strip of paper in front of the photomultiplier. For
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FIG. 6. A portion of a measure(®) ring-down signal providing evidence g, 7. A portion of a measured ring-down sigriablid line) providing
of longitudinal and transverse mode heating in a confocal cavity when theyidence of longitudinal and transverse mode beating in “long” nondegen-

detector wasg(@) unobscured andb) partially blocked. The solid lines in  gate cavity when the detector wé unobscured anb) partially blocked.
both figures represent best-fit sine waves with beat frequencies of 150 MHRere, the cavity length=180 cm and the round-trip time=12 ns and the

and 75 MHz. In(@), only beating at the longitudinal mode spacimg=150  cayity was excited by a transform-limited pulse having an intensity FWHM
MHz is evident, whereas iifb) frequencies at both the longitudinal and 4f 3 25 ns. In both figures, the measurements compare favorably to model
transverse mode spacings of 150 MHz and 75 MHz, respectively, are obsimylations(dashed lings which are discussed in the text. (@, the output
served. signal is well described by longitudinal mode beating simulation using Eq.
(24). In this case, the temporal envelopes of the pulses exiting the cavity are
very nearly Gaussian and are separated,byn (b), partial obscuration of
the detector gives rise to a very complicated output signal. This output is
these cavities, we observed very strong mode beating at muiasi-periodic with a frequency of17 MHz which corresponds to the

tiples of the transverse mode spacing equa| to 128 MHz anﬂfferen_ce betwgen _the longitudinal and transverse mode spacings. In the
L K - i K simulation of this signal, Eq(23) was used and two transverse modes,

75 MHz, respectively. As shown in Fig. 6, without blocking separated byA(m+n)=1, were assumed to dominate the response.

the detector, longitudinal mode beating at 150 MHz was ob-

served for the 100 cm cavity, and when the detector was

partially obscured, clear beats at 75 MHz arose. The solidransverse mode beating effects. The detailed shape of the

curve shown in Fig. @), a least squares fit based on a linearring-down signal depends on what portion of the beam was

combination of 75 MHz and 150 MHz sinusoidal beats,blocked. Inspection of Fig.(B) reveals a complicated yet

matches the measurements. nearly periodic waveform having a frequency-el7 MHz,

To look for evidence of modes in “long” ring-down a frequency that corresponds to the difference between the
cavities, we looked for evidence of mode beating using a 180ngitudinal and transverse mode spacings. Also shown in
cm cavity. For this nondegenerate cavity, and v, were  Fig. 7(b) is a calculated ring-down signal based on Edgl).

83.4 MHz and 66.1 MHz, respectively. Figure 7 shows twoFor this computation, beating between a pair of transverse
ring-down signals measured using this cavity and themodes separated bj(m+n)=1 was assumed, and the
Littman-oscillator-based Ti:AD5 laser. With the detector amount of coupling into each of these modes, as well as the
unobscured, a succession of damped pulses, separated by ttegree of nonorthogonality between the modes, were ad-
round-trip time of 12 ns was observgdig. 7(a)]. Superim-  justed to give a good representation of the data. Given the
posed on the data is a ring-down signal, calculated using Eaqqumber of parameters in the model, nonidealities in the laser
(21), where we have assumed a transform-limited pulse wittand photomultiplier response and the complicated temporal
Avewym=135 MHz. Data obtained for this cavity with the structure of the signal, agreement between the model and
detector partially blockefFig. 7(b)] show clear evidence of experiment is quite good.
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The observations of mode beating in the all cavities atwould also be realized best by building relatively short, de-
the predicted frequencies, coupled with observations of thgenerate cavities. Such a configuration would result in the
TEMy, and TEM,), eigenmodes for the “short” magic num- excitation of a family of degenerate modes all about a single
ber six cavity, demonstrate the existence of transverse arfdequency, thus relaxing the stringent demands on transverse
longitudinal modes within empty ring-down cavities. Thesemode matching into the cavity which would be otherwise be
measurements also demonstrate that even when the cavityrisquired.

“long” the observed signals are still interpretable in terms of In order that the potential of cavity ring-down spectros-
the cavity mode structure and stable resonator theory. copy be fully exploited, it is undoubtedly important that the
practitioners of CRDS consider the underlying physical prin-
ciples. It is in this context that we have offered the foregoing
analysis. To those already experienced with the technique,

In this paper we have presented an analysis of the timéhis exposition might clarify any ambiguities which may
and frequency dependence of the signals observed withave existed. To the new users of CRDS, we hope that this
empty cavities based on stable resonator theory. Many prévork will complement the existing body of literature on the
dictions of this analysis were experimentally verified. Fromsubject and perhaps help to motivate future investigations.
this analysis, we conclude that regardless of the cavity Note added in proofSubsequent to submission of this
length, ring-down cavities sustain well-defined modes andnanuscript, Zare and co-workers have reported experiments
are therefore inherently frequently selective. However, wher@nd an analysis comparable to and in good agreement with
considering time-averaged data, mode effects may be obfu#e findings reported herid. Martin, B. A. Paldus, P. Zal-
cated by the use of unstabilized cavities or poor mode matchicki, E. H. Wahl, T. G. Owano, J. S. Harris, Jr., C. H.
ing. Thus, as discussed by Zalicki and ZAsmectral distor-  Kruger, and R. N. Zare, Chem. Phys. L&88 63(1996); J.
tion could result and caution may be necessary inMartin and R. N. Zaréprivate communicatioy.
interpreting ring-down spectra.
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