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Observation of large continuous-wave two-photon optical amplification
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We observe 30% two-photon optical amplification of a probe laser-field propagating through a laser-pumped
potassium vapor. This amplification is spectrally isolated and substantially larger than that of previously
reported continuous-wave two-photon amplifiers. The combination of large amplification and spectral isolation
of the two-photon gain feature will greatly facilitate precise studies of the photon statistics of this highly
nonlinear quantum amplifier and the development and characterization of a two-photon laser based on this gain
medium. We also observe spectrally-distinct three-photon amplificatieh%f) in the same system under
different experimental conditions. We present a simple model of the interaction that gives qualitative agree-
ment with our observations and explains the dependence of the two-photon gain on the various system
parameters. This model predicts that the size of the two-photon gain is quite sensitive to an interference
between two different quantum pathwayS1050-294®7)00208-4

PACS numbg(s): 42.65.Dr, 42.50.Hz, 42.65.Pc, 42.65.Vh

The study of light-matter interactions in the regime wheredisplay all of the properties associated with a generic, phase-
the coupling between the atoms and the radiation field isnsensitive, two-photon amplifier. This is in contrast to any
highly nonlinear is a subject of fundamental importance inparametric wave-mixing process which might also result in
quantum optics. Devices that operate exclusively in this rethe addition of photons to the probe field when
gime, such as two-photon amplifiers and two-photon laserg,=wq—Ag4g/2. To obtain continuous-wave two-photon
[1-3], have intrigued researchers for years because their dgain based on this stimulated Raman process, a steady-state
namical behaviof4], photon statistics, and coherend&§  population imbalance must exist between stags and
are predicted to be very different from their one-photon|g’) such that the population of stdtg) is larger than that of
counterparts. Despite the fundamental and practical interestate|g’). In this system, this imbalance is maintained via
in these devices, there have been few experimental tests oftical pumping of atoms by the intense pump field.
the numerous, often conflicting, predictions regarding their We note thatn-photon Raman scattering processes can
behavior. The primary limitation on these tests has been theccur in this system for probe-beam frequencies
difficulty in realizing practical two-photon lasers and ampli- w,=wg— A4y /n, for n=1,23,... . Kumar and co-
fiers in the laboratory. workers[9] have studied extensively the one-photon Raman

In this work, we demonstrate a new two-photon opticalprocess §=1) in a laser-driven sodium vapor, while Hem-
gain medium that amplifies a beam of light by 30%. Themerichet al.[10] have observed multiphoton Raman scatter-
observed two-photon gain is approximately 300 times largeing in cooled rubidium atoms trapped in the potential wells
than that obtained previously in continuous-wave two-of a three-dimensional optical lattice. Trebino, Rahn, and
photon optical amplifier§6,7]. This large gain is obtained
using a relatively simple apparatus: a laser-driven potassium
vapor contained in a glass cell. Furthermore, the observed |e) |e)
two-photon gain is spectrally isolated from other competing — —
processes, facilitating precise studies of the characteristics of
two-photon amplifiers and lasers. This amplifier operates in
the degenerate mode, where both photons generated in the
stimulated emission process have the same frequency.

The two-photon gain in this system arises from a stimu-
lated emission process that we call two-photon stimulated
Raman scattering, shown schematically in Fi¢p) 18]. In-
tense pump(solid) and probe(dashedl fields stimulate the Ig)
atom to make a transition between the initial stgteand the (a) (b)
final state|g’) by absorbing two photons from the pump
field (frequencywy) and adding two new photons to the
probe field (frequencywp) via virtual intermediate states. yyeen long-lived atomic stateg) and|g’) is resonantly enhanced
Energy conservation requires thah,=wy—Aqq/2, Where  py the excited statée). The process involves the annihilation of
A gy is the energy separation betwefg) and[g’). We  two pump photons of frequenay (solid) and the creation of two

stress that this scatte_ring process is a pure gain process basgébe photons of frequency,, (dashedl (b) The strong pump
on the stimulated emission of two probe photons; that is, th&eam, which interacts on both thg)—|e) and|g’)—|e) transi-

stimulated transition rate does not depend on the relativeons, creates a population imbalance|g) and|g’) via optical
phase of the fields. Hence, we expect this gain medium tpumping.
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FIG. 1. (a) The two-photon stimulated Raman transition be-
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Lucht[11] and Agarwal12] have also investigated a related sitions, a general condition for observing large two-photon
multiphoton parametric wave-mixing process in laser-driverRaman gain mg'g,%%g,_ For continuous-wave pump and
sodium atoms. To our knowledge, however, the current workygpe fields, this limits the possible systems to those for
is the on!y one to investigate th_e usefulness of the tWoy,pich A /2 <1 GHz. This requirement, combined with
phptqn stimulated Raman scattering process as a source e appeggrance @, in the denominator of E¢(3) above
gain in a two-photon amplifier. - : .. ._suggests that optimum systems for demonstrating large two-
In order to observe two-photon gain in this system, it is oton Raman gain would be those for whisly, is rela-
necessary that both the pump and probe beams interact rtf 9 L 9’ .
ively small. However, one must bear in mind that decreasing

both the|g)—|e) and|g’)—|e) transitions. Because of this .
and the fact that the intensity of each of these beams sutBbe value ofAgq also decreases the spectral separation be-

stantially exceeds the one-photon saturation intensity, a confVé€n the two-photon and one-photon Raman gain features.
plete theoretical model of the interaction is rather compli-Thus the two-photon and one-photon gain features may not
cated. While the development of such a model is beyond thB€ resolved for small values g, , making it difficult to
scope of the current work, much can be said about the twoconduct precise studies of the properties of the two-photon
photon gain mechanism by considering the two-photon tranamplifier. For this work, we have chosen a system in which
sition probability in the presence of the applied fields usingthe ground-state splitting is large enough so that the two-
time-dependent perturbation theory. To proceed, we take thghoton gain is spectrally isolated, but small enough to permit

form of the applied fields to be large two-photon gains at relatively modest pump and probe
d db it intensities. This is in contrast to the work of Hemmerich
E%P(t)=EgPe '“dr'+c.c,, (1) et al.in which two-photon gain was observed via stimulated

) __Raman transitions between trapped atomic vibrational states
where the superscripts denote the pump and probe fieldsy o] | that work, the value of the ground-state splitting

re_spectively. The_i_nteraction strengths of the fiel_ii’sp(t) (~165 KH2) was comparable to the observed width of the
with the two transitionsg) —|e) and|g’)—|e) are given by  ga¢rated one- and two-photon Raman transitions, resulting
the Rabi frequencies as in a two-photon gain feature that appeared as a small peak on
2Uyigne-E the side of a much larger one-photon gain feature.
qdp — ZHalgle’ =0 2) One very interesting feature of the two-photon Raman
9@ h transition rate given in Eq3) is the possibility that the term

; : — 0P d_ d
In terms of these one-photon Rabi frequencies, we find thdf! Prackets vanishes whedg=Q,, andQg=0Q, . Thus the

the effective two-photon Raman Rabi frequency is given bytwo-photon transition rate is_nearly zero whenever each of
the pump and probe beams interacts equally on both transi-

QSQS* d § tions. This surprising effect occurs as a result of a quantum
QZFSA(A J2(ATA /2)[057‘99,—9998*], interference between two indistinguishable pathways from
99 99’ 3) the initial statgg) to the final statég’), as illustrated in Fig.

2. For our system thég)—|e) and |g’')—|e) transitions
whereA = weq— wq is the detuning of the pump beam from have different strengths so that the destructive interference
the |g)—|e) transition and we have taken the probe-pumpbetween the two pathways is not complete, resulting in a
detuning to bev,— wg=— Ag44//2, the resonant condition for two-photon transition rate that is reduced from that of either
the two-photon transition. pathway considered alone by only a factor-e2. Further-

Equation (3) reveals several important relationships be-more, it may be possible to eliminate the interference alto-
tween the two-photon gain expected in this system and thgether by making use of the Zeeman sublevels associated
various experimental parameters. First, the two-photon trarwith |g) and|g’) and careful choice of the pump- and probe-
sition rate is seen to scale quadratically with the intensity ofoeam polarizations.
the probe field, until the effects of saturation become impor- As discussed above, our two-photon amplifier uses a com-
tant. As a result, the probe beam is not amplified when it iposite (atom plus field gain medium created by driving a
weak and the two-photon gaincreases linearlyas a func-  potassium vapor with an intense pump laser field. The potas-
tion of probe-beam intensity, attaining its maximum whensSium vapor is contained in a 7-cm-long evacuated pyrex cell
the probe beam intensity is approximately equal to the twowith uncoated, near normal incidence optical windows. The
photon saturation intensity13]. Saturation of the two- cCellis heated to a temperature of 150 °C, producing a num-
photon gain occurs when the two-photon Rabi frequency beber density of approximately 19 atoms/cni. The states
comes approximately equal to the optical pumping ratdg), |g'), and|e) of our idealized level schemig. 1(a)]
between the ground states. This dependence of the tweorrespond to the & (F=1), 4S;(F=2), and £y,
photon gain on the probe intensity differs from optical am-states of**K, respectively, where the ground-state hyperfine
plifiers based on the one-photon stimulated emission processplitting is Ayq/2m=462 MHz. Because we use natural-
In one-photon amplifiers, the stimulated emission rate scaleabundance potassium, we also observe gain and absorption
linearly with the intensity of the input field, resulting in a features due to scattering froftK where Agyq/2m=254
one-photon gain that is intensity independent for weak inpuMHz.
fields and which decreases as the intensity approaches the The pump laser field is generated by an actively stabilized
one-photon saturation intensity. Ti:sapphire ring laser. It is linearly polarized, collimated to a

Because of the need for the pump and probe fields taiameter of 150um [intensity full width at half maximum
interact strongly with both thég)—|e) and|g’—|e) tran-  (FWHM)] as it passes through the cell, and is tuned approxi-
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FIG. 2. The two possible quantum pathways for the atom to Z 50 RL

undergo a transition froffg) to |g’) via virtual intermediate states. @ 25
Both involve the absorption of two pump photofsolid) and the (o))
subsequent emission of two probe photddashed Because the 8 0
two paths are indistinguishable, they interfere, giving an overall © .25
two-photon transition rate which may differ significantly from that '5_ 50
due to either pathway considered alot@.Annihilation of a pump L ! | L | L !
and creation of a probe photon via interaction with tg— |e) 100
transition induces a second-order amplitude for the $@teSub- i Porobe = 2.5 MW (C)
sequent annihilation of a pump photon via flgg— |e) transition 75 probe
and creation of a probe photon via tfgg ) —|e) transition leads to 50 RL
a fourth-order amplitude for the statg’). (b) Annihilation of a 1y (41K) 2y
pump via interaction with thgg)—|e) transitions and creation of a 25
probe photon via thég’')—|e) transition induces a second-order 0 39
amplitude for the statég’). Subsequent annihilation of a pump 25 Ty (7K)
photon and creation of a probe photon via {g€)— |e) transition
leads to a fourth-order amplitude for the stigé). S0 . | , | , ,
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mately 2.4 GHz to the low-frequency side of tBbd transi-
tion [4S,(F=2)—4P,(F=1)] occurring nea\ =769.9
nm.. Noticeable .s_elf-defocus.inQ is apparent under these 9"' FIG. 3. (a) Normalized probe transmission spectrum at low
perimental Conc,j't'onS; the divergence anglg of the beam Inr')robe powerP,qpe. The curve has been smoothed to reduce the
creases approxmatgly by a_ factor of 3 and it no longer has aigitization error.(b) As the probe intensity is increased a new gain
lowest-order Gaussian profile after passing through the celteatyre appears at,— wg=—Agq/2~2m(—230 MH2 corre-
We observe significant beam breakup due to seIf-fo<:u5|ng|c,ono|ing to two-photon gair(c) Near the two-photon saturation

when the pump laser is tuned to the high-frequency side oftensity, the two-photon gain reaches its maximum value of 30%.
the transition; hence our choice of red detuning for the pummote the appearance of a three-photon gain peak at

beam. The total power in the pump field at the entrance t@,— wy=—A 44 /3~27(— 150 MH2).
the cell is approximately 850 mW and serves a dual purpose:
it provides the photons of frequeneyy needed to drive the of the pump and probe beams in the cell while minimizing
two-photon Raman scattering process shown in Fig.dnd  the effects of parametric wave mixing which can potentially
it maintains the necessary population imbalance betweegompete with the two-photon gain process. The total trans-
|g) and|g’). This latter effect is accomplished via preferen- mitted power of the probe beam is measured by focusing the
tial optical pumping of the statfy’), since the pump field output probe beam onto a photodiode. A polarizer in front of
drives the |g’)—|e) transition more strongly than the the detector blocks pump scatter from the cell windows.
|g)—|e) transition[Fig. 1(b)]. The probe-beam transmission spectra are quite rich, dis-
To characterize the properties of the composite gain meplaying many spectrally distinct gain and absorption fea-
dium, we measure the transmission of a probe beam throudiires. To identify the microscopic origin of these features,
the cell as a function of its frequency for several differentwe record high-resolution transmission spectra as a function
probe beam powers. The probe beam is generated by @ the probe-pump detuning. Figure 3 shows several such
grating-stabilized diode laser and has a maximum power ofpectra as a function of the probe-beam power. We specify
10 mW. We set the probe laser field polarization orthogonathe probe-beam power rather than its intensity since the ef-
to that of the pump field, since we found that this orientationfects of self-defocusing make it difficult to infer the exact
resulted in the maximum two-photon gain. The probe beamspatial profile of the probe beam in the cell from the known
which is collimated to a diameter of 6xm (intensity  spatial profile outside the cell. For each of these spectra, we
FWHM) in the cell, overlaps and is nearly copropagatingsubtract the residual pump scatter and the loss incurred by
with the pump beam. In this geometry, the two-photon Rathe windows. This allows us to interpret the spectra directly
man scattering process is nearly Doppler-free. We use i terms of gain and loss experienced by the probe beam due
small crossing angle of 12 mrad to allow maximum overlapto the laser-driven atomic vapor. For a weak probe beam,

probe-pump detuning (MHz)
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Fig. 3@, we observe three narrow spectral features in thesonable agreement with the expected value {22 MH2)
frequency region of interest. The first, labeleg(3°K), is  imposed by the optical pumping rate frdgy') to |g). Even
due to one-photon stimulated Raman scatte(Bipkes scat- at these intensities, the two-photon Raman gain feature re-
tering from optically pumped %K and occurs when mains spectrally isolateq from the other gain features. This is
wp— g~ —Agq =2m(—462 MH2 [9]. In this case, the 1IN contrast to the previously reported two-photon dressed-

maximum observed one-photon Raman gair B000% (off  State gain medium where the two-photon amplification was

scalg, corresponding to an output probe power that is 502ccompanied by a significant amount of one-photon amplifi-
times larger than the input power. We have observedation[6,10]. For each of the three intensities shown in Fig.

15 000% amplification due to this process for very low input3’ we note that the application of a small axial magnetic field

; does, in some cases, cause the two-photon gain to increase
probe powers €1 wW). The gain feature labeledyT*K) - > CPTE
in Fig. 3(a@) corresponds to a similar one-photon Raman pro-?ugs.tl?tgtr'%%n‘ézsfj'.zlg g:: dtoagomeOd;gczgzq.énn t?: t?]iSttrvL\J/g-
cess occurring iff'’K whereA 4, (*'K) =27(254 MH2). This Ve 1 Iscu Ve. '

I 0, -
feature is much smaller than that 8K because the natural pﬂg:gz nggz grarl:nliffiigirorr?, Ive\; geglj}?a(:bls:?rveagmaihree
abundance ofK is only 6.7%. The dispersive-shaped fea- P o A (39K§)/3—2 (_’150 MH2) For%till hicher
ture (RL) occurring nearw,— wq~0 is due to stimulated Wp~ @d™ " Rgg’ —em : g

. : : e : ~ probe-beam intensities, the two-photon amplification de-
Rayleigh gain(and absorptionarising from population os creases and the three-photon amplification increases.

cillations between the magnetic sublevels of each of the : .
In conclusion, we have presented results demonstrating

ground stateg14). large two-photon gain in a dense vapor of atomic potassium

For higher probe-beam intensities, FigbB3 the one- . R )
photon gain features saturate significantly and a newi(,jsr“;enr%i’(i?nzttgng:gggn:&negsf:zlrd'e:_rt]ﬁa?]b‘:‘ﬁgedregv?gnu;f 38&’
intensity-dependent _gain feature @ appears at taingg and is syectrall isolate% from com eF;in ainy ro-
wp— wg=—A gy (K)2=2m(~231 MH2. We attribute pecrary peing gain p

this new feature to two-photon optical amplification because oo This should greatly facilitate the development of

it occurs at the expected frequency and it is not present fO;r)racucal two-photon amplifiers and lasers based on this new

: " ain medium. The observed gain is explained in terms of a
low probe-beam intensities, as expected for the two-photof. ; i
. S e : simple model based on a time-dependent perturbation theory
stimulated emission process. In addition, we verify that th X )
reatment of two-photon Raman scattering. Future experi-

two-photon gain feature is not associated with afour-wave;nents will explore in greater detail the scaling of the

mixing process by analyzing the spectral content of the '8, photon amplification processes with experimental param-
diation emanating from the cell. Note that the two-photon P P P P b

. 9 . eters, including the effects of the ground-state sublevels and
Raman gain fron?®K and the one-photon Raman gain from o .
laser beam polarizations on the quantum interference that

A1 5
the **K isotope are spectrally resolved, even though they arg termines the overafi-photon gain.
separated by only 23 MHz.

For still higher probe intensities, Fig(@, we observe the We gratefully acknowledge discussions of this work with
onset of saturation in the two-photon gain, leading to a maxidohn Thomas, and the support of the U.S. Army Research
mum in the two-photon gain of approximately 30%. For thisOffice through Grant No. DAAH04-94-G-0174 and the Na-
probe intensity, we estimate our effective saturated twotional Science Foundation through Grant No. PHY-9357234-

photon Rabi frequenchEq. (3)] to be 27(1.4 MH2), inrea-  001.
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