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Abstract-Wereportatwo-wavelength(each
of whichisindependently tunable)synchronouslypumped
picosecond laserwhichhas
largespectralseparation,highconversion
efficiency, andwidetuning
to find the time-resolvedreflectivity
ranges.Thelaserhasbeenused
of a photoexcited semiconductorinthe
bandgapregion.Unusually
rapid relaxation of the screened excitonic reflectivity has been noted
and a simple carrier diffusion model is proposed. The model also predicts results whichagree with previously published data.

ate intensities can be elevated to the GW/cm2 range for high
intensity experiments. Early experiments using such systems
obtained their spectral and temporal resolution through a nonlinear upconversion light gate [3], [4] that analyzed the
luminescence signal from aphotoexcited sample. The advantage of such measurements is that they probe the occupation of real energy levels in the relaxing system, but they have
the drawback thatthe efficiency and the resolution are inversely
related. A technique that is complementary to the
I. INTRODUCTION
luminescence
upconversion is the utilization of a second laser
ICOSECOND studies of condensed matter have beena
to
probe
the
system
after its photoexcitation by the first laser.
subject of intense interest in the last several years, and a
The
energy
(spectral)
resolution is the linewidth of the probe
major research tool in the picosecond experiments has been
laser.
If
the
probe
is
a synchronized picosecond laser, its
the synchronously pumped mode-locked laser [ 11 , [2] . These
pulse
width
is
the
time
resolution,
while if the probe is a CW
lasers have several natural advantages. The very high repetition
laser,
time
resolution
can
be
achieved
by gating with the exrates (lo8 Hz) allow sensitive detection techniques to be used,
citation
pulse.
Both
types
of
lasers
have
been used, the first in
since high average powers do not require high peak powers.
a
pump-probe
technique
151,
and
the
second
in a “read-in,
This permitstheir use in low quantum efficiency systems,
read-out”
technique
[
6
]
.
while their pulse reproducibility over long experimental time
This paper describes a laser that is of the first variety, but it
allows signal averaging techniques to be exploited. The wide
has
several advantages that complement the earlier system.
tuning rangesavailable make possible the examination ofa
These
inherent advantages accrue from the basic design of the
variety of physical systems and, by tight focusing, the modercavity, and they allow a larger spectral separation between the
pump and probe laser, much higher average powers, and very
ManuscriptreceivedAugust
31,1981. Thisworkwassupportedin
large tuning ranges. In the next section we describe the laser
part by MSC/NSF Grant DMR-78-16751.
The authors are with the Department of Physics and Materials Center, itself its principles of operation, its cavity configuration, its
performance, and its operating characteristics. In Section 111
Cornel1 University, Ithaca, NY 14853.
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Fig. 1. Schematicrepresentation of thenonsaturatingroundtrip
loss
(dashed curve) and saturable gain (solid curve) experienced
by a circulating ultrashort pulse, plotted as a function of normalized cavity
flux j (see text). The laser will drive itself to the flux corresponding
to theintersection of the two curves.

we describe the results of a preliminary experiment which illustratesthe laser’s utilityin the studyofphotoexcited semiconductors and propose a simple model.
11. THE TWO-WAVELENGTH INTERSECTINGCAVITY

LASER
The standard synchronously pumped mode-locked laser uses
a three-mirror cavity to focus the radiation tightly onto a freeflowing dye jet [7] . The cavity lengths of the dye laser and
the mode-locked pumping laser areapproximately equal so
that gain is presented periodically to a circulating pulse whose
cavity roundtriptime coincides withthe pumping interval.
This pulse arises from the cavity noise and adjusts itself in
phase to meet the pumping pulse at the dye jet [4], [8] . One
may estimate the circulating pulse flux by examining the overall gain associated with pulse propagation through saturable
media [9]. Fig. 1 plots the energy gain experienced by a pulse
in traversing a saturable gain medium (e.g., a pumped dye jet)
as a function of the pulse’s flux. A measure of the intracavity
flux is j = nu/A ,where n is the number of photons in thepulse,
u is the stimulated emission cross section, and A is the beam’s
area at the medium. Thus j has an approximate physical description as the number of photons in the pulse that attempt
to stimulate a transition. It can be shown [9] , [16] that the
ultrashort pulse, in traveling througha medium ofoptical
thickness
Zi =

I’

N ( x ) u dx,

(11

will have its fluxamplified from j i to j f , where

Here, N(x) is the population inversion density, u is the stimulated emission cross section, and E is the thickness of the dye
jet.Saturation
effects become important when j x 1. For
small signal levels the gain exceeds the loss. The flux then increases on each roundtrip until the
circulating pulse reaches
the steady-state flux for which the gain equals the loss, Le.,
that j for which the gain and loss curves in Fig. 1 intersect.
The lasercavity may also include a saturable absorber. (A
nonsaturable absorber presents an intensity independent loss
which simply changes the magnitude of the “cavity loss”
curve.) Appropriate choices of u and A allow the absorbing
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Fig. 2. Representation of gain and loss as in Fig. 1 but with saturable
absorber also present (lower dotted line). Solid line represents
total
gain due to bothsaturable media. Inset: schematic of a two-wavelength
intersectingcavitylaserwithtwomediainonecavityandonein
the other.

jet to saturate before the amplifying jet, since a given intracavity flux yields a larger j for the absorber than the corresponding j for the amplifier. Naturally, the overall gain as a
function of intracavity flux changes (see Fig. 2), but it is possible to saturate the absorber at relatively modest energy loss to
the circulating pulse. If the saturable absorber is itselfa laser
dye, however, the addition of feedback (mirrors) to make a
cavity completes that cavity’s description as a synchronously
pumped laser (see inset Fig. 2). Thus the second jet has two
roles: in the first cavity (solid line) it contributes to the pulse
forming process by being a saturable absorber [ 101 ,and in the
second cavity (dashed line) it is a synchronously pumped gain
medium. Thetwo cavities intersectata
single spot in the
second jet.
An interesting feature of the intersecting cavity laser is its
unique combination of intracavity and extracavity characteristics. It has characteristics of intracavity pumping in the sense
that the dye jet for the second cavity is inside the first cavity
and its exposure to large cavity fluxes fully exploits the inherent nonlinearity of saturation. But since the two intersecting cavities are almost entirely distinct, the laser has the characteristics of extracavity pumping in the sense that the two
lasers are nearly independent; the beams are distinct and can
be tuned, filtered, and manipulated independently. This combination of characteristics occurs precisely because thetwo
cavities overlap at only one point, obviating the need for dispersive separation.
The configuration which we use is shown in Fig. 3. The most
obvious difference from the inset of Fig. 2 is that in both
cavities the jetsare surrounded by shortfocal length mirrors to
increase j by decreasing the spot size. This laser has a number
of convenient features. The output coupler of the first (“Y”
or “yellow”) laser can be flat or nearly flat so that the length
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Fig. 3. Actual configuration of two-wavelength intersecting cavity laser.
Solid line represents primary (yellow or “Y”) cavity with amplifying
and absorbing media present.
Dashed line represents second (red or
“R”) cavity. MirrorsRl, R 4 , and Y5 are plane for convenience.

a n be adjusted without the need to refocus at either jet. The
“zig-zag” configuration reduces coma [ll]. By using a fourmirror configuration for the second (“R” or “red”) laser, again
coma is reduced and the R1-to-jet distance can be adjusted to
equal the Y,-to-jet distance, thus decreasing the “jitter” in the
synchronization between thetwo pulses and decreasing the
sensitivity of the red laser to cavity length mismatch. Qualitatively, the pulse forming process in both lasers is similarto that
for the standard synchronously pumped laser [12], [4] , [ 8 ] .
In Fig. 2 the overallgain and lossisgiven for pulse passage
through each jet. But relative to the overall gains, the “yellow” pulse sees more loss on itsleading edge from thesaturable
absorber and more loss on its trailing edge fromthe gain
medium. These two “compression” processes [9] are balanced
by a temporal diffusion due to the frequency dispersion in the
cavity [4] , [I21 . The “red” cavity is almost identical to the
standard cavity but is pumped twice per period.
The laser that has been described here has several advantages
over othertypes of two-wavelength picosecond pulse generation. Compared to intracavity two-wavelength methods, the
intersecting cavity laser’s most obvious advantage is that the
wavelengths and cavity lengths of the two lasers can be tuned
independently of each other.That
is, since the beams are
physically separate, each of thetwo beams can encounter
distinct tuning elements and they can propagate in cavities
withdifferent physical lengths [14]. Another advantage of
the intersecting cavity laser is the fact that since the two cavities are optically distinct as well, the mirrors do not have the
same stringent requirements that would be necessary fora
cavity that had mirrors exposed to bothwavelengths.
Compared to parallel pumping configurations (for instance,
an ion laser synchronously pumping twoindependentdye
lasers), the present laser offers a more efficient use ofthe
pump power, since only one threshold must be overcome, and
hence higher average powers can beattained[I51 . In addition, the spectral separations of the two outputs can be much
greater for the intersecting cavity laser. For parallel pumping,
both lasers experience a single Stokes shift away fromthe
pump laser, while in our laser the second cavity suffers two
Stokes shifts since it is pumped by the first. This extra Stokes
shift has permitted us to achieve spectral separations as great
as 1500 a (0.45 eV) between the two output wavelengths.
Finally, we compare to a tandem pumping configuration in
which the output of the first laser is used to pump the second
laser, and sketch an interesting feature of intracavity pumped
systems which wecall “negative spectral feedback.” If the
yellow laser is being tuned to a spectral region for which the
red dye absorption cross section is dropping, the red dye presents less loss to the yellow cavity. But if the loss in the yel-

WAVELENGTH

(nrn)

Fig. 4. Comparisonof wavelength dependence ofstandard and intersecting cavity outputs.(Both yield 8 ps pulses in yellow.) Dashed
curve is output from three-mirror configuration, upper solid curve is
“yellow” outputfrom
two-wavelength configuration, lower solid
curve is maxicurve is 10 times concomitant “red” output. Dotted
mum usable output from three-mirror laser if as little as 80 mW is diverted t o tandempump asecond laser. Note the muchnarrower
tuning range.

low cavity decreases, then that cavity’s flux (and hence the red
laser pumping rate) increases. The red laser is then automatically pumped harder at exactly those spectral locations where
it must be pumped harder. This negative spectral feedback
greatly enhances the usefulness of the laser. In thetandem
pumping configuration, the regions where the red laser’s cross
section is dropping require more yellow power to pump,
steadily decreasing the power available foranexperiment.
Additionally, the intersecting cavity configuration allows operation in a higher j regime, which results in “flatter” output
power characteristics due to more complete saturation[I61
as Fig. 4 shows. Both of the “yellow” output curves yielded
8 ps pulses (we used a three-plate birefringent filter). Although
for most of the tuning range the three-mirror configuration
has a higher power output, the usable yellow power for the
tandem pumping case is the total power minus the threshold
for the second laser. Even assuming a constant red threshold
of as low as 80 mW across the entire tuning range, one sees
that the tuning range for the intersecting cavity laser is several
times wider than that for the tandempumped configuration.
The data in Fig. 4 were takenforan
Ar’ laser pumping
rhodamine 6G and cresyl violet, but there is nothing that restricts one to these components. The technique should work
for a variety of pump laser lines (e.g., 488, 647 nm in the ion
laserseries) anddye laser pairs (e.g., most rhodamines and
oxazines). We have used a variety of dyes for the second jet;
among them are nile blue, oxazine 720, oxazine 725, LD 690,
and various mixtures to “tailor” the output. Fig. 5 shows a
few of the possibilities to illustrate tradeoffs that are open to
the user. The yellow autocorrelation widths were approximately 8 ps, the red autocorrelation widths were approximately 4 ps (we used a two-plate birefringent filter in the red
cavity) and the cross correlations widths varied with power:

FRIGO e t al.: TWO-WAVELENGTH PICOSECOND LASER
YELLOW
OUTPUT
(5-8 psec ACI
Rh6G

RED
OUTPUT
(4 psec ACI
,

200mw

1

, CV(I*,~T)

I

,

I

,

,

I

600

,

OX725107%TI

TGr-

5-8 psee A / C

550

195

,

I

/

’

I

IOrnW

I

650

,

I

I

I

700

I

I
I

_____

O X 7 2 5 i0.17-T)
50-2OOgW
I

I

,

l

I

I

, ~ - - M O T T TRANSITION
nWTT z I O ’ ’ C ~ - ~

750

X (nrnl

Fig. 5. Spectral characteristicsof several differentdye
options.

andcoupling

12 ps at 100 mW yellow power to 16 ps at 200 mW yellow
power. For high power uses, cresyl violet and oxazine 725
span the range between 6200 A and 7000 A with 20 mW
average power in CV and 10 mW in OX 725. These powers are
high enough that they hold the possibility of attaining nonlinear optical effects using acombination of thetwo wavelengths. When a wide tuning range is desired, ontheother
hand, lower output coupling can trade power for tuning range.
For instance, OX 725 was tuned over an 800 A width, and the
period of the tuning filter was reached before the dye gain
dropped off. This degree of tuning range is unprecedented in
such lasers.
In short, the intersecting cavity laser we are reporting here
can be characterized as having large spectral separations between the two outputs, broad tuning ranges in both outputs,
and flexibility in cavity, pump, and dye pair selection. Its high
flux makes nonlinear processes accessible, and the high repetition rate allows a variety of sensitive detection techniques
to beused.

Fig. 6. Possible trajectory of photoexcited semiconductor in e-h den,
no is created and
sity (n) and temperature ( T ) plane. At t ~density
system relaxes through recombination, diffusion, internal conversion,
etc. Phonon generation can change temperature as well. The reflectivity in excitonic region is featureless for densities greater than nM
but recovers as system relaxes belowMott density.

measurement is of interestfor several reasons: first,it is a
surface^' probe (in the sense that only the properties within a
wavelength of the surface are usually interrogated); and second, it is an ideal test for the existence of “oscillators,” taken
in the Lorentz sense to be two quantum levels. The oscillator
we observe (located just below the band edge) is the Wannier
exciton formed by the attraction of an electron in the conduction band and hole in the valence band. This type of measurement complements others, since it does not “integrate”
the entire optical depth of the sample as do transmission experiments and does not have the ambiguity of determining the
source of the photons as do luminescence experiments [23].
The experiment uses the two-wavelength laser first to excite
the crystal with photons of energy above the bandgap, creating
111. APPLICATION:REFLECTIVITY
AND THE
a high density of carriers in the conduction band, and then to
DIFFUSIONOF CARRIERS
probe the reflectivity of the relaxing crystal as a function of
In this section we present the results of a preliminary experi- time and spectrum. There is not universal agreement on what
ment in which we have applied our laser to study CdSe. (The should occur at low (LHe) temperatures after the photoexcitaexperiment is an example of a use of the laser in which the tion, but it is clear that at high enough electron-hole (e-h)
flux from the shorter wavelength output drives a system into a densities there should be a plasma state, and at very low e-h
nonlinear response and the second wavelength merely probes densities the system should condense into excitons. Between
the system.) We are interested in following the fast processes these two regions is a“Motttransition”[24]betweenthe
which occur in direct gap semiconductors such as CdSe after “conducting” plasma state and the “insulating” exciton state
intense photoexcitation. A rich variety of physical processes [25]. Mott’s criterion for the transition is
(Mott transition, electron-hole plasma, liquid,and droplets,
n g a x 0.2
etc.) have beenhypothesizedandexperimentalsupportfor
each has been reported [17] . Since in some cases the physical where a, is the Bohr radius for an exciton in the solid, and IZ is
processes are expected to be mutually exclusive, the field is of the number density. For .CdSe, this yields a Mott density of
inherentinterestand not yet completely understood. Many n~ = l O I 7 cma3. After intense picosecond pulse excitation, a
optical experiments have been performed to ascertain which dense e-h plasma is created which screens out the formation of
relaxation processes are taking place, and lasers with several excitons; there are no excitons present, real or potential, since
nanosecond pulse durations have figured prominently [171 . the oscillator (the two-level system) is no longer present in the
Picosecond and subpicosecond transmission [18] , lumi- excited region. As time proceeds, diffusion and recombination
nescence [19] , and gain [20] measurements have been per- processes reduce the e-h density to values below nM so that at
later times the reflectivity of the excitonic oscillator will reformed on materials such as CdS, CdSe, and GaAs.Eachof
these types of experiments can be performed with our laser appear. Fig. 6 sketches the process evolving from the initial
system, and each answers different types of questions about system point as created by a short pulse at to and possessing
the relaxation processes occurring in the semiconductor. We an initial temperature and density. As time progresses to t l ,
report here an additional type of experiment, namely,
what the density decreases to the Mott density and then below. The
we believeis the first time resolved [21] reflectivity experi- temperature of the system can also vary as the system relaxes.
ment performed in the bandgap region of a direct gap semi- We have not drawn in an intersection with an electron-hole
conductor under high photoexcitation [22] . The reflectivity liquid (EHL) coexistence curve since a calculation shows that
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red
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power is monitored to normalize reflectivity signal. Probe laser wavelength is scanned to provide excitonic reflectivity signature at each
delay.

the steady-state lattice temperature in the excitation region is
equal to or greater than the suggested EHL critical temperature [26] .
The experimental apparatus wehaveused to examine this
process is shown in Fig. 7. The pump and probe laser outputs
are combined on a dichroic filter after a variable time delay is
added to the probe laser pulse. To ensure that the pulses remain correctly spaced, we divert a small portion of the combined beams to acorrelationsetup so thatauto- and cross
correlations can be performed while the experiment is in
progress. The combined beams “flood” a pinhole to reduce
the spatial inhomogeneity of the Gaussian profiles andthe
pinhole is imaged onto the surface of the crystal immersed in
superfluid helium. The light which is reflected from the
crystal surface is monitored and is electronically divided by a
portion of the light that goes through the pinhole. This dividedsignalis
proportional to the crystal reflectivity. BY
scanning the probe laser wavelength through the excitonic region, we can observe the reflectivity for each time delay set by
the delay line.
An example of reflectivity curves taken at a series of time
delays shows (see Fig. 8) thatthe qualitative processes described (Fig. 6) are occurring. At the earliest time delay the
exciton is completely screened out. Since no 200 nM for
this case (where no is the density of absorbed photons) and
we have assumed a penetration depth of 0.1 pm [27], this is
hardly surprising. Whatis quiteinteresting, however, is the
unexpectedly rapid reappearance oftheexcitonic oscillator.
Assuming a carrier diffusion of 1 pm in 1 ns [26] and a lifetime as short as 300 ps [19], [23], [28], one expects the
density to exceed nM for more than 1 ns, at which time the.
excitonic oscillator should begin to recover. Thedata show
an almost complete recovery of the oscillator after 1 ns. We
offer as a tentative explanation ofthis effect a carrier diffusion
into the bulk of the crystal that occurs much more rapidly
than has been assumed to date.
We assume that the carrier diffusion at these low tempera-
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Fig. 8 . Wavelength dependent reflectivityofCdSe
at different times
following photoexcitation. The exciton is screened at 3 3 ps but recovers quickly.

tures is dominated byimpurity scattering fromthe n; =
loi6 cm-3impuritydensity.
By treatingthe impurities as
ionized centers whose Coulomb potential is screened by the
carrier plasma, an effective diffusion coefficient can be determined by using elementary kinetictheory and the Born
approximation. We use the screened potential
e2
~ ( r=)- e-hr
Kr

(4)

where .K is the static dielectric constant and X is the ThomasFermi screening wavevector, given by

a, is theexcitonic Bohr radius, and k F is the Fermi wavevector. For densities greater than nM, this approach yields a
density dependent diffusion coefficient of theapproximate
form (see Fig. 9)

We have calculated Do* 100 and 01 = 3 taking ambipolar diffusion and full carrier screening into account [ 161 . At high
densities the potential is more effectively screened so that the
carriers diffuse rapidly away from the surface. As the density
drops, however, the impurities become more efficient scatterers, and make the diffusion coefficient drop with density [29] .
A numerical solution of the nonlinear diffusion equation
shows that after only 10 ps, the carriers have diffused almost
2 pm into thecrystal with a concomitant reductionby a factor
of 20 in density. The solution also shows a very rapid reduction in density to below theMott density. Adrift velocity
description (1 pmlns) predicts a density that is everywhere
greater than nM after 1 ns, while the diffusion model predicts
a density which is everywhere less than nM after’only 400 ps,
at which point it is an order of magnitude lower than the drift
velocity prediction. The reflectivity data in Fig. 8 do not rule
out eithera condensation to an EHL or a coexistence of
excitons and plasma at densities below n M , but do indicate
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that regardless of the ultimate fate of the e-h system, there
maybe early diffusion processes which must be taken into
account.
The diffusion model can easily be extended to give approximatesolutionsfor
n(t), thetimedependentdensity
of the
EHP afterultrashort
pulse (USP) excitationand nss, the
steady-state plasma density achieved under nanosecond excitation. We find that

n(t) = no exp ( - t / ~X) [l t (1 t 2 / a ) (no/nM)a!

. (Dodd%)(1 - exp ( - a m 1 -1/(0(+2)

We have described a new two-wavelength picosecond laser
which hasthe advantages of high output flux, independent
tuning, broadtuning ranges, and large spectral separations.
The laser augments devices which are currently being used to
probe the relaxation of photoexcited semiconductors and has
been used to obtain the first time resolved reflectivity spectrum near the bandgap of a photoexcited semiconductor. We
have seen an unusually fast relaxation of the screening of the
exciton and have proposed a carrier diffusion model that predicts the rapid recovery. The model also predicts results that,
at early times, agree with previously reportedexperimental
data.
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