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A sensitive near-resonant four-wave mixing technique based on two-photon parametric four-wave
mixing has been developed. Seeded parametric four-wave mixing requires only a single laser as an
additional phase matched “seeder” field is generated via parametric four-wave mixing of the pump
beam in a high gain cell. The seeder field travels collinearly with the pump beam providing efficient
nondegenerate four-wave mixing in a second medium. This simple arrangement facilitates the
detection of complex molecular spectra by simply scanning the pump laser. Seeded parametric
four-wave mixing is demonstrated in both a low pressure cell and an air/acetylene flame with
detection of the two-photo@ 2I1(v’'=0)« X ?[I(v"=0) spectrum of nitric oxide. From the cell

data a detection limit of 28 molecules/cris established. A theoretical model of seeded parametric
four-wave mixing is developed from existing parametric four-wave mixing theory. The addition of
the seeder field significantly modifies the parametric four-wave mixing behaviour such that in the
small signal regime, the signal intensity can readily be made to scale as the cube of the laser pump
power while the density dependence follows a more familiar square law dependence. In general, we
find excellent agreement between theory and experiment. Limitations to the process result from an
ac Stark shift of the two-photon resonance in the high pressure seeder cell caused by the generation
of a strong seeder field, as well as a reduction in phase matching efficiency due to the presence of
certain buffer species. Various optimizations are suggested which should overcome these
limitations, providing even greater detection sensitivity. 1898 American Institute of Physics.
[S0021-960698)01014-9

I. INTRODUCTION DFWM has shown itself to be a sensitive technique, suitable
for the detection of trace species in combustion
Resonance enhanced four-wave mixiWM) com-  environments,as has a variation of DFWM, two-color laser
prises a series of nonlinear techniques which have been educed grating spectroscogy¥C-LIGS), which was intro-
tensively studied for use in spectroscopy and for sensitivgluced as a sensitive probe of higher lying excited states and
detection of atoms and molecules. These techniques shagengested spectfaWhile both DFWM and TC-LIGS are
the advantage of generating a coherent signal beam whighwM techniques, they can also be interpreted as coherent
propagates in a direction determined by a phase matchingcattering from a laser induced volume grating which is gen-
condition. One of the simplest and most sensitive of theserated in the mediurhThis grating is defined by region of
techniques is resonance enhanced degenerate four-wave mijitersection of two laser beams and is used to deflect a third
ing (DFWM), which has found extensive application in gaspbeam in a direction determined by the phase matching con-
phase detection and spectroscopy of atoms and molettiles dition, which is also the Bragg condition. Therefore, the sig-
As this technique only uses a single wavelength source, thgal may result from both fully coherent processesl physi-
phase matching must be satisfied geometrically with theal scattering. An example of physical scattering is that due
FWM region determined by the region of beam overlap. Thiso thermally induced refractive index gratings which result
gives DFWM good spatial resolution. However, compared tofrom the conversion of laser light to heat, usually through
direct absorption techniques and laser induced fluorescenegllisional quenching:®
(LIF), it requires complicated alignment and is somewhat  The application of resonant FWM techniques to the de-
susceptible to scattered light interference. Neverthelessection of nitric oxide(NO) is of particular interest as NO is
a major pollutant species generated in most combustion pro-
9present address: Department of Mechanical and Aerospace Engineering€SSes. The formation, detection, characterization, and quan-
Princeton University, Princeton, NJ. tification of NO has been thoroughly investigated using a
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variety of diagnostics including DFWM and TC-LIGS.In becomes directly proportional to the pump field intensity.
particular, DFWM has been used for detection of NO inThis behavior can be advantageous as it allows the use of
flames! in the study of the effect of buffer gastshermal  greater pump field strengths for increased sensitivity.
gratings and line shapé!®!! Most of the DFWM studies PFWM has only recently been demonstrated in molecu-
correspond to the detection of the’> "« X 2I1 single pho-  lar specie$®?! This has included the spectroscopic observa-
ton transition which provides the greatest detection sensitivtion of theC ?II(v=0) state of nitric oxide by Ishiet al,?*
ity and represents the only uv accessible single photon trarwho present both ultraviolet and infrared PFWM signal spec-
sition in NO. While no detection limit for NO using DFWM tra obtained using a cell with 10 Torr of NO and a strongly
has been explicitly stated, the detection of 400 ppm of NCfocused pump beam. Based on the high signal to noise ratio
generated in a HN,/O, flame with a maximum signal to observed in their results, Ishéi al. suggested PFWM for use
noise ratio of 2000, suggests a detection limit of approxi- as a sensitive spectroscopic tool.
mately 10 ppm. Two-photon resonant DFWM has also been  The primary disadvantage of PFWM is the low effective
used to detect tha ?X "X ?II transition in NO. This re-  gain due to the use of weak two-photon pump transitions and
quired  significantly increased pump energy and tightihe simultaneous generation of both ultraviolet and infrared
focusing? resulting in a detection sensitivity some 4 ordersfie|ds. While the paired generation of both the ultraviolet and
of magnitude poorer than that obtained using single photofhfrared fields from vacuum fluctuations has been shown to
resonant DFWM. _ _ ~ give rise to a novel nonclassical two-photon squeezed tate,
Another FWM technique, parametric four-wave mixing it severely restricts the small signal gain of the process. The
(PFWM), is a nonlinear process analogous to parametri¢.ompination of weak two-photon line strength and paired
generation in crystals. As FWM can in general be describedeneration of PFWM fields therefore restricts this process to

asa non!ingay((3) process it is possible to observe PFWM gk pressure applications where the gain can be made suf-
in both liquid and gaseous media which possess INVersiofienty large.

symmetry. Two-photon resonant PFWM typically involves
nonlinear frequency conversion of two pump photons intoe

both an . uItraonEt and “infrared .Ehotgn Vl'a the |r|1t3r-. theoretically by Harriset al?® and Petchet al?* as well as
?ctlondp ta t\ivc;—p _lc_)rt]c_)n ttraEs!tlon vr\]”t ‘::, tlpq e”cozp €d I experimentally in atomic species by Zharwg al,?® Jain
ermediate state. 1his technique has historically been USegq 5126 ¢ ametzki and Dioele also reported significant en-

for vacuum ultraviolefvuv) generation in metal vapours and hancement of the FWM efficiency in molecular hydrogen by

4-16 ; ;
noble gase$*® Unlike DFWM and TC-LIGS, which are introducing an extra field into the PFWM transitiéhwhile

degenerate FWM schemes and can be viewed as the scatt(tnhr- . S L
. these investigations all reported significant enhancement of

ing of a probe beam from a laser mduced grating, PFWM She FWM process, in all cases the extra field was provided by
a nondegenerate FWM process which can be made to satis . L :
second laser which significantly complicates the process of

collinear phase matching conditions, generating photons with ™. . .
tuning across wide spectral ranges necessary for obtaining

entirely different wavelengths to those of the pump beam. In . .
complex molecular spectra. As these investigations were

this case the direction of propagation is simply defined by d with the effici f i f
the direction of the pump beam and the two signal photon oncerned wi € efliciency of nonlinearirequency conver-

may be readily detected using dispersing prisms and aloproc,_lon, tunability and experimental simplicity was not an issue
priate filters. o c:)/\l;]cehrn. ly developed d simpl f
Theoretical models of PFWM suggest that the strong e have recently developed a new and simple means o

parametric fields, which couple the ground state to the uppeProducing an exira field into the FWM process.”*This
excited state, can suppress excited state population transf§raccomplished by cascading two PFWM media, such that a
due to destructive interference with the two-photon pumgdh density, high gain medium can be used to generate the
process. This destructive interference was first observed withXtra seeder field for use in the second low density medium.
the suppression of amplified spontaneous emission in sodiurhS Simple arrangement which we call seeded parametric
due to the presence of strong parametric fiéld$lt has also ~ four-wave mixing (SPFWM provides automatic phase
been supported by direct LIF detection of excited state popuMatching of the seeder field in the low density medium over
lation transfer which indicated that population transfer is al-2 broad laser tuning range, facilitating the detection of com-
most entirely suppressed when strong parametric fields arfdex molecular spectra. SPFWM has been demonstrated with
present® This cancellation of population transfer is in dis- the detection of trace amounts of NO in a E&dls well as the

tinct contrast to the saturation of population transfer commorfletection of nascent NO generated in a fl&fhhe sensi-

to DFWMlO and TC-LIGS and other resonant absorptiontiVity of SPFWM was also demonstrated with the detection
based techniques. Population saturation results in opticlf trace quantities of sodium in a flame, displaying an abso-
bleaching which effectively limits the signébr degrades it lute sensitivity of 5<10° atoms/cr.*®

in the case of laser induced grating spectrosgolpwever, In this paper we discuss the suitability of SPFWM for
interference induced population cancellation requires a deirace detection of nitric oxide and for molecular diagnostic
tailed balance be reached between the pump field and thapplications. The theory is described in detail and the com-
two signal fields. Therefore, any change in the pump fieldparison with experiment is presented. Important issues such
results in a proportional change in both PFWM signal fieldsas phase matching and strong field effects are discussed
In this two-photon cancellation regime the signal intensityalong with the unique features of the SPFWM signal.

The introduction of an extra field to enhance nondegen-
rate two-photon resonant FWM efficiency has been studied
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cm lope approximation. In the plane wave approximation these
equations are determined using
}“m \2> g H
AT 1 d(2) o .
A = 7 (Z
. : dz  2epn(wy)c «2), @
3
T 32"1 . where#,(z) is a plane-wave Fourier component of the elec-
} tric field at a frequencyw, propagating in the direction,
- Z(2) is the associated Fourier component of the polariza-
y tion, n(wy) is the refractive index of the medium and all
226 nm P

other symbols have their usual meaning.

The medium polarization can be expanded in powers of
the electric field. For gases and liquids, only odd powers are
present due to inversion symmetry of the medium. To treat
FWM we only require terms to third order in the electric
FIG. 1. The nitric oxide level scheme used for PFWM. The ground statefie|d and so write
X 2I1, the excited state 2I1 and the intermediate stat&,?S ™, manifolds
e et PLO= ol VE(T 0+ X VB0, @
ing a sum over the intermediate state manifold. where Y and y® represent the linear and nonlinear sus-
ceptibilities, respectively.

When the electric field is written as a Fourier series, the
different nonlinear processes can be readily identified using
this notation.

We consider a three level ladder system with the middle ~ The susceptibilities can be determined by considering a
level dipole coupled to both the upper and lower levelsMicroscopic model of the medium. Using semiclassical
Driving this system with a strong laser field which is nearly quantum theory, where the medium is quantized but the
two-photon resonant with the ground and upper states Caf,tplds are only co_nS|dered as clqssmal amplitudes, Fhe field
give rise to FWM by the simultaneous emission of two pho-induced polarization of the medium can be determined by
tons which, to satisfy phase matching requirements, ar&alculating the trace _of the dens@y rr_1atr|x describing a mo-
nearly but not exactly resonant with the two intermediate/®cular systemp(t) with the electric dipole operatoy,
transitions. If the intermediate level lies asymmetrically be- -
tween the upper and lower levels, the emitted photons will be P(r.O=NTr(p()n), ©)
emitted at wavelengths which are both longer and shortefhereN is the density of molecules in the region around the
than that of the pump photorse., PFWM. A diagram rep-  point, r, and the bar over the trace represents an orientation
resenting the relevant transitions in NO is shown in Fig. 1,average corresponding to an ensemble of molecules with
indicating the various detunings. Hera, represents the random orientations with respect to the field. For nonlinear
single photon detuning of the pump laser from the closesinteractions, this average is not always easy to calculate,
manifold of dipole coupled intermediate states. This detunhowever, in our case it simply represents a scaling factor
ing is included in the sum over intermediate states containedhich can be neglected.
in the two-photon coupling term\, represents the detuning The calculation of the appropriate density matrix ele-
of the pump from two-photon resonance with the upper statenents is accomplished by solving the density matrix equa-
and A; represents the detuning of the two emitted photonsions
from the intermediate state resonance that occurs as a result
of phase matching requirements. i ap_(t)z[H p(1)] ()

For SPFWM, the infrared seeder field is simply provided at ' ’
by the infrared component of the PFWM fields generated in _ L L o
a high gain medium. The seeder field propagates collinearlynereH is the total system Hamiltonian which, in the limit
with the pump beam into low gain medium where it acts toOf weak interaction, can be expressed in terms of a free

stimulate the growth of the parametric fields. As the seedefiamiltonian representing th_e unpertprbe_d energy levels ,Of
field is not necessarily a strong field, it is likely to be inti- the system and an interaction Hamiltonian. In the electric

mately coupled to the signal field evolution in the FWM dipole approximation, the interaction Hamiltonia, repre-

process, so established FWM thelnyill not be appropriate sents the interaction of the electric dipole with the electric

for much of the field evolution. Therefore, the introduction fi€ld via

of the seeder field into the FWM medium is best understood H,=— uE. (5)

in terms of PFWM theory, where the initial infrared field

amplitude is no longer zero, but represents some finite frac- By solving the density matrix equation of motion, Eq.

tion of the pump amplitude. (4), the medium polarization and hence the equations for the
The field amplitude evolution equations are obtained di-evolution of the field can be determined. In general, the so-

rectly from Maxwell's equations in the slowly varying enve- lution of Eq. (4) is extremely complicated. However, for

381 nm

>

yeai!

Il. THEORY
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weak interactions, the density matrix equation may be solved | 142
perturbatively?® Solutions to third order are necessary to de- | xapd @u)| =N; — (7d)
scribe FWM. Begh A3+ I3
We consider the molecular system depicted in Fig. 1 as | 12
essentially a three level system. Alternative FWM processes N, E K31 (70

occurring via other intermediate states may be present but [Xapd )| = 3eph 5 Alj '

are not considered in this treatment. Any such alternative
FWM process will only be coupled via the pump beam, so inwhereN; is the molecular number density in the initial quan-
the limit of minimal pump energy depletion alternative tum state, theu;; are the dipole matrix elements connecting
FWM processes will not be coupled and so evolve indepenthe levels|i) and |j) and contain the relevant Franck—
dently. While the individual FWM process may strongly Condon and Hol—-London integrals. The sums over the in-
couple only three levels of the available manifold of statesdex j represent all the possible vibrational-rotational levels
the other states must be considered in order to determine t#@ the A 2™ state manifold that contribute to the two-
appropriate phase matching condition. Using the third ordePhoton absorption cross-section of the pump beam. The
perturbation solutions for the density matrix evolution anddquantities 2';; and 2’3, represent the two-photon and
retaining only near resonant terms, the appropriate polarizaiingle photon transition linewidths which are included phe-
tion components have been derived and substituted into tHeomenologically in this semiclassical treatment and we have
slowly varying envelope equation, E), to obtain the field Made the approximationl’,3~I's; in order to simplify
evolution equations. As this approach was extensively develXteal- In Egs.(6), the phasespy and 8 are defined by

oped elsewher¥, we only give the results for the case of

. Im X /A
two-photon resonant pumping whers,=0 and perfect i(Hosttaipag i A1)

phase matchingAk=0. In this case we explicitly consider an du=Re 2j(poauaipig a2 /Ay 3
the phase matching proximity to the single photon resonance

where the detuning); is comparable to the transition line- tan g= ﬁ 8b)
width, 2I'3; and so we also include linear susceptibility '3

terms for the uv signal field and pump field. For this treat- ) ) )
ment we assume that the refractive index for the 122 To proceed further we consider the approximation that

infrared field is close to unity and so an absorption term forr WM does not deplete the pump, so we can neglect&.

the ir field can be neglected. The resultant field evolution] N€ field equationg6) can then be expanded into their real

equations are and imaginary parts by writing the complex field amplitudes
in terms of real amplitudes and phases vig,=A.e'%x.

dfy o k2 il Therefore, we may rewrite Eq) as follows:
dz“"zz_(‘:“’“XFWMVg?;g%e'((ﬁM P Y 9%)
- 25 -2 _ WPy _ O — | xrwml A AE SiN(O — B)
—ilxreall £l *Zuwe ™ P T Xand @u) [ Fue ], dz _ 2c L IXPwml A p
6
(63 + |XTPA|AﬁAuv cos B— |Xab4wuv)|Auv cospl],
dZ, iwy o
a7 = 2c L~ xewm Lol P 3
. W 124 dA;, oy 2 2
+ilxreall 2wl *Zicd, (6b) dz  2¢c [ xrwml AnAR SIN(O + B) — | x7ral AWAI],
dgp i(l)p . s (gb)
dz _ 2¢ (2] xrwml ZunZinZpe™ (M EP) )
@:_ |XFWM|AP oA cog0— ) — oAy cogO
+2i|X2P||gP|2g/P+i|Xab5(wP) el (60 dz 2c Auw A
where £ is the complex field amplitude of the pump beam, ®yy 5
#, is the amplitude of the 226 nm signal field afg is the +B) | T 5 LIxTealAi sin 28], (90
amplitude of the 1.22um infrared field. The different sus-
ceptibilities are defined as where the new phase® represents a sum of individual
phases defined as follows:
| | N; 2 M23M31/—L131M3j2‘
= : 0=2¢p+ dy— du— bir» 10
XFwM ﬁ360A3F21\/A§+F§1 i Alj ¢P ¢M ¢UV ¢|r ( )
(78 and the phase matching relationship
2
eronl =N | w1susd o 2 Re xabd ©p) = Re xand @), (12)
TPATT I B3eol p(AS+T2) | o o
which is satisfied wheA k=0, has been used to simplify the
| os pg 1|2 phase equation. In general, the phase matching relationship
|x2p| =Ny > ﬁz‘r— , (70 given by Eq.(11) must also include a contribution due to the
! €081t 21 dispersion of the 1.2um infrared field, but here we con-
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sider the medium to be completely transparent at this wavethe square of the number densily;, rather than the expo-
length. This may not remain true in the presence of othenential dependence as in the unseeded case. The SPFWM
molecular species. signal amplitude is also proportional to the square of the
pump amplitude and directly proportional to the ir seeder
amplitude.

As the high density seeder medium which generates the

If we consider phase matching to occur sufficiently farir seeder field operates with the same PFWM transition as
from the resonance such that the angl@pproachesr/2, the low density medium, its behavior is also governed by the

A. Simplified limiting behavior of SPFWM

then the Eqs(9) may be readily simplified as follows: coupled amplitude equatiori$2). However, by using a high
dA © molecular density, the gain can be made sufficiently large
dz“": 2_2" [ xewml ArAZ = | xpal AZA L], (129 suc_h that the seeder operates in th_e two-photon cancellation
regime where the nonlinear absorption balances the paramet-
dA. o ric generatiort’
ir Ir .
dz _ 2¢c [ xrwml AwAB = xeal ALA]. (12b That is,
These coupled equations can be decoupled and solved ,2 | XTPAl _
R ; ; AP AUVAII‘_ 0 (16)
using the following constant of the motion: [ XFwwml
AZ A2 When this condition is satisfied and using the fact that the
Pl w_W:CO”St' (13 two parametric fields must be proportional to each other due

. . . ) to the paired photon generation, we find that both the uv and
which results from production of photons in pairs, the CON-;; fields become linearly proportional to the pump fiéiidve
stant corresponding to t_he_difference in photon number be(:an ignore absorption of the uv figldrherefore, if the high
tween the two parametric fields. _ pressure seeder medium is operated in this two-photon can-

We wish to consider the case corresponding to the starke|ation regime, the seeder field will evolve in direct pro-
dard PFWM, where both the uv and ir signal fields evolve ortion to the pump field so that according to Eg5) the

from the vacuum a_lnd t_he case cpr_r_espondin_g o SPFWMgpEyy signal field will scale as the cube of the pump field.
where a strong ir field is present initially. At first we only

consider the small signal solutions in a low density medium.

For the case of both fields starting from the vacuum, the

constant of the motion must be zero, whereas when a strorfg Numerical simulations of the SPFWM signal
ir field is initially present and only the uv signal field must €volution

start from the vacuum, the constant is simply given by  The coupled equation®) may easily be solved numeri-
N(wir) Ai(0)/wjr, whereA;(0) is the initial amplitude of the  cally and the solutions compared in order to gain some in-

ir field. For Const=0 we find sight into the behavior of SPFWM over a variety of operat-
An(2)=A(0)exp a(wyo;) A3Z), (14 ing conditions. We first compare solutions for the field

evolution corresponding to different initial seeder field am-

where a=|xgwu|/c. While this solution exhibits exponen- plitudes, including the case of negligible initial amplitude
tial gain in the small signal regime, it is nonetheless gov-which corresponds to the PFWM solution. These solutions
erned by the initial amplitude of the signal field which is gre obtained at a phase matching point far away from the
vanishingly small. Therefore, a substantial gain length is recentral resonancé.e., A5/T3,=6.3 was used The various
quired for the signal field to grow to a significant value. This susceptibilities have been chosen in order to represent the
gain length is inversely proportional to both the pump inten-conditions in our experiment. If we ignore direct absorption
sity and the density of the medium, such that by using a higldf the uv signal field, we would expect the uv signal field
density medium and high pump intensities a reasonable gaimaximum to decrease with increasing seeder intensity so that
length can be achieved. However, high number densities af@e balance defined in E¢L6) is maintained. This expecta-
contrary to our requirement and high pump intensities canion is still borne out in Fig. 2 along with a small but steady
cause many other problems such as ionization depletion afecrease in uv signal due to direct absorption. We also see
the ground state, strong ac Stark shifts and higher order wau@at the seeded solutions grow rapidly from the noise until
mixing. the two-photon cancellation regime is reached at which point

In order to significantly increase the gain of the processhe field starts to decrease due to direct absorption. The ef-
for use with low number densities we supply a strong initialfect of increasing the seeder field amplitude causes a reduc-
ir “seeder” field. In this case the small signal response mation in the maximum of the uv signal field when the two

be approximated as photon cancellation regime is reached. The extra gain length
o required for PFWM when both fields start with negligible
A (2)~ %’ | xrwml Air(0)A3z. (15  amplitudes is shown here. We have used initial field ampli-

tude ratios ofA;, /Ap=A,,/Ap=10 12 in this curve. When
Here we find that the initial behavior of the seeded system ishe ratios were reduced to 18, the gain length required for
independent of the amplitude of the initial uv field. We im- significant uv signal growth was now longer than the length
mediately see that the signal intensity will be proportional toof the displayed axis. This suggests that an increase in uv
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sented by the initial slope of each curve, increases signifi-
cantly with closing proximity to the resonance. For trace
species detection, high gain is most important. Therefore, we
expect that the balance between proximity to the resonance
and direct absorption of the signal is most important for de-
termining good phase matching. The oscillatory behavior
that becomes evident for small detuninly;, results from
the changing phase of the two-photon absorption term for the
uv signal field, such that the solution transitions from being
over-damped to under-damped. In this near-resonance re-
gime the true signal behavior requires the inclusion of the
laser bandwidth which is beyond the scope of our theory.
However, the essential features of reduced steady state signal
. + " - . level and increased gain should remain valid. .
Scaled distance (2/2,) In the present treatment of SPFWM we have ignored
certain terms that would otherwise be present in the coupled
FIG. 2. Numerical simulations of SPFWM uv signal field evolutiqn using amplitude equations, such as ac Stark shift effects, multipho-
Eq. (9), for the case of phase matching far from the resonafiee, L .
A;/T'3,=6.3). Solutions representing different initial seeder field ampli- ton ionisation and other hlgher order terms. Althoth these
tudes A, /A are presented. The distanee s scaled using a characteristic  vVarious effects have been observed, the theory as presented is
length,ze= (N;| xpwml A2 VAZ+T2) L. nevertheless consistent with the general behavior which we
report in this paper.

Signal amplitude (A,/A.)

signal ggin of many orders qf magnitude may be a.chieveq:l Phase matching in SPFWM
when using a strong seeder field, and forms the basis for our
experimental study. The graphs of Figs. 2 and 3 are plotted on a scaled axis
The Eqs(9) represent SPFWM field evolution as a func- /2 where the quantity, represents a characteristic length
tion of the phase matching proximity to the single photonWithin the medium and is defined by,
resonanceA;. This is useful in our case as we are dealing _ 2 A2 1251
with SPFWM in a molecule which has a complex spectrum 2= (Nl Xpuml Ap VA I'5) ™ X
and so the SPFWM intermediate resonance will depend ofrom these graphs we see that the PFWM solution in Fig. 2
the two-photon resonance that is being excited by the pumgequires many characteristic lengths to build to an appre-
Such complex molecular phase matching has been carefullgiable signal, whereas we find in the SPFWM signals can
treated by Czarnetzki and Del€® whose calculations indi- attain their maximums over distances much shorter than one
cate that the phase matching proximity to the central resosharacteristic length. This has important implications for
nance can vary quite markedly. Therefore, we show the efphase matching in both PFWM and SPFWM.
fect of varying the phase matching point in Fig. 3. It is  If we include a phase mismatch term in the FWM phase
interesting to find the maximum field amplitude decreasingvia ®' =0+ Akz, where the phase mismatch is written us-
as A; decreases, however we also see that the gain, reprig the scaled quantitiedk=Akz, and z=z/z., then the
total field evolution described in E¢9) will not be signifi-
cantly modified if either the gain length or the phase mis-
match is sufficiently small such that the product is much
smaller than unity. For PFWM, where the gain length must
be large in order to produce a significant signal, only very
small phase mismatches can be tolerated. However, for
SPFWM only short gain lengths are required to produce a
significant signal. For a gain lengtz.,=0.1, a phase mis-
match of the order ofAk= 1/z. may be tolerated, which can
be more than 100 times greater than the phase mismatch
tolerance of PFWM under the same operating conditions.
The high phase mismatch tolerance of SPFWM is impor-
tant for sensitive detection in differing environments where
refractive index variations may significantly alter the phase
matching conditions within the SPFWM medium relative to

Signal amplitude (A,,/A;)

006 o1 02 03 04 the PFWM medium.

Scaled distance (z/z.)

FIG. 3. Numerical simulations of SPFWM uv signal field generation using . THE EXPERIMENT

Eq. (9) for the case of seeding with an initial amplitude Af/Ap=0.05. . . . .

Solutions representing different phase matched detunings from the interme- Th.e eXpef”memal set-up Is Shqwn in Fig. 4. The pump
diate resonancey, /T'5;, are presented. The distanae,is scaled using a  beam is provided by a Nd:YA@Continuum NY8) pumped

characteristic lengthz,= (N;| xpaml A2 VAZ+T2) 1. dye laser(Lambda Physik Scanmate) lbperating with an
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The sample cell was typically a 10 cm glass cell with

L3 Ml
10 boxear I:PMT o guartz windows. The light exiting the sample cell was aper-
tured, to reduce the scattered component, and passed through

Seeder Smple AP a dispersing element consisting of a simple right angle prism.
e o 2B el A beam block absorbed most of the pump radiation while the
—— i uv signal beam was reflected by a 220—-240 nm dielectric

Dpowermele, @ BK7 Q= e mirror, M1, and coupled into a 0.25 m monochromator

Atenor 00 n (GCA/McPhersopvia a 100 mm quartz lens, L3. The mono-
00 0 @ chromator was set at 226 nm and the exiting radiation de-

A — FI B B [Rdide tected with a solar blind photomultiplier tutﬁblammamat.su.
dye laser R759. The signals from the photodiode and photomultiplier

were input into a digital oscilloscopéHewlett Packard
FIG. 4. The SPFWM experimental arrangement showing the high pressur§451o'&9 and boxcar average(SRS SR25§) the output of

seeder cell, C1 and low pressure sample cell, C2. The filter, F, consisted /hich was digitised and the data collected and displayed on

a BK7 glass exit window in the seeder cell. A 200 mm focusing lens, L1 anda microcomputer.

100 mm recollimating lens, L2 were used, with L2 positioned to produce a The NO was obtained as a pure gas which we further

loose focus within the cell, C2. The prism, P, was used to separate the signal ... . .

from the pump and seeder beams. purlfl_ed using a §|ngle frgeze_/thaw cycle such that there was
no discernible discoloration in our 4 glass storage bulb.

The vacuum system consisted of a single rotary vacuum
Exciton LDS 751 dye at around 763 nm. The dye laser outPUmP connected to a network of copper pipe with Swagelok

put is then doubled, producing 10 ns pulses of up to 3 mJ a(fc?nnectic.)ns..The pressure was monitored close to the cell
around 381 nm with a linewidth of approximately 0.2¢h with a pirani/capacitance manometer dual vacuum gauge

No attempt was made to improve the beam characteristics, éé( ariap). This SY.Stem provided the limiting constraint on our
we operated with a highly non-uniform beam profile. Theoperatlng conditions. Ngvertheless, our system was sufficient
beam can be passed through a high power symmetric wedég give highly reproducible results Wh'Ch we report here.
variable attenuatdiNewpor) and the power measured witha . SPFWM was als_o conducted in an aw/acet_ylene flame
power metefOphir). Efforts were made to ensure the power using a slot burner ywth_a 10 cm slprarian AAG)' in place
meter could be repeatedly placed into the beam so that Rf the sample cell n F|g._3. For the-expenment., the flame
provided reproducible results. The beam then passes into%?s operated fuel rich with an eguwalence raigos 2.5.
focusing and recollimating section consisting of a 200 nm e beams were passed approximately 20 mm above the

planoconvex quartz lens, L1, and a 100 mm biconvex quart?l_Jrner head traveling parallel to_ the flame slot. Operation
lens, L2 with the initial focusing lens, L1, providing a maxi- with the beams passing perpendicular to the flame slot was

mum pump intensity in the focal region of approximately 5 also conducted. , " .
% 16F Wicm?. This section contains the seeder cell which is, "€ two-photonC “Il(v’ =0)—X 2Il(v"=0) transi-
5 cm long with a quartz window on one side and a BK7 glasilon In _n|tr|c oxide was also mo_mtored by fo_cusmg the pump
window on the other. When acting as a seeder cell, the BK eam into a 20 cm opt_ogalvamc_ ce_II, gnabllng the2reso-
element is positioned so as to totally absorb the 226 nm upance enhanced multi-photon |on|sat|(:R|I_EMPI) spectrum .
signal field. Otherwise, the quartz window could be used all be re.corded. Thg pump energy was s.lmultaneouslly moni-
the exit window such that it would transmit all the fields. Thetored with a photodiode in order to provide a normalization
BK7 element was more than sufficient to transmit the 381°U"V¢€ for the REMPI spectrum.
nm uv pump beam without appreciable absorption.

The recollimating lens, L2, was adjusted to obtain anjy. RESULTS AND DISCUSSION
appropriate gain length and gain area in the sample cell. F
most of the experiment it was positioned at 365 mm from th
focusing lens, L1, providing a maximum pump intensity in In Fig. 5 we present four scans of the two-photon
the focal region of the sample medium of approximately 5C 2II(v’'=0)«X 2II(v"=0) spectrum of NO, obtained us-
X 10" W/cn?. The lens combination, L1 and L2, were cho- ing various different techniques. The upper most spectrum,
sen such that they operated in an inverse telescope mode labeled REMPI, is the two-photon resonance enhanced ion-
order to reduce the beam area as well as provide a wedkation spectrum which we provide as a reference. The sec-
focus in the sample cell. In this way both the gain length andnd spectrum, labeled ir seeder, is the 128 PFWM in-
area were maximised in the sample cell. frared seeder signal which is used to generate the SPFWM

A quartz plate, BS, was used to split off a few percent ofsignal. The third spectrum, labeled uv signal, is the resultant
the beam in order to monitor the ir seeder field. The 381 nnBPFWM signal. The fourth spectrum, labeled uv PFWM,
portion of this field was attenuated with a combination of aresults from the direct detection of the 226 nm PFWM signal
355 nm dielectric mirror and an ir low pass filt@riel), F1,  obtained from a low gain intermediate pressure cell and is
and F2, respectively, while a Schott glass filte¥G5), F3,  provided for comparison with the SPFWM result.
was used to attenuate the infrared signal which was then The REMPI spectrum in Fig. 5 provides a reference two-
detected with an InGaAs communications photodiodephotonC 2I1(v’=0)—X 2II(v"=0) spectrum at the same
(Fujitsu). 0.2cm?! resolution used for the ensuing PFWM and

o}
é&' Low pressure cell data
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spectral model including all possible FWM pathways and is

REMP! beyond the scope of this paper.
The line shape asymmetry, which is observed in the

SPFWM uv signal spectrum is a characteristic feature of
IR seeder two-photon PFWM, resulting in this case from the contribu-
tion of the A 22" state to the refractive index at the pump
laser frequency. As significant FWM gain exists over a wide
pump detuning range\,, the variation in refractive index
with pump detuning acts to increase the gdip moving the
phase matching point closer to the intermediate state reso-
nance, thus reducing the detunimi) when tuning in one
direction and conversely decrease the gain when tuning in
the opposite direction. Thus there exists a gain asymmetry
which depends on the sign of the pump laser detuning from

the two-photon resonance.
L J M o A The uv PFWM spectrum, which is also shown in Fig. 5,

was obtained from a 10 cm cell containing 48 mbar of NO
381.2 3816 382.0 382.4 382.8 )
Pump laser wavelength {nm) with a 100 mm focal length lens used to focus the pump
fG. 5 A . . . fing @I’ =0) beam into the cell. This spectrum shows a strohg
. 5. comparison of spectra representing v'= 2 e
—X I(v"=0) transition in NO. The upper trace labeled REMPI is the <X “Ily;, bandhead featurt@’ which is saturated and has
two-photon resonance enhanced ionisation spectrum obtained from a cdl€€N purposely truncated in order to reveal the remaining
containing 10 mbar of NO. The spectrum labeled ir seeder represents thgpectral features in sufficient detail. This property was evi-
1.22 um seeder field obtained with a pressure of 400 mbar of NO. Thegent in all our pure PFWM data obtained well below the
spectrum labeled uv signal was recorded simultaneously with the ir seedeir hot lati . d indicates th
spectrum and represents the 226 nm SPFWM signal obtained fyavarlof WO-p O_On C_ance ation _reglme an ] indica eS_ € eXpo_n_en'
NO buffered with Ar to 10 mbar. The lowest trace labeled uv PFWM rep- tial relationship that the signal has with the various transition
resents 226 nm PFWM signal obtained from a cell containing 48 mbar ofstrengths. At higher pressures this feature disappeared as
NO. The intensity axis is independently scaled for each spectrum. most of the transitions are driven towards the two-photon
cancellation regime. The noticeable paucity of spectral fea-
tures results from the exponential dependence of the signal
on both the FWM susceptibility and rotational state density

SPFWM experiments. The spectrum has been scaled ificf. EQ. (14)]. This exponential gain is also responsible for
versely proportional to the cube of the pump pulse energyhe narrow spectral features which are observed. Many of the
over the range of the scan and is in good agreement with thepectral features observable in the SPFWM spectrum are ab-
high pressure LIF spectrum obtained by Freedfhand the sentin the PFWM spectrum due to lack of gain. Thus even in
REMPI spectrum obtained by Hayden and Diebdid. the congested bandhead regions, only a few individual lines
The ir seeder spectrum in Fig. 5 represents the @2 are present. In comparison with the ir seeder spectrum, it is
infrared field obtained from the high gain seeder cell whichclear that the increase in gain due to increased molecular
contains 400 mbar of NO. This field is then used to seed théensity eventually reveals the missing spectral features. With
FWM process in the low pressure cell. The resultantoptimisations, we were able to obtain good quality PFWM
SPFWM uv signal obtained from the low pressure cell, con-Spectra at pressures down to 5 mbar, but could find no de-
taining a partial pressure of gbar of NO buffered to 10 tectable signal at 2 mbar. This strong exponential depen-
mbar with argon, is shown below the ir seeder signal fordence on density precludes PFWM from use as a sensitive
comparison. These two spectra were taken simultaneousiyrobe for molecular species.
using the experimental arrangement depicted in Fig. 4. Their In Fig. 6 we show a graph of the dependence of the
spectrum represents operation at or close to the two-photd8PFWM signal on NO partial pressure. We find that the
cancellation regime which limits the ir field generation, rep-square law scaling of the molecular density predicted by the
resenting a form of saturation, while the wings of each specsmall signal theory of Eq(15) is clearly followed. Having
tral feature are significantly broadened due to the extra gaipstablished the expected small signal behavior, we can use
at the high pressure. Thus the seeder cell provides the extthis to determine a detection limit for NO using SPFWM,
seeder field over a broad pump tuning range. However, theorresponding to a signal to noise ratio of 1. From inspection
SPFWM signal is produced only when the pump beam ioof the SPFWM spectrum in Fig. 5 we estimate a maximum
near a two-photon resonance. So the seeder field considesignal to noise ratio of 100 from which we extrapolate the
ably enhances the FWM gain only close to the two-photordetection limit as 0.Jbar or 162 molecules/cri This must
resonance and has no noticeable effect otherwise. Compalie a conservative limit given that the largest signal is most
son of the SPFWM uv signal spectrum with the REMPI certainly no longer following small signal behavior. This
spectrum reveals that certain features are absent in theensitivity corresponds to that required for trace species
SPFWM uv signal spectrum, indicating that additional FWM detection’ clearly establishing SPFWM as a sensitive laser
selection rules must apply. However, proper interpretation otliagnostic method.
the SPFWM spectrum requires the development of a full  The behavior of the SPFWM signal with changing pump

UV signal

UV PFWM




J. Chem. Phys., Vol. 108, No. 15, 15 April 1998 Fernée et al. 6299

60

40

Signal (a.u)

20 +

52470 52420 52370 52320 52270

L ) L ) Transition energy (cm™")

0.00 0.05 0.10 0.15 0.20 0.25
NO partial pressure (mbar) FIG. 8. A comparison of SPFWM spectra; one obtained in an air—acetylene

. . . . flame with an estimated NO molecular fraction of 100 pfiop) and the

FIG. 6. The dependence of the 226 nm signal field with NO partial pressurginer obtained in a cell containing Abar of NO buffered to 10 mbar in

(circles indicating square law behavior in the small signal regitselid argon (bottom). Both spectra were obtained using 400 mbar of NO in the

line). The data were obtained from the relatively isolated, seeder cell and the same experimental set-up shown in Fig. 4. A series of

X 2[13,Q(10.5) transition near 382.3 nifRef. 30, using a 300 mbar  (otational states have been labeled —@1/2=6---17) for the T,

seeder cell and buffering the sample to 100 mbar with argon. <X 2M1,,Q(J) transition to aid comparison of the spectra.

pulse energy is shown in Fig. 7. In the upper gra@l, we  gime. This enables the SPFWM process to be modeled using
show the SPFWM data along with a curve generated usinggs. (6) where the ratio of the initial seeder field amplitude
Egs.(6). Here we observe that the uv signal evolves past theo the pump field amplitude is simply represented by a con-
small signal regime. We also found that a small linear abstant over the entire range of pump pulse energies.
sorption term had to be included in order to obtain a suitable  Due to the high SPFWM gain, enabling a weaker focus
fit in the large signal regime. The lower gragh), displays  to be employed in the signal cell, we found that we were able
the corresponding behavior of the infrared seeder signal wito generate a significantly stronger 226 nm signal field than
changing pump pulse energy. The data are easily fit to @as possible using pure PFWM in a high pressure cell. This
straight line, indicating that PFWM in the high pressurewas demonstrated by the generation of a uv signal with
seeder cell is operating in the two-photon cancellation reenough energy to cause visible fluorescence from a white
card, using a signal cell with 30 mbar of NO. We found no
condition, using PFWM alone, where we could generate

5.0 enough uv signal to cause visible fluorescence.
40 |
B. Flame results
53-0 - Having clearly established the sensitivity of SPFWM,
5 we next applied it to the more useful and demanding task of
320F detection of nascent concentrations of NO in a flame. An
air—acetylene flame was operated fuel rich which is the usual
1.0 b state used in atomic absorption spectroscopy and corre-
sponded to the most stable flame condition. For our operat-
0.0 ing fuel/air equivalence ratio of 2.5, we estimate a maximum
sl o ] NO concentration of 100 ppm, based on flame equilibrium
3 ® P calculations which predict an NO concentration of less than
510} L P 1 20 ppnt? with the assumption that entrained air will also add
G| e | extra thermally generated NO. While this flame state repre-
M" sents a stoichiometry very different from that used in much
%0, 500 1000 1500 2000 2500  of the DFWM studies of NO, the low NO concentration pro-
Pump Energy (1)) vides an excellent benchmark for SPFWM.
FIG. 7. The pulse energy dependence(®f the 226 nm signal obtained A comparison between SPFWM spectra in a cell and

from 20 ubar of NO buffered to 10 mbar with Ar, an), the 1.22um  that obtained from the flame is shown in Fig. 8. For clarity,
seeder signal obtained from 400 mbar of NO. A straight line is fit to thethe values]— 1/2 are included on various transitions of the
seeder data, while a curve generated by numerically integrating@dzas 2 :

been fit to the signal data. The dashed curvéjrcorresponds to the best fit TZ(__X Mz Q bran_Ch', He,re we see strong evidence of
obtained without the direct absorption term in E6a). The data were ob- rotational energy redistribution of the ground state towards

tained from theT,—X 2I1,,Q(10.5) transition. higher lying rotational states in the hot flame when compared
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D. Influence of foreign species on phase matching

As PFWM and SPFWM are nondegenerate FWM pro-
cesses, the appropriate phase matching for collinear propaga-
ﬂ tion of the ir and uv signals requires that the relationship Eq.

(11) be satisfied. The gain of the PFWM process depends
strongly on obtaining a good balance between the pump and
signal susceptibilities so that phase matching occurs suffi-

/\J ciently close to the central resonance. In a cell this can be

accomplished by modifying the medium refractive index
M\ with the addition of a suitable buffer g&% For NO we
have found that the various PFWM transitions have signifi-
w cant gain and as such are suitable for generating a strong
seeder field. However, if the low density SPFWM medium
52550 o = o represents a different environment to that of the seeder cell,
Transition energy (cm™) then the phase matching condition in the SPFWM environ-
FIG. 9. A high resolution comparison of o of the ir seeder " ment can be significantly altered with respect to that of the
.l esauon comacn o sclon of e 1 Seeder SeCihigh pressure seeder cell due to the presence of diferen
in the ir seeder spectral features relative to those of uv SPFWM spectrum. &tomic and molecular species. In this case, we would not
five point running average has been used to smooth the data. expect the SPFWM process to be automatically phase
matched.

The effect of buffer gases on PFWM efficiency was
to the room temperature cell. However, the lack of a spectraﬂ)rieﬂy studied. Argon, nitrogen, and carbon monoxide were
model for SPFWM precludes making a quantitative estimatenixed in varying proportions with NO in a 10 cm sample
of the flame temperature..Based on a signal to nqise ratio ofe|l. We found that argon had a minimal effect on the
100 and a NO concentration of 100 ppm, we estimate a &g\ signal while nitrogen and carbon monoxide both re-
tection sensitivity in the flame of 10 ppm which is compa- 4ced the PFWM signal, the latter significantly so. This is
rable to that obtained using DFWM. due to the effect of the buffer gas on the refractive index of

the medium, where the change in the refractive index moves
C. The effect ac Stark shifts on SPFWM the phase matching point away from the resonance, thus re-

On close examination of both the uv signal spectrum anéiucmg the gain. These buffer gas results suggest that phase

ir seeder spectrum in Fig. 5 we find a shift of approximatelymatCh'ng should be significantly altered in an air—acetylene

1 cm tin the spectral features of the ir seeder. In Fig. 9 Wegame wher% there is ? Ihlgfh p;ropgrtlotﬂ of mt(rjcz{gen ?nd c(:ja.r-
show a magnified comparison of the two spectra in a rela- on monoxice present. In 1act under th€ conditions found in

tively isolated spectral region, which indicates the magnitudepur flame, ”'"099” and carbo.n monoxide are the two most
of the shift. We also find an identical shift when detecting""bumj"’mt species, representing concentrations more than

NO generated in the air—acetylene flame using the same 4¢Brée orders 2°f magnitude greater than the nascent NO
mbar seeder arrangement, which suggests the shift is in ﬂfé)ncentratloﬁ. Therefore, based on our buffer gas observa-
seeder spectrum. We believe this to be an ac Stark shiffonS, we would expect a significant reduction in the
induced in the seeder cell due to the high field strengths ipPFWM sensitivity in the flame under these conditions.
the tight focal region. The exact cause of the shift is notiowever, we have found the SPFWM sensitivity was only
certain from this data, however, other experiments withéduced by a factor of between 10 and 100 in our flame,
PFWM in sodium have indicated that the shift is caused bysuggesting that SPFEWM is more robust than PFWM under
the generated parametric fielgnd not the pump beam. If conditions of varying refractive index.
the infrared seeder field is responsible for the observed shift There are three obvious reasons for the observed robust-
we would expect the magnitude of the shifts to be correlated€ss of the SPFWM technique. The first is that the PFWM
to the maximum of the infrared signal. This is exactly whatsignal depends exponentially on the gain, so any reduction in
we do see in Fig. 9 when we compare the shifts of the fougain can have a dramatic effect on the efficiency of the
strong peaks. Importantly the observed shifts are significadftFWM process, whereas, the SPFWM signal depends qua-
enough to limit the on-resonance seeder field strength in theratically on the gain and so is less affected by any variation
SPFWM medium, effectively limiting the SPFWM gain. in gain. Second, the bandwidth of the seeder field must be
The choice of seeder pressure and pump focusing wiltonsidered. For PFWM generation, this can be quite Broad
play an important role in further increasing the sensitivity ofthus allowing phase matching to be achieved in the SPFWM
SPFWM. At higher cell pressures a weaker focus shoulgprocess over a broad range of conditions. Finally, we have
result in a stronger seeder field by reducing the ac Stark shifshown that SPFWM in low density media has a high toler-
A change in seeder cell pressure from 300 to 400 mbar ofince to phase mismatches, this tolerance increasing with
NO has shown at least an order of magnitude increase in theeeder field strength. So under conditions of strong seeding,
detection sensitivity and suggests that further increasesappreciable gain may still be achieved. In certain cases the
should be possible. SPFWM gain may also be increased by the introduction of
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an appropriate buffer gas into the high pressure PFWMW. CONCLUSION

seeder cell to appropriately shift the phase matching point. We have shown SPFWM to be a sensitive and robust

nonlinear technigue useful for the detection of trace quanti-
ties of nitric oxide. Our initial investigations of NO have
indicated the ability to detect samples with partial pressures
As SPFWM is a nondegenerate near-resonance FWNelow 1 ubar, with an estimated detection limit of *amol-
technique, it has a number of unique characteristics such thecules per cr) using the experimental configuration we
ability to operate with high pump powers which act to in- have presented. This detection sensitivity represents a gain of
crease the sensitivity of the technique without loss of signabver 4 orders of magnitude when compared to PFWM alone.
due to saturation. The collinear propagation of the signaFurthermore, we have demonstrated the ability to detect na-
with the pump beam makes alignment of detectors quitescent NO concentrations of the order of 100 ppm in an air—
simple, after which the pump can be simply filtered out.acetylene flame using SPFWM. This represents operation
Furthermore, the SPFWM arrangement could allow postunder extreme conditions where the presence of high concen-
generation FWM signal amplifiers to be used to increase th&ations of molecular nitrogen and carbon monoxide have
signal to noise ratio. been demonstrated to adversely affect the phase matching
We have also found the direct absorption term of @.  conditions. However, we find that the SPFWM gain is still
is quite small due to the collinear phase matching requiresignificant under these conditions, with an estimated reduc-
ment which generally finds the optimum phase matchingion in gain of between 1 and 2 orders of magnitude when
point occurring at the periphery of the absorption prafi2®>  compared to the cell data, illustrating the high tolerance of
Thus we readily observe a strong uv PFWM signal from theSPFWM to phase mismatches in low density media.
seeder cell, even when the medium is optically thick. This A strong ac Stark shift in the two-photon resonance,
property is in direct contrast to DFWM which can suffer caused by the generation of strong PFWM fields, was found
from significant signal reabsorption often limiting the sensi-in the high density seeder cell. This acts to limit the SPFWM
tivity of the technique®* Consequently, it should be possible gain in the present experiment, by reducing seeder field
to provide selective molecular filtering of the signal in orderstrength on resonance. We have also observed the seeder cell
to reduce any incoherent resonant background emissiooperating in the two-photon cancellation regime which also
noise, thus increasing the signal to noise ratio. This may bémits the ir seeder field generation. These limitations may be
especially useful for reducing the background noise in thevercome by modifying the focal conditions within the
flame spectrum of Fig. 8. seeder cell so that weaker fields are generated over an in-
With SPFWM, the intermediate resonance acts to increased focal area such that the net effect is to increase the
crease the FWM gain to such a degree that we are able wverall seeder intensity, thus increasing the SPFWM gain.
record a two-photon resonant spectrum with a sensitivityWe have also found that by increasing the seeder cell NO
close to that achievable with single photon resonanpressure from 300 mbar to 400 mbar, we could obtain more
DFWM.2*® This suggests that SPFWM detection of thethan an order of magnitude increase in SPFWM sensitivity.
C 2II(v' =0)«X 2II(v"=0) two-photon transition, is ca- As higher pressure cells operate with considerable spectral
pable of providing spectral information with molecular con- broadening due to the increased gain, such broadening may
centrations far lower than many alternative two-photon resoalso compensate for the observed ac Stark shift, further in-
nant technique®3%-3° Of course this requires the creasing the SPFWM gain.
development of a suitable spectral model. A simple theoretical model of SPFWM has been devel-
Finally, we emphasize that our experiments were conoped which shows excellent agreement with the experimen-
ducted with a comparatively large bandwidth, multimode la-tal data, suggesting that SPFWM may be useful for certain
ser. The transverse spatial mode quality was poor in comguantitative applications, especially when operating in the
parison to a single mode Gaussian beam. The theorgmall signal regime. The model is also useful for understand-
presented is only a single mode plane-wave theory and yet ihg how SPFWM behaves under the highly variable condi-
shows excellent agreement with our experimental observaions expected in molecular FWM processes and indicates
tions. The observed gain increase between seeded and nahat any molecular SPFWM spectrum must also be inter-
seeded PFWM suggests a detection sensitivity increase @feted in terms of phase matching conditions determined by
over 4 orders of magnitude in molecular density. This num-the linear susceptibility of the intermediate state. A full spec-
ber very closely agrees with changes in detection thresholttal model of SPFWM operation has not been attempted at
estimates given by the theory. One would usually suspedhis time. Such a model must include laser bandwidth and
that single mode operation would help to further improve theDoppler broadening effects as well as molecule specific in-
performance of the system, as is generally the case witformation in order to determine the appropriate phase match-
FWM. However, as the effects of foreign species as well asng condition and necessary third order susceptibilities.
chromatic aberration of the recollimating lens can act to A major benefit of SPFWM is its simple single beam
compromise the phase matching within the SPFWM megeometry. In contrast, other well known nonlinear optical
dium, it is possible that the poor beam quality may act totechniques, such as DFWM and coherent anti-Stokes Raman
partially compensate for any phase mismatch by providing &cattering, require complex multiple beam geometries. The
ensemble of possible phase matching conditions. This hygeneration of a coherent signal beam at a wavelength signifi-
pothesis has yet to be tested. cantly different from that of the pump beam, but which trav-

E. Unique characteristics of SPFWM
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