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The first direct picosecond time-resolved measurement of the nonradiative transition dynamics
between the excited *T, pump band and the metastable 2E storage level of the trivalent
chromium ion in alexandrite is reported. The nonradiative relaxation times of 17 ps for intra-
T, vibrational transitions, and 27 ps for *T,—2E electronic transition are obtained. The
thermal repopulation rate of the *T;, state from the metastable 2E level is of the order 3.5 10°s~".

The recent renewed interest in tunable solid-state lasers
based on vibronic transitions in transition-metal-ion-doped
insulators was prompted by successful wavelength-tunable
room-temperature operation of alexandrite' and emerald™
lasers. These developments have made it imperative to study
and investigate the various loss mechanisms which may im-
pede laser action in those crystals. A detailed and quantita-
tive understanding of the loss mechanisms is crucial in the
selection and formulation of design criteria of these crystals.
One such major loss mechanism is nonradiative (NR) relax-
ation. Although the theory of NR processes has evolved over
the years, there is a paucity of experimental investigation of
these processes among the excited states of the lasing transi-
tion-metal ions in tunable solid-state laser crystals to test

these theories.

' Recently, we have undertaken a research program to
investigate, by time-resolved picosecond spectroscopy, the
NR transition dynamics between different levels involved in
laser action in a variety of transition-metal-ion-doped crys-
tals. The objectives are to better understand the physics be-
hind tunable solid-state lasers, and to accumulate data
which may provide a crucial test to the existing theories for
NR transitions as applied to transition-metal ions in insula.
tors. In this letter, we present the first picosecond excite-
and-probe measurements of the NR transition dynamics
between the T, lasing level and the metastable ?E storage
level in alexandrite.

Alexandrite (Cr’*:BeAl,0,) is a prototype of interme-
diate-field Cr*-activated crystals characterized by broad-
band *T,—'4, fluorescence. The homogeneously broad-
ened, vibronic, four-level mode of laser action in alexandrite
at room temperature is tunabie over the 701-818 nm contin-
uous range of this fluorescence band. In addition, alexan-
drite, like ruby, has been demonstrated to lase in a three-level
mode, where the laser emission on the R line at 680.4 nm is
due to.the narrow-band 2E—*4, transition.'

The absorption spectrum of alexandrite is charactenzed

by two broad bands attributed to the ‘4,—*T, and *4,—*T -

transitions in Cr**. These broad bands serve as the optical
pump bands, which relax rapidly and nonradiatively to the
’E level. The 2E->*T, energy gap in alexandrite is only 800

m ™, which allows significant thermal repopulation of the
“T, state from the 2E. The metastable 2E state acts as a stor-
age level for vibronic transitions from the 7T, state to the
vibrational levels of the “4, ground state.
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Although the characteristics of the absorption, emis-
sion, excitation, and excited-state absorption (ESA ) spectra
as well as other spectroscopic properties of alexandrite are
well documented,'*’ to our knowledge no experimental
measurement of nonradiative relaxation processes and tran-
sition dynamics among the excited states of Cr** ion in this
crystal has yet been reported. Because of the relatively
strong vibronic coupling of the *T, state with the breathing
modes and Jahn-Teller modes,* the *T,—*E transition is
expected to be extremely fast.

In the present measurements, a 7-ps 527-nm puise ex-
cites higher lying vibrational (HLV) states of the broad * T,
band. These excited vibrational states relax predominantly
via NR transitions resulting in a growth of population in the
zero and lower lying vibrational (LLV) states of T, and the
metastable *E state. This growth of population is monitored
by an infrared picosecond probe pulse which may be wave-
length tuned from 2 to 5 zm. The kinetics of the excited-state
transition is studied by measuring the change in optical ab-
sorption of the probe puise as a function of pump-probe de-
lay time. Details of the experimental arrangement, detection
scheme, signal averaging, and processing technique have
been reported elsewhere.’

The resulit of the present picosecond excite-and-probe
measurement in alexandrite showing the time evolution of
optical density (OD) at 3.4 um is displayed in Fig. 1(a). The
curve is characterized by a 20 + 5 ps rise time (time for
growth of OD from 10% to 90% ) followed by a muiticom-
ponent decay. The faster component has a decay time (time
for OD to fall from 90% to 10% of the peak value above the
flat region) of ~60 + 10 ps, whereas the longer lifetime
component does not exhibit any appreciable change within
the time scale of this measurement.

To further understand this complicated behavior, we
extend the present measurement to a probe wavelength of
2.4 um, and the result is presented in Fig. 1(b). The salient
features of the curve are a resolution-limited sharp rise fol-
lowed by a 20 + 5 ps decay. The key to the different behavior
at the two probe wavelengths lies in the difference in energy
of the photons used and the different transitions which may
be initiated by those photons. With 3.4 um as the probe
wavelength, transitions from both 2E to *T’, and zero-vibra-
tional level to HLV levels of *T%, manifold are energetically
possible, However, a 3.4-um photon is not energetic enough
to cause a transition even from any HLYV state of *T, to the
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FIG. 1. Time evolution of the optical density (a) at 3.4 um, und (b) a1 2.4
pminthe *£and * T, zero and lower lying vibrational states in alexundrite at
room temperature. The sample is a rectangular parallelepiped 12 mm X 10
mm X 2.4 mm in dimension and contains 0.4 at. % of Cr'' . Both the pump
and probe puises are linearly polarized purallel to the b axis of the alexan-
drite crystal, and traverse the sample ulmost collinearly (a crossing zngle of
2*). The radii of the pumpand the probe puises at the samptle positon are 0.6
mm and 0.5 mm, respectively. The absorption measurements were taken
along the 2.4-mm path length of the sample. Insets show the relevant ener-
gy-level dingram of Cr' ' :BeAl,O,, and the pump, probe, and relaxation
transitions. The zero time is accurate within 5 ps. Size of a typical error bar
is shown. The solid curve in (a) is the computer fit to the experimental data
represented by closed circles.

T, band. On the other hand, a 2.4-4m photon has sufficient
energy to initiate transitions from *E tosome HLYV states of
*T,, and from HLV states of *T, to T, band. However, this
energy is greater than the width of *T’, band, so the possibil-
ity of any transition from zero vibrational level of *T, to
HLYV levels is ruled out.

We attribute the change in OD at 2.4 ym mainly to
absorptive transition from HLYV states of *T’, to the *T', state.
The contribution of 2E—*T; absorption is expected to be
very small at this probe wavelength, because the energy of a
2.4-um photon corresponds to a transition from *£ to almost
the high-energy end of the ‘T, band and Franck-Condon
overlap integrals for such transitions are vanishingly small.
The resolution-limited rise time indicates the increase of
population as long as the pump pulse is on. The 20 + 5 ps
decay time reflects the vibrational relaxation time of higher
lying vibrational states of *T, band which are excited by the
pump pulse. This relaxation leads to growth of population in
the zero vibrational level of the *T, band and in the metasta-
ble 2E level.

The change in OD at 3.4 um is determined by the popu-
lation of the two levels and the absorption cross sections for
3.4 um. photons from the two levels. So, the rise time of
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20 + S ps forthe OD at 3.4 um [ Fig. 1(a)} is consistent with ,

the 20 + 5 ps vibrational relaxation time that populates the

two levels. The flat region indicates that a quasithermal equi-
librium has been reached between the *E and *T, levels.
Further depopulation of the excited states is expected to be
predominantly due to radiative transitions. Since the room-
temperature fluorescence lifetime of alexandrite is 262 us, no
appreciable change is observed in the time scale of this mea-
surement. The 60 4 10 ps lifetime component presumably
reflects the nonequilibrium population kinetics among the
*E and *T, levels and is related to the “effective thermaliza-
tion time.”

A detailed and quantitative understanding of the experi-
mental results may be obtained from a model study of the
kinetics of excited-state population. The time evolution of
the optical absorption from the excited *E and *T. states
following the excitation of some HLYV states of the *T, band
is described by the excited-state absorption coefficient,

a‘,(l)=N,(t}a';+N3(!)03, (I)

where N, and N, are instantaneous population densities
(ions/cm™) and &, and o, are cross sections for probe ab-
sorption in the *E and *7), states, respectively. The transi-
tions and rates are schematically shown in Fig. 2. The popu-
lation kinetics of the *7", and the *E states are governed by
rate equations detailed elsewhere."

Since the radiative lifetimes are of the order of millisec-
onds to microseconds, the radiative transition rates &, and
k., are extremely small compared to nonradiative rates, and
may be neglected in the kinetics study of the first few
hundred picoseconds. The rate equations were solved nu-
merically using the fourth-order Runge-Kutta method."'
The pump pulse was approximated by a Gaussian of 7 ps
FWHM. The fit to the experimental data using rates &, &,,,
k.,, and o's as variable parameters is displayed by the solid
curve in Fig. 1 (a)..The arbitrary constants in the solution of
the differential equations were determined from the initial
condition that at ¢ = 0 only the HLV states of *T', band are
populated; and the final condition that at sufficiently large
times the population in the *E and *T), states obeys the Boltz-
mann distribution law for thermal equilibrium population. '
The values of the parameters obtained from the fit are
k=6X10"s"" ky =3.7X10" s, b\, =3.5x10°s7,
and g/, = 7.5. It was observed that the fit is more sensitive
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FIG. 2 Schematic diagram showing refevant transitions and transition
rates, Here k is the intra-* 7, vibrational relaxation rate, &, is ! T,—*E elec-
tronic relaxation rate, k,, is thermal refilling rate of *T; from 'E, and &,
and k., are radiative transition rates from *E and *T, states, respectively.
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to the sum &, + k,, than independently to &, and k,,. The
individual rates are estimated from thermal equilibrium
Boltzmann condition,

The present picosecond excite-and-probe-absorption
measurement together with the model fit yields a number of
key relaxation times. The vibrational relaxation rate & is esti-
mated to be 6 10" s, which implies a vibrational relaxa-
tion time of ~ 17 ps for transition from HLV states to the
bottom of *T, adiabatic potential energy parabola. This is
consistent with 20+ 5 ps obtained from experimental
curves. The value of 3.7 10" s~! for the nonradiative re-
laxation rate k,, for the electronic transition between the *7,
and 2E levels leads to a relaxation time of ~27 ps. The ther-
mal repopulation rate of the *T, level from the *Z storage
level is obtained to be 3.5 10° s~

The intra-*T, vibrational relaxation rate in alexandrite
turns out to be comparable to *7,—2E electronic nonradia-
tive relaxation rate. This is unusual but not surprising, since
a larger energy degradation (~3400 cm™') is involved in
vibrational relaxation than in electronic relaxation (300
ecm™") for the 527-nm excitation of the *T, band. This also
irnplies that anharmonicities in the vibrations in the excited
T, state of alexandrite are somewhat smaller, since vibra-
tional relaxation is due to anharmonicities in the vibra-
tions.'? ‘

The ratio of o,/ obtained from the fit was used with
the experimentally measured value of @, and experimental
parameters such as pump-pulse energy, spot sizes of the
pump and probe pulses, and Cr** ion density in the sample
to estimate the absorption cross section at 3.4 um from the
excited states. The ESA cross section at 3.4 um from the ’E
level is estimated to be 1.9 < 10~ "™ cm? and from *T, state to
be 1.4 10~ ' cm?® This factor-of-seven larger ESA cross
section from the *T, state as compared to that in *E state is

439 Appi. Phys. Lett, Voi. 49, No, 8, 25 Auguet 1986, -

consistent with the ESA measurements in the pump® and
lasing®™’ wavelength regions of alexandrite, where the initial
level of ESA is designated to be the *T’, state. We believe even
at the pump and lasing wavelengths ESA transitions initiate
from *E level as well, but have a much smaller cross section
than those from the *T, state. However, the absolute magni-
tude of the infrared ESA cross section is significantly larger
than the peak cross section ( ~ 10~ '? cm?) in the visible.
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The parallel processing proparty of optics has been recog-
nized as the main driving force behind digital optical com-
puting.h? A parallel pattern logic operation, first proposed
by Tanida and Ichioka,4 overlaps spatially coded 2-D bina-
ry pixel patterns situated in an optical input plane. These
patterns, when illuminated by divergent light beams ema-
nating from a group of LEDs, form different interlaced pro-
jections (shadows) representing different parallel logic oper-
ations in the optical output plane. Since the pattern overlap
corresponds to a spatial domain filtering process, it is also
known as optical shadow casting (0SC). Using 0SC, a large
number of 2-D binary34 or multiple-valued® logic inputs
can be parallel processed. Another pattern logic method,
proposed by Bartelt ef al.,” uses theta modulation to encode
the signal grey-level values into different grating orienta-
tions, The combination of these grey-level-dependent grat-
ings form the logic inputs that are to be manipulated by a
coherent optical processor. Usingspatial-frequency domain
filtering, different optical logic functions can be generated.
Recently, Yatagai® described another pattern logic method
in which the spatially encoded patterns are overlapped with
an operationel mask., Instead of using the OSC LED pat-
terns, this method switches an operational mask for the
different logic operations, However, in all these pattern
logic methods, either the spatial filtering or pixel casting
process is performed by either a transparent or opaque
screert. In this communication, the use of a polarization
encoding and filtering method to perform lensless OSC logic
operations is proposed. Both linear orthogonally polarized
and hybrid form polarizations with transparent/opaque
mask input, logic signals are used, Using this polarization or
hybrid encoded OSC (POSC), double- or triple-instruction
logic operations can be performed. This technique can be
extended to generate multivaziable binary as well as two-
variable multiple-valued logic functions and can also be used
in conjunction with the Yatagai’s pattern logic method.
Pertinent examples such as the design of a binary full-and a
ternary half-adder are presented.

In the proposed POSC, while the geometry is identical to
the conventional lensless OSC, the logic inputs and outputs
are represented by the sense of polarization. Take the two-
variable (A and B) binary logic as an example (see Table I).
These variables are represented by the two polarization en-
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Table I, Example of POSC Input Quiput Slgnal as waell as LED Source
Encodings. The symbols — and | Represent xand y Polsrizalions, and &
denotes the input overiap,
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coded masks (the second and third columns of Table I),
where the symbols—and | denote the two linear, parallel and
perpendicular, polarizations representing the physical x and
¥ directions, respectively. The two thus encoded input
masks (see the fourth column of Table I where A denotes the
overlap) are illuminated by a group of four nonpolarized
LED sources. When three of the four LEDs (see the first
column of Table I) are on, corresponding to four overlapped
input patterns, on the output screen four different projec-

tions are formed. In each of the four cases, two cross-polar- -

ized light patterns can simultaneously exist. The x(y)-po-
larized output plane center cell pattern corresponds to the
logic operations A NAND B (4 OR B), reapectively. Thusa
fixed LED source pattern and the rotation of the output
center-cell polarizer allow the implementation of two differ-
ent binary logic functions. By removing the output polariz-
er, a third binary function, the superposition of the two cross-
polarized patterns, can also be generated. With a 0SC,
because the opaque part of the screen blocks the light, the
mutually transparent part of the overlapped inputa is limit-
ed to be only a quarter of the mask area, With a POSC, the
mutually transparent input mask area is doubled (with each
half transparent to one of the two orthogonatl linear polariza-
tions), Therefore, for a fixed source and input pattern, two
orthogonal transmission channels exist. o
Orthogonally polarizing LEDs can also be used as light
sources. In this case, the overlapped tranaparent masks
respond only to x(y)-polarized LEDs. Using different com-
binations of polarized LEDs, different binary logic functions
can be implemented. In Table 11(a), using either unpoiar-
ized on/off or orthogonally polarized input LED states, the
generations of all sixteen two-variable binary logic functions

T




Tableit. Sixlaen Possible POSC Two-Variable, with Inputs Encodad with Elther Variables A and B {a) or variables A and C (b}, Logle Operations, 8olh
: Transparent/Opaque and Orthogonal Polarization input LED Slalas are Used.
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are summarized. Forunpolarized LEDs, either output state
can be obtained from the other by interchanging (for both
variables) the zero and the one logic assignments. For polar-
ized LEDs, the cross-polarized outputs represent positive-
and negative-true logic functions, respectively. In addition
" to the input codes shown in Table I, other input encoding
methods where the overlapped input patterns preserve, for
the two orthogonal polarizations, the two mutually transpar-
ent parts, are also possible. InTable I1(b), for the variable C,
an alternative input variable encoding is shown. For the
variables A and C, the corresponding sixteen logic function
generations are also shown. It has been indicated that a
conventional single-element OSC processor is a single-in-
struction multiple-data (SIMD) machine. Using POSC,
both double- and triple-instruction logic processing can be
performed. If in the previous example we locate three dif-
ferent detectors at the center cell of the output screen, with
the first (second) being x(y) polarized, and the third unpolar-
ized, three different functions can be simultanecusly pro-
cessed. Therefore, asingle-element POSCrepresentsa mul-
tiple-instruction multiple-data (MIMD) machine,

In binary optical computing, implementation of multivar-
iable logic functions are needed. For example, for binary
addition, to generate both the output sum and the carry,
three variables need to be used. To perform binary 0SC
addition to preserve symmetry, Kozaitis and Arrathoon®
have used four rather than three variables One of the four

(b}

LED output
pattern mask

X Y Z xiz output s ¢
000 m B oo
o 0 | wm g o
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I 0| EE o1
1 10 EE o!
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n=f o
mE 2 oA
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Fig. 1. Single-element POSC binary full-adder. A hybrid input
polarized patterns correspond to the sum and carry outputs, respec-

tively.
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variables, however, is kept at zero during the operation.
With this method, the detectable cutput signal area is re-
duced to a quarter of the previously used two-variable area.
This size reduction limits, due to diffraction effect, the pixel
integration area. To achieve a reasonable output, larger
input pixels must be used, The use of POSC leads to larger
aperture (identical to two-variable cazse) three-variable bina-
ry logic operations, Using three differently encoded vari-
ables A, B, and C [see Tables II{a) and (b)], the overlap
among three inputs will always contain a mutually transpar-
ent area to either one of the two orthogonal linearly polarized
beams. The use of the eight possible input overlaps, togeth-
er with a group of LEDs, can generate two? three-variable
binary logic functions. For a one-bit binary full-adder, two
parallel POSC elements, one for the sum and the other for
the carry, need to be used. Bacause the POSC is a MIMD
machine, using other input encoding schemes, it is possible
to perform a single-POSC-element binary addition. For
example, in Fig. 1 asingle-element POSC binary full-adder is
shown, Here the input uses hybrid (both transparent/
opaque and orthogonal polarization) codes. Inthe first four
columns of Fig, 1, the input variables X, Y, and Z and their
cotresponding overlaps are shown., When all four unpolar-
ized LEDs are on, the two cross-polarized patterns in the
center cell of the output plane represent the resultant sum
and carry bits, respectively. Thus, using two, one x and the
other y polarized, detectors at the cutput center cell, asingle-
element POSC binary full adder can be construgted.

The similar idea can be applied to two-variable tenary
logic computing. For each input variable, three mutually
orthogonal states representing the symbeols 0.1, and 2, re-
spectively, are required. For the nine possible overlaps
amaong the two ternary input variables, a mutuaily transpar-
ent area must be provided. The use of the two orthogonal

O 1 2 LED
ol ™ g pattern
viE B o Ve
output  pattern
U v U S c
o o WMo RO
c 1 @@ Ho
o 2 EE:2HO
0 BB RO
1 =22 @O0
I 2 ® E o H
2 o @ H 28 o
2 I B E ol
2 2 m@ A

Fig. 2. POSC ternary haif-adder. The hybrid input code is used.

The output sum symbols 0.1 and 2, are encoded as opaque y and x-

polarized signals, respectively. For the carry, both polarizationsare
used.
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polarizations in the four corners of the overlapped pattern
produces eight different states. The ninth state is encoded
as an unpolarized but transparent corner. As an example,
consider the operation of a two-variable POSC ternary half-
adder. In Iig. 2, the hybrid form of input variables A and B
are shown. Using the input variable truth table {the first
two columns) in the thitd column the nine possible two
variable A and B overlap forms are shown. One of the
overlap patterns is forced to be opaque. The sum output
symbols, 0, 1, and 2, are encoded as opaque y- and x-polar-
ized signals, respectively, Correspondingly, in the fourth
column, the LED source and the center cell output patterns
are shown. The results, shown in the fifth column, are
obtained from the two x- and y-polarized center cell detec-
tots, To generate the carry another POSC cell must be
employed. For this carry, in the sixth and seventh columns,
the correspending LED pattern and the output unpolarized

- detection results are shown,

To summarize, an efficient polarization encoding and fil-
tering method to perform OSC optical computing is pro-
posed. Inputsare spatially encoded with either polarized or
both polarized and transparent/opaque pixels. Either po-
larized or unpolarized LED input source arrays can be used.
At the center cell of each output slement, depending on
different parallel polarization filters, three different logic
functions can be obtained. In addition to the two-variable
binary. The POSC method is suitable for large aperture
multivariable binary and the two-variable ternary optical
computing, Using liquid crystal e-o material sandwiched
between A/2 plates and linear polarizers, real-time polariza-
tion encoding can be performed leading to optical parailel
processing of a large amount, of data. :

This work is supported in part by a grant from the Air
Force Office of Scientific Research.

References

1. C. C. Guest and T. K. Gaylord, “Truth-Table Look-up Optical
Processing Utilizing Binary and Residue Arithmetic,” Appl. Opt.
19, 1201 (1980},

2. A. A. Sawchuk and T. C. Strand, “Digital Optical Computing,”
Proc. IEEE 72, 758 (1984). o

3. J, Tanida and Y. Ichioka, "Optical Logic Array Processor Using
Shadowgrams,” J. Opt. Soc. Am. 73, 800 (1983). o

4. Y. Ichioka and J. Tanida, “Optical Parallel Logic Gates Using #
Shadow-casting System for Optical Digital Computing,” Prr
IEEE 72, 787 (1984).

5. 8. Kozatis and R. Arrathoon, “Shadow Casting for Direct "
Look-up and Multiple-Valued Logic,” Appl. Opt. 24, 331"

6. R. Arrathoon and 8, Kozatis, “Shadow Casting for.

Valued Associative Logic,” Opt. Eng. 25, 29 (1986).

7. H. Bartelt, A, W, Lohmann, and E. E. Sicre, '/
Processing in Parallel with Theta Modulation,” ”
A1, 944 (1984).

8. T. Yatagai, “Optical Space-Variant Logic-G
Spatial Encoding Technique,” Opt. Lett. )







