JOURNAL OF APPLIED PHYSICS VOLUME 91, NUMBER 2 15 JANUARY 2002

Spatial-domain cavity ringdown from a high-finesse plane
Fabry—Perot cavity

Jae Yong Lee, Jae Wan Kim, Yong Shim Yoo, and Jae Won Hahn?®
Division of Optical Metrology, Korea Research Institute of Standards and Science,
P.O. Box 102, Yusong, Taejon 305-600, Korea

Hai-Woong Lee
Department of Physics, Korea Advanced Institute of Science and Technology,
373-1 Kusong-dong Yusong-gu, Taejon 305-701, Korea

(Received 1 June 2001; accepted for publication 15 October)2001

We investigate the optical transmission of a tilted plane Fabry—Perot cavity leading to spatial cavity
ringdown, the exponentially decaying intensity output present along the transverse spatial
coordinate. Primary features of the spatial cavity ringdown are theoretically predicted from the
spectral and spatial cavity transfer function which is derived analytically on the combined basis of
ray optics and diffraction theory applied to an ideal diffraction lossless cavity of one transverse
dimension. Spatial frequency filtration by a narrow Lorentzian-shaped cavity resonance is shown to
play key roles on the spatial aspects of transmitted beam profiles. Our theoretical formulation is
further extended to the case of wedged plane Fabry—Perot cavities. The experimental observation of
spatial cavity ringdown signals exhibits an excellent agreement with the theoretical prediction.
© 2002 American Institute of Physic§DOI: 10.1063/1.1425443

I. INTRODUCTION vantageous features from the spectroscopic standpoint as
o . _well as high sensitivity inherited from the conventional CRD
Cavity ringdown(CRD) refers to the transient of cavity technique; the fact that the SCRD signal is persistent in time
photon decay that occurs subsequent to the interruption Qfjong a spatial coordinate allows particular merits. Broad-
optical excitation of a cavity. The time rate of such decay,pgng implementation is readily compatible by incorporating
being proportional to the total cavity loss, provides a sensiy gigpersive element with a two-dimensional array detector
tive measure of quantifying the amount oflloss attribuf[ed 19n series to obtain frequency-dependent SCRD signals in a
the cavity itself and to the sample when introduced in thegingle-shot fashion. This broadband capability would be par-
cavity. The principle of cavity ringdown Spectroscopy cylarly promising forin situ spectral measurements in-
(CRDS takes advantages of this unique detection schemgq,eq” with industrial process control and environmental
measuring the ringdown time, i.e., the decay constant of &5 itoring. In addition, the SCRD technique can be realized
cavity ringdown signal that decreases exponentially in fime. yithout the need for fast and sophisticated control mecha-
During the last decade there have been widespread CRRsms such as a cavity-lock servo, a cavity dither circuitry, a
applications, and a number of_rl110vel variations have emergel gt |aser turn-off driver, and a rapid cavity excursion proce-
for advanced implementatiofis.* Among them is the real- e that are indispensable for the conventional CRD tech-
ization of the CRD technique in “spatial” domain rather than nique using cw lasefs1° Data acquisition is made more
in “time” domain,** which features a new optical arrange- fficient through time-averaged cw detection, even with the
ment using a plane Fabry—Pe(BP cavity in combination ;se of jow-grade slow detection systems since the SCRD
with a narrow, collimated cw laser beam in oblique incidenceigcnigue does not rely on the repetition rate and the dura-
as Fig. 1 illustrates. The heart of spatial cavity ringdownyjop, of transient CRD events. Such less-demanding technical
(SCRD signal generation is, in a crude sense, very muchqayration for producing and detecting CRD signals
analogous with the principle of the CRD technique thatghgyiq allow an extension of spectral coverage of the CRD
works with a geometrically stable cavity _to have transm'tte‘_jtechnique. Previously, the feasibility of the SCRD technique
wave components undergo a constant time delay and an ify,g peen verified in part through the numerical simulation
tensity decrease at each cavity round trip. A PFP etalon in thg, 4 qemonstrated successfully in a preliminary experirtfent.
SCRD setup functions similarly, but produces the lateral dis- |, this article, a rigorous theoretical underpinning is pre-
placemgnt and the intensity drop qf the cor?sechiver O0UlY0zanted for the SCRD transmission. The spectral and spatial
ing multiple beams along the spatial coordinate instead. Thgansfer function of an ideal diffraction lossless cavity with
decay constant of a SCRD signal is found to associate digne transverse dimension is derived analytically on the com-
rectly with the total PFP etalon loss containing a samplé,ineq pasis of ray optics and diffraction theory. Aspects of
inside, which implies a potential of the SCRD concept forgnayia| frequency filtration through a narrow Lorentzian cav-
chemical sensing applications. Moreover, the SCRD adds aqify resonance mode clearly accounts for the primary SCRD
features including: the exponential decrease in spatial inten-
dElectronic mail: jwhahn@kriss.re.kr sity distribution, the ringdown distanddecay constaintthe
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Propagation optical filtration that affects both the spectrum and particu-
Direction . . .
i larly the spatial shape of a transmitted beam while only the
spectral transmission function has received much attention so
\ T . far. The theoretical description will extend to include a
ransmitted Beam

«_Intensity Profile wedged PFP cavity transmission. Preserving the essential
A physics equivalent with that of the previous work based on
the waveguide theors?*° our theoretical formulation is ap-
proached in a straightforward fashion without converting the
Fabry-Perot \ L —2rcose problem into a waveguide geometry. It is also worth remark-
Etalon z ing that the PFP cavity configuration we consider here in-

cludes only a PFP cavity itself for finite-size diffracting beam

: 7 ¥, = 2Lsing . inputs, which is obviously different from the usual PFP in-
0 Tf%r:fg:tzﬁ terferometric setup in which a diverging beam source and a
{ E focusing lens are incorporated to form ring-shaped Haidinger
— fringes in the far field.

Intensity Profile A. Derivation of PFP cavity transfer function in the

FIG. 1. Optical configuration of a tilted plane Fabry—Pe{®EP cavity SCRD geometry
producing spatial cavity ringdow(SCRD) output. Focusing on the essential of a tilted PFP cavity transmis-
sion, the theoretical formulation will be worked out for a

. . . simplified situation as depicted in Fig. 1. A one-dimensional
transmitted beam intensity, and the effects of frequency de- P b g

tuning. Theoretical consideration is further extended to the(lD) beam with its transverse profile along theoordinate

case of nonparallel cavity mirror alignmefwedged PEP propagates in the positiedirection toward the cavity. Con-

cavity) and the deviation of SCRD profiles to nonexponentialSlder a PFP cavity com_prlsn;g fwo parallel_ mﬂmte_plang mir
) . : . . ! rors with reflectanceR=|R|* and transmittancd =|7 |,

decays is examined by a numerical simulation. Finally, the . ) L :
. - . , separated by the distante The configuration is made a bit

theoretical predictions are experimentally confirmed by ob-

serving the SCRD signals from a tilted PFP cavity. general to cover the SCRD geometry in which the cavity

It should be mentioned about the theoretical l‘ormulationmlrror planes are tilted by from thex axis on thexz plane,

to treat the PFP cavity transmission that our approach take"f"lIIOWIng for the oblique incidence of an input beam equiva-

here is distinctive from the previous ones based on the res intly. The PFP transmission process would then invelye

. e intracavity reflections producing multiple transmitted
nator theory and the modal analySisive give focus on the beams with different propagation distances and different lat-

spatial transformation of a transmitted beam. The existin i - : ' .
theories that have been developed for the stable Cavitigesral walk-offs(ii) the diffraction of a beam propagating back

comprising spherical mirrors cannot be applicable to PFFgnd forth inside the cavity, andi) the multiple beam inter-

TSR . . _ference at the cavity exit!
cavities with which transverse modes are no longer permitte : - .
. ) 2 . Based on the theoretical model combining the geometri-
because of their unstable resonator configuration; any dif-

. . . LS . . cal and wave optical aspects aforementioned, the resultant
fracting beam in a PEP cavity blows up in size during CaV'tyﬁeld observable after the exit mirr@zp(X;z) is expressible

round-trips. Even the numerical work done for finite-aperture : . ) .
. . . A7 as the sum of all spatially overlapped optical fields leaving
PFP resonators suffering diffraction 16%s' is inadequate o
. . PR the PFP cavity:
for our purpose to isolate the physics of spatial filtration due
solely to the beam propagation and the interference in a PFP *
cavity itself. Thus a new theoretical formulation is attempted ~ Erp(X;2)= > T?R2E(x—nx ;z+nz), 1)
. ! . . . . n=0
in this study through a direct integration of the multiple
beam interference and the diffraction, excluding the diffrac-where E(x;z) is the electric field of an input beanx,
tion loss by assuming an ideal PFP cavity with a sufficiently=2L sin 6 the lateral displacement of a beam at each cavity
large aperture so as not to truncate the diffracting beams. round trip, z,=2L cosé the optical path length difference
between the consecutive beams, anithe number of round-
trips taken by the field components. The fi&x;z) is pref-
erentially set to be a plane wave in a given initial intensity
An intuitive description of the optical transmission profile atz=0 where the PFP cavity’s entrance mirror is
through a tilted PFP cavity can be made readily by a directocated. Then it undergoes a distortion in both the amplitude
account of multiple beam interference between the diffractprofile and the phase front because of the diffraction as the
ing beam components in cavity round-trips, where the dif-beam propagates over the distancez.of
fraction theory and the geometrical optics are involved. With  In order to treat the diffraction of a propagating beam,
the aid of Fourier relation, analytic expression for the cavitythe angular spectrum propagation metifdshsed on the first
transfer function is then derived with respect to both theRayleigh—Sommerfeld diffraction formula is applied to
wavelength(or the optical frequendyand the spatial fre- specify the optical fieldE(x;z). The theory is generally valid
quency (or the angular spectrum componemf an input over the region covering from near to far field. Given the
beam. One can thus regard the PFP cavity transmission as titial field distribution E(x;zy) along thex coordinate on a

IIl. THEORETICAL FORMULATION
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particular plane az=z,, the field distributionE(x;z) at z
>z, can be explicitly determined from the transfer equation
that is defined in the spatial frequency domaky)(as,

E(ke;2)=H(k;z2—20) | E(ky;20), )

where H(kx;z)|k=exp[iz\/k2—kx2] is the transfer function
for free space propagation of a monochromatic light beam
with the wave numbek=w/c=2=/\. Here the Fourier
transform relation given by

(in unit of 2r/Zz)

Wavenumber Detuning, k-K,,

E(x;z)=%f dk, E(k,;z)exdik,x], (3

is used to directly associate the spatial field distribution
E(x;z) along thex coordinate to the spatial frequency spec-
trum E(k,;z), which can be interpreted as a plane wave
component having the direction cosine vector (€ps0svy)

=(k,/k, k,/k) wherek?= k>2<+ kg. This suggests that a pure FIG. 2. Spectral and spatial transmission resonance of a tilted PFP cavity

diffraction of a beam may be regarded as a linear, dispersivﬁitg feS%“ance ordem’s around N=20 0_0$y _anch ;lhe tilt angle 0;9_
e .. . =10 mrad. Exact resonance contours satisfying @yare represented in
spatlal filter of finite bandWIdthKX k) solid lines along with adjacent contours of finite detuningsn= +0.1) in

By taking the Fourier transformiEg. (3)] of the PFP  otted lines.
cavity response in Eq.l) followed by substituting the dif-
fraction formulalEq. (2)] into it, one could obtain the result-

ant transmission SpeCtrUE'FP(kx;_Z) for z=z,+L, relating  wherem is an integer. According to the resonance condition
the input and the output fields simply as given by Eq.(6), the resonance transmission contours in the
two-dimensional2D) space ok andk, are thus found to be

Spatial Frequency, k.
(in unit of 2n/A,)

Ere(kx;2) =Hep(Ky;2—20) |k E(Kx;20), ) hyperbolic curves specified by
whereﬁFp(kx;z)|k is found to take the analytic form given K2 (k4K sing)?
by K™ (Kncosp? - @
2 H 2 2
Pk, :2)| = 7" exfizVk™— k] (5)  Where we took an abbreviation fdty,=(27m—2¢g)/2L.
FR o2k 1—R2eXF[i(Zr\/kz—kxz—erx)]’ The wave numbeK,, simply implies themth resonance

wave numbeK ,=2m/\,, that would hold for an ideal 1D
longitudinal Fabry—Perot cavity of length. Spectral k)
‘and spatial k,) transmission windows of a typical PFP cav-

where 7= \T exf{i¢7] and R= VR exfligr]. The above ex-
pression is the transfer function of a PFP cavity for a mono

chromatic beam of the wave numblenwith its spatial fre- . 416 displayed in Fig. 2. Resonant transmission occurs
quency components & . The PFP geometry introduces a oy for input beam components having the wavelength and
transfer functionHgp having peculiar properties: originating the spatial frequency that could both fall within the narrow
from the cavity multiple reflection and the multiple interfer- region in the vicinity of such resonance contours. Hyperbolic
ence other than pure diffraction, the PFP transmission feaesonance contours have their apexes periodically positioned
tures simultaneous linear spectré<»/c) and spatial Ky)  atk=K,, in the spectral directiok with a period of 2r/z,
filtration within the bandwidth limitk,<k. Unlike the trans-  and their symmetric axes shifted byK,siné along the

fer function H(ky:z)|x accounting for diffraction only, the direction of spatial frequenck,. The width of resonance
filtration done by Hex(ky;2)|x accompanies not only the contours becomes narrower as the finegserR/(1—R)
phase dispersion but also the modulus attenuation of an inpgf a PFP cavity increases. To get an appreciable transmis-
beam. It is also noted that the PFP transfer functiorsion, the input beam frequenay=ck must be retained at
He(ky:2) | is independent of the choice for the position of a@ny one of the resonance frquencies within the detgning of
PFP cavity entrance along teaxis between the input beam = ©—o(m) less than FSRF, with FSR=2mc/z; denoting

plane atzy and the observing plane at the free spectral range of a PFP cadity”
A transmission function along spatial frequericycan

be obtained as shown in Fig. 3. Given the frequercy
=ck of an input beam, the transmission curve is directly the
cross section of the contour surface|bf-? in Fig. 2, cut

Due to the phase facta¥ of the exponential in the de- along the line in the direction of spatial frequency. For high
nominator ofHgp in Eq. (5), the PFP transmissidriﬂ rd2in  finesse of a PFP cavity, sharp transmission peaks exist in a
the form of Airy’s function imposes a resonance transmissiors€ries to both sides of a relatively broad transmission win-

B. Spectral and spatial filtration in a PFP cavity

condition given by dow that results from the apex of a hyperbolic resonance
s contour. The peak width and the separation between adjacent
0=z K =K, =X K+ 2pr=2m, (6)  peaks are decreasing as a peak goes away from the broad
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N (a) 0--0.03 FSR tic spatial filtration especially for an input beam chosen to
5 ] have a finite incidence angle. This offers a naive physical
g 051 background of SCRD, which will be discussed in complete
8 J { detail in the following section.
= 0.0 L . A J A l
0.02 -0.01 0.00 0.01 0.02
8 10l (b) Q=0 . . N
E : C. Physical background of spatial cavity ringdown
E 05 When a PFP cavity is tilted from the normal incidence of
8 L J\ an input beam propagating along thexis, the transmitted
"~ 00 v T output is far more spatially filtered than it would be with the
0.02 -0.01 0.00 0.01 0.02 - L ;
o : —_ normal incidence. This is because the transmitted beam
% 1.0{ (€) : 2=+0.03 would see a narrow resonance peak arokrd0 in a tilted
.E cavity rather than a relatively broad resonance band for the
g 0.51 normal incidence. Since the transmission peak becomes a
= | J.( sharp Lorentzian for a high-finesse cavity, the output beam
Ry .0.01 0.00 0.01 0.02 should have a spatially broadened profile in an exponential
Spatial Frequency k_(in unit of 2r/A) decay regardless of the shape of an input beam on the con-

dition that the input beam is sufficiently small in size. Such
FIG. 3. Tilted PFP cavity transmittance as a function of spatial frequencygp exponential decay a|ong the spatial coordinate of a cavity
(ky) at a given wave numbet. The transmittance curves are obtained by _ .. . . . . 12
taking sections of the PFP cavity transfer function along the three constamqXlt will be referred, to aspatlgl cavity n_ngdowr(SCRI)
values of the wave numbdr=w/c with detunings of(a) Q=—0.03FSR, throughout this article. The time domain analogy of the as-
(b) ©=0, and () ©=0.03FSR from the resonance of the order  pect can be found in the Fabry—Perot cavity response under
=20000, respectively. A PFP cavity with the mirror reflectivityR®0.9  pulsed laser excitatioff. 28
and the tilt ar?gle ofg=10 mrad Was_co_n3|dered for the cglcula_tlon. Note Although a crude argument using geometrical OptiCS
that the location of a sharp transmission peak ngar0 drifts with the L
detuning. could support the principle of SCRD to some extent, a com-
plete treatment is only possible on the basis of wave optics,

with which both the beam propagation and interference of

transmission window. When the input frequensy- ck de- multiple beams could be Faken inFo account. physically.
tunes from resonance, the series of peaks moves either Od—t[enc.e tEe SCRD concept is eStébl'Shed frpm the transfer
ward or inward with reference to the transmission window,function Hee(Ky ;L) [ we have obtained for a tilted PFP cav-

depending on the sign of detuning. The width and the sepe{ty. Resonance transmission in a tilted PFP cavity is permit-
ration of peaks changes with the detuning as well. When théed for

detuning becomes an integer multiple of the cavity FSR, the 2 N
transmission curve is identical with the original. As for the  F_yk,;L)|, = T oItV , (8
broad transmission window, the effect of detuning is quite 1-R2exgi(z,Vk2—k2—x.ky)]

different from that for the transmission peaks. With a posi-,_, . v i
tive detuning, the transmission window is reduced in the centEaklng the phase factai=z, Vk™— K= Xk, +2¢r that sat-

tral transmittance but deforms dramatically to produce satel'—Sfles themth order resonance condition igt=0 given by
lite peaks going outward on both sides. A negative detuning,  &g|c=2zk+2¢g=2mmr, 9
on the other hand, simply results in a shrunken transmission. . .
window with lower trair?l;/mittance and narrower width. In W',th the propelrly assigned paranlem2wlhm. For high
contrast to the transmission along spatial frequency, the speflirTor reflectivity R close to 1, theHga(ky;; L) becomes a
tral transmission function for a beam component of a giverfoc@lized function in the narrow region ok,<1 and
spatial frequenc, is rather plain in its behavior. Transmis- 9(K«)|k— dolk=<1, which is true wher{d5(k,)|i/Ky]o#O.
sion peaks of equal width are periodically located with sepa!l the vicinity of the resonance &,=0, the phase factor
ration of FSR=27¢/z, . Depending on the spatial frequency, 5(ky) |« can be expressible with the first order expansion,
the periodic transmission peaks simply shift either forward 98(Ky) |
or backward without changing their structure. S(ky) k= Solk+ ok
In effect to the spatial frequency dependent transmit- X
tance clearly shown in Figs. 2 and 3, a transmitted beam igrovided that the conditior,>z,|k,|/k is satisfied to make
filtered in spatial frequency and thereby deforms in its spatiathe above linear approximation hold. The condition must be
profile. Such spatial filtration involved would certainly alter met within the entire region of interest wherdk,
the aspects of the PFP cavity transmission that has been usk-A §,./x, over which the transfer function does not vanish.
ally treated along the longitudinal direction oARWith the  The condition is thus rewritten cooperatively ag
higher finesse of a PFP cavity, the resonance transmissiodz A 5,./k or as, in more practical terms,
structures would become narrower and well isolated from the

other adjacent resonance transmission. Mediated by a reso- AM1-R)
- - L Oi>\ —5— (17
nance transmission peak, the transmission will induce a dras- 2@l

:| kX% 50k_ Xr kX y (10)
0
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by estimating the extent oA 5,5 With ~27/F=2m[(1 i
—R)/7myR]. The transfer function can then be approxi- }
mated near the resonancekat=0 as

Transmitted Beam

. AAM NT
T EXH:I (kL+ ZQDT)] )«:Og,-‘xl_:?x2 Iy '/fx4 ......

HFP(kx;L)|k%

" [ A .
1-Rexd — IerX] Wedged | | 1y
Fabry-Perot Etalon

_ Texgi(kL+2¢7)]
 (1-R)+iRxk, ’

and this readily leads to a Lorentzian transmission function
for intensity given by

(12)

- (T/%,)?
. 2
41 X X

. L . FIG. 4. Optical try of a tilted PFP cavity with llel mi
The Lorentzian-shaped transmission in the spatial frequencgdignment ptical geometry of a tite cavity with nonparafiet mirror

domain implies, by Fourier transform relation, the transmis-
sion output with an exponential decay profile on the spatial
coordinate. This is what we call spatial cavity ringdown
characterized by a decay constagtx,/2(1—R) which is  planes of cavity mirrors are wedged byThe lateral profile
equal to the inverse of full width at half maximuf@WHM) shift on thex coordinate and the phase delay between adja-
linewidth y(um=2(1—R)/x, of the Lorentzian transmission cent outgoing beams are therefore no longer preserved as
function. constants. The nonstationary condition exerted on the spatial
The generation of SCRD signals through spatial filtra-features along the lateral direction does not allow the spatial
tion might be invoked alternatively from the argument basedrequency arguments to be valid.
on geometrical optics. From EL) we could roughly expect Lacking in any transfer function for a nonparallel PFP
a ringdown intensity profile along the spatial coordinaten  cavity, we still have a way to deal with the problem. By
the condition that the influence of diffraction does not seri-taking advantage of the theoretical formulation developed in
ously alter the physics involved. A tilted PFP cavity func- the spatial domain, we can resort to the numerical technique.
tions so as to produce the lateral displacement and the intefkecalling that our approach combines the geometrical and
sity drop of consecutively outgoing multiple beams asthe wave optical aspects of a PFP cavity, the nonparallel PFP
depicted in Fig. 1. The intensity of an outgoing beam com-cavity can be numerically investigated based on the formu-
ponent aftern round trips diminishes ad«|,R?>"~|, lation modified from Eq(1) as
Xexg—2n(1-R)] and the laterally walks off byx=nx;
=2nLsing. On this account, the cavity output will follow
the spatial dependence of ¢x2(1-R)x/x,] and the decay
constantsy of such profile can be readily predicted as

Erex;L)= >, T?R2E (X—Xq;L+2,), (15)
n=0

X, L sing whereE, (x;2) is the diffracting field of a propagating beam
= = , (14  atz imposed with a wave front tilt by the angle oh2, x,
2(1-R) 1-R the lateral shift of thenth outgoing beam with reference to

which will be called ringdown distance hereafter. the input positionz, the optical path length of theth out-

going beam with reference to the cavity entrance, arbe

number of round-trips of a propagating beam. As in Fig. 4,

illustrating the wedged PFP cavity with a virtual pivot point

of extended mirror planes that is introduced for easier geo-
Nonparallelism of the cavity mirror alignméfif®is one  metrical calculationd-32the lateral profile shifk, atz=L is

of the common experimental defects likely to occur in prac-obtained analytically as

tice and might give rise to much difference between the the-

oretical expectations made for an ideal PFP cavity. L
The convenience of a transfer function in terms of spa- *n~ gne

tial frequency is, however, no more available with such non-

parallel Fabry—Perot cavities. Such a transfer function doewnhich is approximately 8L(6+ne) for small angles, and

not exist owing to the fact that a non parallel PFP cavitythe propagation distancg, at z=L is derived to be

would successively produce the outgoing beams with a spa-

tial frequency being deviated from the initial spatial fre-

quency component with the increasing number of cavity re-

flectionsn. As illustrated in Fig. 4, the propagating beams

would undergo wave front tilts byr: and extend its dimen- which can be reduced ton2.(1+ née +4n?¢2/3) in a small

sion on a specifie plane by the factor of 1/co3i2 when the  angle approximation.

Sq

D. Theoretical treatment for a misaligned PFP cavity
with nonparallel mirrors

cosé
cog #+2ng)

1], (16)

cosftan( 6+ 2ne)
tane

tane cosé#

1, @7

sing 1 )
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2

I1l. NUMERICAL INVESTIGATION OF SPATIAL CAVITY g 2.0x10" -
RINGDOWN: PFP CAVITY TRANSMISSION 3 1 5x10°2 ;;i‘”
SIGNALS WITH OBLIQUE BEAM INCIDENCE ﬁ ' g”l 1 i l l l l 1
] ) @ 1.0x10% R 3.00 0.01
A. Basic spatial and spectral features 5 Spatial Frequency (2r)
£ 5.0x10°]

Typical ringdown signal profiles were simulated in the 2 00 (@
spatial domain by the direct numerical calculation of o .0 5 0 15 20 25
Ee(X;L)=27_T?R*E(x—nXx, ;L+nz) presented in Eq. g o0 £ 10
(1). The diffracting optical fieldE(x;z) was numerically cal- £ 2.0x10°] £os l 1 l l I ’ 1
culated by using the first Rayleigh—Sommerfeld diffraction 3 ool L s 6

@ . . :
formula, given the initial transverse beam profile of a mono- Té 1.0x10° Spatial Frequency (2«/)
chromatic input az=0. For the following numerical simu- S (b)
lation, a simple model for the diffracting beam inputs was 0'2 )y 5 10 15 20 25
chosen with a monochromatic super-Gaussian beam *g 3.0x10 5o

. H @ § ‘

E(x;2)|y in the form of £ 00 o l l l l H
In2/ x 2q E A Y o‘.o‘o 001

E(x;z)=A(X;z)exp — > W exfdikz], (18 g 1.0x10°] Spatial Frequency (2x/)

g . (©)
wherew,,,=D/2 is the half width of an input beang the 0 5 10 15 20 25
order of super-Gaussiark=w/c the wave number, and Distance (mm)

A(X;z) the complex amplitude variation caused by the dif-

fraction of a propagating beam. The input beams are aéEIG. 5. SCRD signal generation in a tilted PFP cavity by using Gaussian
. . E)eam inputs with frequency detunings. The transmitted spatial profiles are

_sumed to locate its waist gt the entrance face of the PFE .t ihe frequency detunings @ Q =0, (b) 0= 0.05 FSR, andc)

interferometer az=0 by letting A(x;z,) =0. Note that one g —0.5FsR. In the inset of each figure the transmission curve of the tilted

might alternatively use the analytic soluti@(x;z) in the  PFP cavity(solid) and the input beam distributiddotted are depicted as a

spatial domain for a Gaussian beag=1). For higher order function of spatial frequency. The results shown here are for a 10-mm-long

’ . . PFP cavity comprising mirrors of the reflectivig/=0.99 with the cavity tilt
super-Gaussian beamgx 1), one can resort to the numeri angle of §=5 mrad, illuminated by a Gaussian beam input at the wave-

cal calculation for botE(x;z) and E(ky;z) based on the length of 632.8 nm having the FWHM width &=1.0 mm.
diffraction formula given by Eq92) and(3). However, most
of our analytic discussion in this article will be made with a
Gaussian ¢=1) input whose spatial frequency spectrumfunction of spatial frequency for each detuned input beam.
|E(Kky;20)|? is easily available afEg|? exd —(D%4In 2)C]. The input beam wave numbér=2=/\ was reassigned to

In fact, further constraints must be satisfied for SCRD: the nearest resonance wave numkgg=2m/\y so that

the dc spatial frequency componeri,€0) of an input

Yearm) < Akxin) < T trm) (19 beam can be resonant with a tilted cavity by satisfying the
(i) the linewidth ym=2(1—R)/x, of a Lorentzian trans- condition kmz +2¢r=27m where R=Rexp{¢r) and
mission peak must be much narrower than the spatial frean integerm. Then the frequency detuning of the beam
quency extentk,(,=4In 2D of an input beam, generating was defined by} = — wm) With ()= Cckm) -
a genuine exponential decay signal regardless of the shape of As shown in the each inset of Fig. 5, the input beam
an input beam, andii) the spacing between the adjacentdistribution (dotted is centered at dc spatial frequendy (
transmission peak of next ordél, = Vk?sif6+k(2=/L) ~ =0) and has a finite spatial frequency extent in the Gaussian
—ksin # must be marginally wider in order for an input beam shape which is inversely proportional to the width of the
not to be resonant with more than one transmission peakfput beam. On the other hand, the center of the spatial fre-
otherwise multiple exponential decays accompanying spikf@uency transmission curvgolid) is shifted fromk,=0 in
interference fringes will result. The constraint specified inthe presence of cavity tilté and locates atky
Eq.(19), would readily yield the relations between the cavity = —0.00327/\] where a broad transmission band is sup-

tilt angle 6scrp and the input beam siZ@ given by posed to appear and disappear with the detuning. Instead, the
first transmission peak is positioned at dc spatial frequency
ﬂ(g) < SiN Bernr T E) (20) (ky=0) in the case of zero detunirfg=0. As the detuning
4In2\ L SCRD=gn2\ L) increases, the transmission peaks move outward from the

center and this in turn gives rise to the change in the overlap
feature between the input beam spatial frequency distribution
Figure 5 shows the results obtained for the intensity proand the first transmission peak.

files of the SCRD signal generated using a detuned Gaussian It is notable that the consequence of multiple beam in-
(q=1) beam input and with the following simulation param- terference of diffracting beams in a PFP etalon does not play
eters: cavity lengthL of 10 mm, mirror reflectanc&k of  a serious role in the exponential decay feature which is ex-
0.99, cavity tilt # of 5 mrad, input beam wavelengthat  pected roughly from Eq1); despite the diffractive distortion

632.8 nm, and initial beam siZ2 of 1 mm in FWHM. Using  occurring at each individual outgoing beam component in
Eq. (5) the cavity transmission curves are also plotted as antensity and phase profile, a smooth decay of a SCRD signal

1. Exponential decay profiles
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is obtained if the input beam diameter is greater thanThe

. . . 8 go0]@
decay has been verified to be a single exponential decay 2
through a numerical curve fit when the input beam is reso- é ’g 5.000_//
nant with the tilted cavity. As the input frequency is detuned § =
from the cavity resonance, the onset intensity of a decay part g 4.0004

decreases and a transient peak begins to manifest at the sig- 005 006 003 0b0 0ba 006 o069
nal forefront. Still the decay envelope following the transient

. . L . . Frequency Detuning (FSR)
peak is an exponential decay but with a ringdown distance

deviated from that in case of resonance. When the detuning . 0.020 (o) —— Signal peak
goes beyond a certain threshold toward antiresonance, a &g 0015 e Docay maximum
transmitted signal merely contains a diminished transient ﬁ £ 0.010]
peak without any decaying part. k| % 0.005]

Since the SCRD profile is directly the Fourier transform 2<

of the transmitted spatial frequency spectrum, the SCRD fea- 0.000 e
tures can be inferred in the context of how the cavity trans-
mission curve overlaps with the spatial frequency distribu-
tion of an input beam. When the transmission peak locate§!G. 6. SCRDd beh_aviotrsb with t?ﬁ frgquengy detqnfg_doeitweer}o a cavity
exactly at the center of the spatia specirum of an e _[ss14% 4 & bput b, The debencence b Sopoym e g
Fig. 5@)], a smooth exponential decay signal is obtaine here the solid line represents the peak intensity of a SCRD signal and the
with maximum signal. With a frequency detunifigee Fig. dotted line the onset intensity of an exponential decay envelope. The results
5(b)], the cavity transmission is attributed by the Lorentzianshf?wn_ her; a(;Eggor _ahlo-mnj-lor_}g PF:D cr;vitxé comdpri_iing_mirrzrz of the
peak transmission producing an exponential decay signal arjglectvity R=0.99 with a cavity tilt angle ob=5 mrad, illuminated by a
the residual transmission permitting a transient peak profiIré,%;:ﬁs(';firg)Eef?g1 n:r:r?ut at the wavelength of 6328 nm having the FWHM
at the signal front. Because of the reduced coupling of spatial

frequency components through the Lorentzian peak, the in-

tensity level of the decaying part is lower than that in the

case of resonance. The transient peak is the consequence oi/aere the effective lateral shi,q)=X; +X{Q¢sr/sin g and
whole spatial spectrum transmission of an input beam that ithe resonance spatial frequen&yqy=2mQrsr/X, have
achieved by the nearly flat residual transmittance of a cavitppeen found.

spanning over the entire spatial frequency region. Above a For positive(negative detuning, the transmission peak
certain frequency detunirgee Fig. &)], only a small tran-  shifts to higher(lower) spatial frequency and the peak width

sient peak profile remains because of the absence of the coiets narrowedbroadenell Within the extent of the spatial
tribution from the Lorentzian peak transmission. frequency distribution of an input beam, a shifted transmis-

sion peak still permits a ringdown signal but with the ring-
down distance which is different from that at exact resonance
owing to the change in the transmission peak width. The
analytic prediction for such ringdown distance variation can
be obtained directly from the resonance width of the detuned
Examining the ringdown signal profiles, the variation in transmission peak given in E€1), which leads to
ringdown distancesy and ringdown signal intensity was .
o . . L sing
guantitatively assessed as changing the frequency detuning Suia)=
Q) as shown Fig. 6. In the presence of detuning, the ringdown (1-R)
distanc_e reveals a qleviation from the theoretical predi_ction An alternative explanation can be made with terms a bit
Sa=L sin#/(1—R) which has been deduced on the basis 0fmore geometrical: a finite-size beam having a geometrical

gfeometrlcal_oppcshanft_j foun(;j to be |d9nt|c_a| W'_It_rr'] th; resu"incidence angl® actually consists of spatial frequency com-
of wave optics In the first order approximation. The ISCreIO'ponents distributed within a certain extent, or equivalently,

ancy is found to be proportional with the frequency detuningbeam components of different propagation directions around
as long as a ringdown signal contains a part that exponea%{;

Frequency Detuning (FSR)

2. Spatial and spectral behaviors with the frequency
detuning

2L sinfo

ally d h for this d ing d q e incidence anglé. The detuned cavity is then more reso-
t!a y decays. The reason for this detuning €pendence Hant with a beam component at a different incidence angle
ringdown distance can be inferred by the transmission pe

. - . ther than that at the original incidence angleThus the
structure of a detuned cavity and the finite spatial frequency, ., component at an incidence anglebfis selectively

distribution of an input beam. By using Ed9) and(10), the transmitted to result in a ringdown distance G,
transmission function for a frequency detunin@ =L sin¢'/(1-R)

=Qrsd FSR] in terms of FSR=27¢/z, can be derived from

modifying Eq.(13) to read The detuning-dependent ringdown signal takes place in a

certain range of frequency detuning as shown in Fitp),6

B (T/%; ()2 which is determined primarily by the size of an input beam
[Hea(ky ;L) |2~ 12(1=R) 2r( ) , (21) D, or alternatively the spatial frequency extexi,;, . The
== 7 +(kx—kx(n))2 resonance interval oflggg can be estimated fromk, iy
4 XI’(Q) :kX(Q):ZWQFSR/Xr , which reads as
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4In2 Lsing 2 0.016 — 3 0.020 (T
AQZT D [FSR]. (23 2 oot @ =+10pad | ot6 (@) e=10ra
B 0.008 0.010
Another important feature to be noted is the redshift of the —E 0,004 0,005
resonance center. As implied by E@1), the Lorentzian 2 0000 0.000
transmission peak becomes broader in linewidth for the 0 5 1015 20 B 0o 0 5 1015 20 B
negative detuning, allowing more coupling of the spatial fre- 2 0'012 (b) £=+15 prad 0'015 (b) =15 prad
guency components of an input for transmission. The trade- £ '
. . . . . B 0.008 0.010
off between the widening of the transmission window, 8
Yrmy=2(1=R)/[ X, + X Qsr/sing], and the decrease in the £ *%* 0005
; ; ; Z 0.000 0.000
intensity of spatial frequency componentsl,kx(m)oc 6 5 10 15 20 25 6 5 10 15 20 25
exp[.—(D2/4In 2)(2mQesr! X, ) 2] with negative detunings, de- & %% oo mad] 2% ) 7=20 mad
termines the resonance peak detuning to appear at £ 0012 0.021
L n23 2| 2 }\ § 0.008 0.014
si / n 2 5
= 3 1—/1— 7 F}[FSF\’] (24) ZE 0.004 0.007
0.000 0 5 10 15 20 25 0.000 0 5 10 15 20 25
In2 ( )\L) [FSR] ¢ \<D sin 8 (25) Distance (mm) Distance (mm)
~——% =7 or <D SInd,
m \D FIG. 7. SCRD signals from wedged PFP cavities using a small-size input

. . beam. On the left column are the SCRD signals for the positive wedge
where the dependence on the cavity tilt angleould be angles of(a) 10 urad, (b) 15 urad, and(c) 20 urad, and on the right column

eliminated for the large angle regime. the negative wedge angles @') —10urad, (b’) —15urad, and(c’)
—20urad. The results shown here are for a 10-mm-long PFP cavity com-
prising mirrors of the reflectivityR=0.99 with a cavity tilt angle of¢
=5 mrad, illuminated by a Gaussian beam input at the wavelength of 632.8

Further numerical calculation has verified that the simplem having the FWHM width oD =1.0 mm.
analytic prediction for ringdown distanced0= L sind/(1

—R)is valid over a wide choice .for- cavity length per-pass ment of the ringdown distancg,, and the higher sensitivity
!OSS of a caV|ty£=(1—F_€)<1,. |nc_|dence angla?<1, and on the cavity lossC in turn, from the minimum detectable
input beam parameters including its shapand sizeD. On loss given byZ,=(1-R)os/s,

this ground, any change in the ringdown distance of a SCRD min s
signal can be exploited to probe additional cavity loss
Lsampis= @L that is to be introduced between the cavity mir-
rors as a sample gas with absorption coefficieritnown all 1. pependence on the mirror wedge angle
other system parametets 6, R, and w the ringdown dis-
tance in the presence of the sample would becasye
=(L sinf)/[(1-R)+aL], and thereby the sample 108g,mpie

can be determined fromL =L sind (sgl—sgol).

3. Potential for spectroscopic applications

B. Spatial cavity ringdown in a wedged PFP cavity

From the viewpoint of SCRD signal generation, the nu-
merical investigation was made on how the nonparallelism
of PFP cavity mirrors alters the ringdown behaviors found
) ) _ _ with an ideal tilted PFP cavity. The output signals from a

In the experimental point of view, one is to observe theyeqged PFP cavity using a small input beam were calculated
cavity output signals on resonance characterized more likelyor several cavity wedge angles and the results are shown in
by maximum signal levels rather than by a theoretical assigngig 7. The PFP cavity and the input beam are presumed to
ment. Therefore the realistic ringdown distance would be&e yesonant@ =0) at the center of the beam incidence and

observed as the size of an input beafd =1 mm was set to be sufficiently
L sing In2 N \2 smaller than the ringdown distaneg=5 mm.
S0~ (1=R) 1- Ez(m) } (26) For positive wedge angles with which the cavity gap

becomes larger in the direction of ringdown, the ringdown
by substituting Eq(25) into Eq. (22). This would cause a signals show little change in the eye but only a slight in-
fractional accuracy error involving the cavity loss measurecrease of the ringdown distance and a nonexponential decay
ment by the factor of (In2/2%)(N\/Dsin6)? but can be envelope. In contrast, negative wedge angles cause a de-
made negligible in the experiment. Even worse ambiguitycrease in the ringdown distance accompanying nonexponen-
may arise when one could just maintain the cavity resonancgal transmission, which is nearly proportional to the magni-
no better than the detunin@e,= 7,A, which would limit  tude of wedge angles. The most intriguing feature present in
the relative precision of the ringdown distance measuremenhis case is that the nonexponential decay envelop abruptly

os/sy as stops at a certain position and the intensity modulation is
0. 2In2 A superimposed on the decay envelope. As can be easily ex-
== —(— Terr- (27) pected, the signal envelope decreases more rapidly with the
Sq 7 \Dsing . . L
larger magnitude of negative wedge angle. It is inferred that

The higher signal-to-nois€s/N) ratio of SCRD profiles and the negative wedge angle gradually reduces the inclination
the tighter frequency control are therefore the indispensablangle of multiply reflected beams and finally produces coun-
requirements to promise for the higher precision measureterpropagating wave components after a certain number of
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reflections to interfere with the wave components in the z 0025 @ o 0.030 T
i : . ) . . . . 2 000 a) e=+15 prad | o0 (b) £=-15 pra
original direction, which gives rise to partial standing waves. £
. . .. = 0.015 0.018
It would be instructive to make a crude prediction forthe g 0012
transmitted intensity distributioh(x): this can be obtained £ o005 0.006
from the geometrical argument that 2 0000 0.000
0 5 10 15 0 5 10 15
Rzn exn: — Zn(l_ R)] Distance (mm) Distance (mm)
| hoc ~ , 29
FIG. 8. RD signals from wedged PFP cavities using a large-size input
" (dxdn) (dx/dn) ( G. 8. SCRD signals from wedged iies using a large-size i

. . beam. The results are shown for the input beam having the FWHM width of
using the relations deduced from E@16), n~x/2L6  p_gmm and with the cavity wedging angte of (a) 15 urad and(b)

— (e 6)(x/2L9)? anddx/dn=2L 6+ 4Len. The transmitted  — 15 urad. The results shown here are for a 10-mm-long PFP cavity com-

intensity then follows the spatial profile in the form of prising mirrors of the reflectivityR=0.99 with a cavity tilt angle of6
=5 mrad.
l,exd —x/S(x)]
(X))~ (29)
V(x)

sity maxima and minima alternating with periods that be-

with the nonexponential correction functions given by come shorter gradually in the latter part of ringdown profiles.

Lo The intensity modulation could extend over a distance that is
SX)=1-g| 17 5Kx], (300 spanned by the spatial dimension of an input b&3r.
Spatial ringdown signals from a wedged PFP cavity were
V(X)= 1+ kx— EKZXZ. (31) calculated with a large-sizeD(=6 mm) input beam which

2 has a dimension comparable with the ringdown distance
B 5 e (sq~5 mm). Figure 8 clearly shows the intensity modulation
where=e/L 0% for &< f<1. that could occur not only by the wedging of cavity mirrors

In addition, a steep break point in the decay profile oc- : : :
curring for the case of a negative wedae can be e t'matebUt also by the large dimension an input beam. Further nu-
urring S gative wedg St erical calculation confirmed that the modulation takes

roughly as well. What is supposed to happen at such a IOcarilace within the extent of the order of an input beam span

tion is the turning of the pointing direction of a transmitted and the modulation visibility gets higher when the number of

f'e!d to hgve thex-component |ncremenb<(,—xn_l) of its interfering beams is made larger by enlarging the input beam
exit position be reversed from positive to negative values;

" a oo . Size. Also found is that the modulation periods become
Lhee;rzrs‘ilrt]lf gt(jx/dn) =0 readily dictates the break point to shorter for a larger wedge angle of the cavity. Comparing the

profiles shown in Figs. 7 and 8, one can note that the modu-

Sp= L 6%/2] ¢ (320 lation of this kind is additionally superposed on the ringdown
regardless of the mirror reflectivitR. At the tuning point, ;lgga(l:aevr;g/elope along with the typical features in a wedged

the spatial dispersion proportional tax/dn) takes on a
minimum and the counterpropagating waves are most likely ' _
to be comparable with each other in the intensity, thus result3. Frequency detuning behavior

ing in the peaking of intenSity and the maximum modulation |ntriguing|y, the effects of frequency detuning on the
contrast. The theoretical expectation for the break points ofingdown signal profile in a wedged PFP cavity are more
the condition in Figs. (&)—7(c’), yields, respectively, 12.5, asymmetric with the sign of detuning as compared with those
8.3, and 6.25 mm, which is in good accordance with then an ideal PFP cavity. Spatial ringdown signals from a
result of direct numerical calculation. The modulation haswedged PFP cavity are shown in Fig. 9 in the presence of
the smaller period at the position closer to the onset of arequency detunings. First, let us examine the detuning be-
decay signal since the counterpropagating wave componentgvior in a positively wedged cavity. If frequency detuning is
could have larger intersection angles than those near thgositive, the change in the profile of a ringdown signal with
turning point. the increase of detuning is similar to that which occurred
with an ideal PFP cavity. The intensity level of a decay signal
is diminished and a transient peak appears at the forefront of
the ringdown profile in the presence of detuning. With nega-
Transmission in a wedged PFP cavity with the ringdowntive detuning, however, the transient peak does not manifest
geometry also exhibits another kind of intensity modulationuntil reaching a certain threshold magnitude of detuning and
other than that caused by the counterpropagating wave intetAus the asymmetry in the detuning behavior is implied by
ference. It is originated from the nonlinear incregsie- comparing with the case of positive detuning in the same
crease of phase delays in the multiply reflecting beam com-magnitude. The absence of a transient peak can be under-
ponents because of the increasiiagcreasingoptical path  stood by the reasoning that a negatively detuned input beam
length per cavity round-trip in a positivelynegatively  is not resonant with a wedged PFP cavity at the position of
wedged cavity. This can be understood from Ef), which ~ beam incidence but becomes resonant gradually by the lat-
approximates to the nonlinear increase of path lergth eral shift of a multiply reflected beam position where the
=2nL(1+n#e+4n%c?/3). The resultant vector sum of the increased cavity gap is more favorable for the lower input
complex amplitude of total multiple beams produces intenbeam frequency. As a consequence, the maximum position of

2. Influence of the transverse extent of an input beam
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2 0.008 (@ ©-005FSR 0.006 @) 0= 005FSR was used as a light source at the Wavelength of 632.8 nm.
£ o0 0.004 The s-polarized laser beam was regulated in power to have
B less than 10QwW and transformed through a spatial filtering
g 002 K 0.002 telescope to permit a well-defined Gaussian profile with its
2 0000 0.000 beam waist in the diameter of 0.5 mm at the cavity en-
0 5 10 15 20 25 0 5 10 15 20 25 .

> 0016 0,020 trance. To accomplish a SCRD geometry, we began the op-
2 oot beo=0] ®)e=0 tical alignment by directing the input laser beam toward the
;E 0,008 0.010 PFP cavity in normal incidence and then adjusting the cavity
£ mirrors to be parallel with each other, which was confirmed
£ 0.004 0.005 . . . .
5 o 0,000 by the circular symmetry of a transmitted beam profile. Fi-

0 5 o 15 20 2577 0 5 10 15 20 25 nally, the input beam was slightly steered away from the
z 0008 Somesrer] 0 (©)©-+005FSR normall incidence by a known amount of tilt angle
£ o004 0.004 =sin ~(d/l) which was specified from the deviation of a re-
g 0002 0002 flecting beam positiond on the screen placed in the distance
g~ ' M of I=10m away from the entrance mirror. Throughout the
2 0000 0000 entire experiment, the PFP cavity lendthneeds to be fine

Distance (mm) Distance (mm) controlled in order to either maintain resonance or impose a
desired detuning with reference to the input laser frequency.
FIG. 9. SCRD signals from wedged PFP cavities with different frequencyThe detuning() between the PFP cavity resonance and the

detunings. The plots in the left column are with the wedge angle of . . - .
— 15 urad and the detunings 68 — 0.1 FSR.(b) 0, and(c) 0.1 FSR. The input laser frequency was achieved equivalently by changing

plots in the right column are with the wedge anglecef — 15 urad and the the cavity resonance frequency, instead of laser frequency

detunings of(@’) —0.1FSR, (b") 0, and(c’) 0.1 FSR. The results shown adjustment. The procedure was done by biasing a control

here are for a 10-mm-long PFP cavity comprising mirrors of the reflectivityyoltage on a hollow cylindrical piezoelectric transducer

R:0.9_9 with a cavity tilt angle of§=5 mrad, illgminated by a Ga_lussian (PZT) where the cavity exit mirror attached on. The trans-

beam input at the wavelength of 632.8 nm having the FWHM widtiD of . . . Lo .

=1.0mm. Note that the behaviors with frequency detunings are reversem'tt,eq_ spatial beam proﬂlg; were digitized by a high-

for the two wedge angles of opposite sign. definition beam analyze{Spiricon, LBA-500PQ into 512
X480 charge coupled devid€CD) pixel data, permitting
the area of 11.8 13 mnt covered with the aid of 2:1 reduc-

a negatively detuned signal is shifted toward the latter partion optics. The SCRD images were captured by averaging

and the shape of the peak becomes dull without a sharp trad6 CCD frames, followed directly by a 1D scan along the

sient peak. Starting from a positive frequency detuning, irexis integrating ally-pixel data with the same coordinates.

contrast, the input beam could never have a chance to reduéstracted then were the 1D SCRD signals that approxi-

the frequency detuning between the cavity. One should alstately simulate the PFP transmission of beams with one

note that the behavior of detuning is the reverse of each othdransverse dimension.

for the positive and the negative wedge PFP cavities. The

reason can be easily deduced by reminding one of the facts

that the resonance conditions to be met with an input beam

frequency are opposite in the two cases along the laterds. Results and discussions

direction. Optical transmission signals from the tilted PFP cavity
were measured and the results are displayed in Fig. 10 in the

IV. EXPERIMENTAL DEMONSTRATION OF SPATIAL form of a 1D scan profile along with the corresponding 2D

CAVITY RINGDOWN gray scale map. All 1D scan SCRD profiles were found to

coincide excellently with the theoretical curve that was gen-
erated by the numerical simulation of best fit, as shown in

Optical transmission signals from a tilted PFP cavityeach inset of the figure. The decaying portion of a SCRD
were observed experimentally and then compared with theignal envelope also permitted a good fit to a single expo-
results of numerical simulation. This could provide a directnential function, which was supported by the flatness and the
verification of the theoretical footing made in this article for negligible level of the fit residuals. The frequency detuning
the SCRD transmission. In addition, the experiments werdehaviors of the observed SCRD signals agreed nicely with
also included for a wedged PFP cavity transmission, with @he theoretical prediction given in the previous section.
practical concern that the nonparallel cavity mirror misalign-  In the case of the cavity resonaneze Fig. 1()], the
ment is one of the most common defects in a PFP cavity thagxponential fit resulted in the ringdown distance ®f
might be seriously detrimental to the transmission character=4.64 mm, implying the average reflectance of the PFP cav-
istics. ity mirrors to beR=0.986 for the given cavity tilt anglé of

In the experimental demonstration, a PFP etalon wa$.0 mrad and the mirror separation lof= 10 mm in the ex-
constructed with two plane mirror®R¢-0.99, 25.4-mm di- periment. Furthermore, the size of the input beam should be
ametey separated by.=10mm, on a commercial Super- determined a® =0.46 mm to yield the best fit profile to be
Invar interferometer mour(Burleigh, RC110. Acw He—Ne  consistent with each observed SCRD signal at an arbitrary
laser(Spectra Physics, 119Astabilized within about 1 MHz  frequency detuning) [see Figs. 1(®) and 1Gc)].

A. Experimental setup
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“l(a) £ E
- g E 4.04
3 0.15 2. = 4
< 3 o 1
2 0.10 % 2 4 5 5 o S 3.0
g X-Distance(mm) "(Z)' ]
£ 0.05] 2 20]
3
0-000 5 5 5 5 10 B, 1.01 . E.xperin?enial
hE: } Linear fit

0.20- z 0.0 . . . . T T
_ (b) £ o 1 2 3 4 5 & 7
> . 5 :
2 01° g Incidence Angle (mrad)
= <
>
’z? 0.101 ° : xf‘mm,.ce(msm) ¢ ° FIG. 11. Dependence of the ringdown distarsgeon the beam incidence
‘“E) angle 6. The solid circles represent the experimental data and the solid line
£ 0.051 shows the linear regression of the data. The results shown here are for a

10-mm-long PFP cavity comprising mirrors of the reflectiviRy= 0.986 il-
000 luminated by a Gaussian beam input at the wavelength of 632.8 nm having
the FWHM width of D=0.46 mm.

0.20 ~
~ 1l 5
2 0.15; 2 . .
£ g, for example, the frequency detuning @t,,=0.12 FSR as in
@ 0.101 ° L PRSP ° the case of Fig. 1®) would give rise to an erroneous ring-

2 vl down distance about 10% greater than the ideal ringdown
- distancesy. Even for a moderate frequency control with the
o.oo0 L > 3 z z z i precision ofz.,=0.1 with reference to the FWHM width of
_ _ _ o a cavity resonance, the ringdown distance error may amount

Distance in the Ringdown Direction (mm)
up to 1%.

FIG. 10. Measured SCRD signals from a tilted PFP cavity with different ~ The SCRD signal generation from a PFP cavity suffering
frequency detunings. The frequency detunings are assigned experimentaliiie nonparallel mirror misalignment was then experimentally
by (@ 0=0, (b) ©=0.12FSR, andc) 1=0.20 FSR. The 1D scan SCRD tagtaq for positive and negative wedge angles between the
profile (solid line) is extracted from the corresponding 2D distribution of . . . . .

cavity transmission displayed in a 2D grayscale rfaptographic image in cavity mirrors with the results shown in Figs. 12 and 13,
the insel. The theoretical SCRD curve that best fits to each experimentarespectively. The SCRD behaviors with the frequency detun-

signal is shown by a dotted line. The results shown here are for a 10-mming were found to be exactly the same as the theoretical
long PFP cavity with a cavity tilt angle of=6 mrad, illuminated by a Prediction made before

Gaussian beam input at the wavelength of 632.8 nm. From the numerical fi h b indi d bef by th ical i .
the reflectance of the cavity mirrors and the input beam size are deduced as As has been indicate efore by the numerical investi-

R=0.986 andD =0.46 mm in FWHM, respectively. gation that even very small wedging in the cavity mirror
alignment could lead to a drastic deviation in the SCRD
features, the observed SCRD signals were found to be far

The linear dependence of the ringdown distasgeon  from single exponential decays for the cavity wedge angles
the beam incidence angk one of the golden rules of the of a few tens ofurad. Except for the visibility of intensity

SCRD theory, was assessed experimentally. As indicated bvodulation in the negative detuning which was somewhat

the result shown in Fig. 11, the SCRD experiment done fogegraded in the course of 2D detection and the 1D scan, the

several incidence angles revealed quite a good linearityD scan SCRD profiles exhibited excellent quantitative
within the experimental error of less than 3%. Regarding thexgreement with the theoretical curves and with the resulting
experimental error involved in the determination of ring- simulation parameters. It is remarkable that although the dif-
down distance, our SCRD measurement was shown to be@faction is in fact the 2D phenomenon, the SCRD signal
the uncertainty ofrs/sq=2.8<10"2. The minimum detect- generation with the physical parameters of this article could
able sample los<L,, in our SCRD setup would then be pe treated successfully only with the theory for one trans-
limited to 3.9<10 %/pass, from the theoretical estimation verse dimension. Even though the cavity wedge angles as-
given by Lyin=(1-R)os/sy. signed in the experiment were too small to allow a direct

In a usual situation, the ringdown distarggis likely to  measurement, the numerical fit of the SCRD signals could
be measured in the presence of nonzero fluctuation of thgermit quite a reliable estimation on the cavity wedge angles
frequency detunindle, or at least with the frequency de- as the positive wedge of =50urad for Fig. 12 and the
tuning of maximum transmissiof2.. With our PFP cavity negative wedge of = —27 urad for Fig. 13. The theoreti-
setup, however, the realistic ringdown distaisgg, ) is ex-  cally assessed frequency detuning, given in each inset of the
pected to be different from the theoreticgl by a factor no  figures, might seem to exhibit a discrepancy with the value
greater than %10, which readily turns out to be far be- assigned in the experiment. However, this is not the conse-
low the measurement precision. On the other hand, the pracjuence of the theoretical deficiency but rather reflects the
tical uncertainty arising from a poor frequency ld@k,, may  experimental uncertainty accompanied in assigning the cav-
lead to the even greater deviation of the ringdown distancety frequency detuning.
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FIG. 12. Measured SCRD signals from a positively wedget-Q) PFP FIG. 13. Measured SCRD signals from a negatively wedged @) PFP
cavity with different frequency detunings. The frequency detunings are aseavity with different frequency detunings. The frequency detunings are as-
signed experimentally bya Q=-0.12FSR, (b) =0, and (¢c) Q signed experimentally bya Q=-0.12FSR, (b) Q=0, and (c) Q
=0.12 FSR. The SCRD signals are displayed in the 2D grayscal&phap =0.12 FSR. The SCRD signals are displayed in the 2D grayscaldphap
tographic imageand in the corresponding 1D scan profitiin line in the tographic imageand in the corresponding 1D scan profitkin line in the
inset below. The theoretical curvé&hick line) best fit to each experimental inset below. The theoretical curvéhick line) best fit to each experimental
signal is plotted along with the resulting frequency detuning parameter insignal is plotted along with the resulting frequency detuning parameter in-
dicated in the inset. The results shown here are for a 10-mm-long PFP cavityicated in the inset. The results shown here are for a 10-mm-long PFP cavity
comprising mirrors of the reflectivitR=0.986 with a cavity tilt angle of  comprising mirrors of the reflectivitR=0.986 with a cavity tilt angle of
/=6 mrad, illuminated by a Gaussian beam input at the wavelength off=6 mrad, illuminated by a Gaussian beam input at the wavelength of
632.8 nm having the FWHM width dD=0.46 mm. 632.8 nm having the FWHM width dD =0.46 mm.

V. CONCLUSIONS decay distance and the reduction of the output coupling in-

We have presented a firm theoretical background fotensity as compared with those at resonance. The finding
spatial cavity ringdowriSCRD) transmission and its primary dictates the requirement of tight frequency lock between the
features. Cavity transfer function has been derived analytiincident laser and the PFP cavity for the application of the
cally to treat the optical transmission in a tilted PFP cavitySCRD concept as a spectroscopic tool. Theoretical descrip-
without diffraction loss, showing dependence on both thetion and the numerical simulation have been further extended
wave number and the spatial frequency of an input beanto treat the SCRD in the presence of the nonparallel cavity
The SCRD has been shown to pertain to a PFP cavity that isiirror misalignment. It has been shown that even a small
tited from the normal incidence by above a certain anglewedging of mirror planes in a high-finesse cavity could give
permitting a narrow Lorentzian transmission localized nearise to a drastic degradation of SCRD features, yielding non-
dc spatial frequency. When an incident beam of adequatexponential decays superimposed with an intensity modula-
transverse dimension excites this single resonance transmisen originating from the nonlinear interference. In addition,
sion, an exponential decay of a transmitted beam could obspatial aspects of SCRD depending on the sign of frequency
viously take place in the spatial profile, being characterizedletunings have been found to be quite more asymmetric than
by the decay distance which is equal to the inverse of théhose with an ideal PFP cavity. Finally the SCRD signal gen-
FWHM bandwidth of the Lorentzian transmission. eration has been demonstrated, which confirms the validity

In a closer look, the spatial profiles of SCRD have beerof the theoretical description made in this article for the PFP
found to vary with frequency detuning, which can be easilycavity transmission.
accounted for in terms of the feature of overlap between the We expect the SCRD concept to open a new class in
input beam spatial frequency distribution and the shiftedspectroscopic sensing techniques, provided that the afore-
transmission peak. Simultaneously, the change in the transaentioned requirements are satisfied and some technical
mission peak width has led to the linear deviation in theproblems are resolved for the large-dimension mirrors of
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