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New High-Energy Monoenergetic Source for Nanosecond Phonon Spectroscopy*
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A new monoenergetic nanosecond pulsed source of high-energy phonons is described
for doing time-resolved phonon spectroscopy. The phonons, internally generated by ex-
cited.-state spin-lattice relaxation following optical excitation with a pulsed tunable dye
laser, are monitored with nanosecond resolution from enhanced emission of the upper
excited state due to resonant absorption. The technique is applied to the determination
of the inelastic scattering time of 29-cm phonons in ruby (~&=580 ns).

A new technique for performing time-resolved
phonon spectroscopy is described which is unique
because it utilizes a monoenergetic nanosecond
pulsed source of high-energy (& 10 cm ') phonons.
A short burst (3-5 ns) of phonons is produced
from spin-lattice relaxation between a pair of ex-
cited states after pulsed excitation with a nitro-
gen-laser-pumped tunable dye laser. The time
dependence of the resonant phonon population is
monitored optically, with nanosecond time resolu-
tion, from the temporal behavior of the emission
from the same excited states responsible for the
phonon generation.

Although methods are available for the mono-
energetic generation of phonons acoustically or
with microwaves, they are inherently limited to
the low-energy portion of the phonon spectrum.
Recently it has been demonstrated that supercon-
ducting junctions' and infrared radiation sources '
are capable of generating high-energy monoener-
getic phonons. However, these techniques are
limited either with respect to type of material
and inability to generate the phonons in the bulk,
lack of tunability, or maximum energy. None of
these sources has been used extensively for study-
ing phonon dynamics.

Several narrow-band optical detectors have
been developed for doing phonon spectroscopy in
conjunction with either monoenergetic'~ or heat-
pulse' sources, but because of limitations on the
source or detector, the response time of these
systems is & 100 ns. As a result of the increase
in phonon scattering rate with frequency, ' a faster
response wiQ be important in the study of very-
high-frequency phonons.

The phonon spectroscopy system we describe
has a combination of attributes which make it
quite unique: (1) The source serves as its own
detector (excited-state resonance) with a = 1 ns
response time; (2) the source and detector can
simultaneously be tuned, often over a wide range
of the phonon spectrum; (3) the phonon source is
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FIG. 1. Description of the phonon source. The broad-
band states, after pumping with the tunable dye laser,
rapidly decay to 2A and E through single-phonon emis-
sion, generating a pulse of 29-cm ~ phonons.

highly monoenergetic with a spectral distribution
limited by the excited-state resonance width; and

(4) the technique is applicable to a wide range of
optically transparent materials into which para-
magnetic ions can be incorporated.

In order to test this spectroscopy system we
have applied it to the direct determination of the
inelastic scattering time of 29-cm ' phonons in
ruby. Ruby was chosen for this initial test be-
cause of the wealth of information available on
the dynamics of both its electronically excited
states and phonons.

The method is indicated in Fig. 1. A small re-
gion of the ruby crystal is excited with a 3-ns
pulse from a tunable dye laser tuned to the broad-
band absorption at = 5800 A. These states rapid-
ly relax in a time 1'b d«1 ns, initially producing
appreciable populations of 2A('E) and E('E). 2A

then decays to E via spin-lattice relaxation in a
time 7.', = 0.3 ns, ' releasing into the lattice a
monoenergetic' (~= 0.012 cm ') burst of 29-
cm ' phonons. The number of phonons generated
(= 10") is equal to about half the number of pho-
tons absorbed given the = 80% quantum efficiency
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FIG. 2. Decay of the A& fluorescence after pumping
the broad-band absorption at =5800 A with the laser
focused to a ~0=100 pm spot on a 2.5-mm-thick ruby
sample at 1.5 K. P*/To*= 1 corresponds to the absorp-
tion of ~ 0.5 p,J of light, producing = 0.8X 10' phonons
in the active volume.

for ruby and assuming 2A and E are produced in
equal amounts from the broad-band relaxation.
The 29-cm ' phonon population is monitored from
the enhanced R, fluorescence, 2X('E) - 'A „which
results from the absorption of resonant phonons
by Cr' ions in the & state, raising the population
of 2A above that characterized by the bath tem-
perature.

The time dependence of the enhanced R, fluores-
cence, obtained using the technique of single-pho-
ton time correlation, ' immediately after excita-
tion with the laser focused to a spot of radius &,
= 100 pm, is shown for a series of pump powers
in Fig. 2.

After the initial fast decay, the decay is nearly
exponential. At the lowest powers, the enhanced
R, fluorescence decays with & = 15 ns, a time ap-
proaching that required for ballistic flight of
acoustic phonons across the excited region. At
higher pump powers, the phonons become more
strongly resonantly scattered due to the higher
concentration (N*) of excited Cr', resulting in
diffusion-limited (random-walk) migration. The
diffusion time &„ is expected to behave as

T„~r,'/D ~ro'b(l+b),

where D is the diffusion constant and

Here Z = 12~v'd v/v' is the number of available re-
resonant phonon modes, and T„,is the phonon
time of flight betmeen resonant scattering events.
The factor (1+b) ' represents the fraction of time
the resonant energy exists as a phonon. Under
the above conditions, T is found to be nearly line-
ar in laser power (i.e., N*) as expected in the re-
gion b &1. The rapid decay at short times after
the excitation pulse represents emission from the
short-lived M state, created from the broad-
band relaxation, before it decays to E.

To measure 7& the inelastic scattering time of
these laser-generated 29-cm ' phonons in ruby,
one must reduce the other phonon losses so that
the inelastic scattering rate becomes a competi-
tive process. This is accomplished by resonant-
ly trapping the phonons in the optically excited
region, in a manner similar to that of Renk and
Peckenzell. ' However, for the maximum values
of N* obtained with ro= 100 p m in a 2.5-mm-thick
0.06% ruby sample, the decay was diffusion limit-
ed with &„=150 ns.

The diffusive escape time was increased by
maintaining these values of N* over a much larg-
er region of the sample. A 150-W short arc xe-
non lamp was focused on a F0=0.5 mm masked re-
gion of the crystal. The lamp was modulated in a
pulsed mode of 3-ms duration (45 pps) such that
the laser pulse, also illuminating the masked re-
gion, occurred at the end of the lamp pulse (maxi-
mum N*) In thi.s way, it was possible to run the
lamp well above its rated power so as to maxi-
mize N*. The thickness of the ruby sample was
reduced to 1 mm in order to reduce attenuation
of the light sources, improving the uniformity of
N* in the optically excited region.

The exponential decay time of R, as a function
of b (proportional to N*) is shown in Fig. 3. For
small b, the decay time approaches the ballistic
propagation time across the 1-mm active region
(75-100 ns). As b is increased, the decay time
increases due to the diffusive nature of the mo-
tion. For large values of b, & asymptotically ap-
proaches a second region linear in b as inelastic
scattering dominates the phonon loss.

The observed phonon decay rate is taken as the
sum of a diffusive and inelastic rate for the re-
moval of phonons from the excited region. ' Thus

(3)

with

T, =Ab(1+b) and wp*=Tp(1+b),

where A is a function of the size and geometry of
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FIG. 8. Dependence of T, the phonon relaxation time,
on b for simultaneous laser and xenon-lamp pumping
at 1.5 K. The excitation region was a cylinder 1 mm in
the diameter and 1 mm long. The scale on the b axis
was obtained from a best fit to the data according to
Eqs. (3) and. (4), shown by the solid curve, with T& =580
ns and A=117&.

the excitation region, v, and &,." This descrip-
tion provides a good fit to the data, as shown by
the solid curve in Fig. 3, with 7~=530+150 ns.
With the highest values of Ã* available in these
measurements [~ 2 X 10"/cm', estimated from
Eq. (2)], the phonon decay rate is dominated by
the inelastic scattering, although the diffusive
migration out of the excited region still plays a
significant role (v~*=850 ns, 7„=5700 ns). Al-
though the value of T~ is about a third that origi-
nally observed by Henk and Peckenzell, ' it is in
very good agreement with Renk's more recent
measurements. "

If we assume that phonons are generated in both
the transverse and the longitudinal modes, the
small value of ~~ suggests that there is signifi-
cant mode conversion between the long-lived
transverse and shorter-lived longitudinal modes, "
presumably by resonant scattering. The above
measured value of 7~ therefore represents some
average over the modes, with T~ for the longitu-
dinal modes somewhat smaller since only a frac-
tion of the phonons occupy these modes.

The nearly exponential decay of R, in all of
these measurements suggests that little or no
spectral diffusion occurs during the phonon decay
time. Spectral diffusion would produce a time-de-
pendent reduction in & through an increase in ~,
resulting in an increase in the relaxation rate as
the decay proceeds. This conclusion is consis-
tent with the results of Dijkhuis, van der Pol, and
de Wijn" who found that even at their lowest Ã*
(~ 10"/cm'), little spectral redistribution oc-

curred.
We emphasize that there is no upper limit on

the energy of the phonons which can be studied ex-
cept that the spin-lattice relaxation must be fast-
er than the time domain of the dynamical process-
es of interest and the enhanced emission due to
the presence of resonant phonons must be suffi-
cient for detection. It should be possible to meet
these conditions for a large number of systems
at even higher resonant phonon energies than in
ruby. Systems containing rare-earth ions will be
of special interest since in many cases the reso-
nant phonon energy can be tuned with a magnetic
field and with the selection of several spin-lattice
coupled crystal-field states with different energy
gaps, making it possible to perform high-resolu-
tion phonon spectroscopy in both the energy and
temporal domains. These techniques should
therefore prove highly useful for identifying the
mechanisms and testing the theoretical models
for the scattering of high-energy phonons.

We remark finally that in most systems tunable-
dye-laser excitation is capable of generating a
total spin inversion within the excited states, "
making it possible to study the recently suggested
possibility of spin-phonon superradiance in para-
magnetic systems, "as well as phonon amplifica-
tion which has been observed previously in the
ground state. "

We thank Dr. William Yen for lending us the
ruby samples.
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Proton damage rates in Ag measured below 10 K show good agreement with calculated
defect-production cross sections for low-energy recoils. A substantial decrease in da-
mage efficiency (from t" =1 to t = 0.6} occurs as the energy and/or mass of the incident
particle increases and displacement cascades are produced. Preliminary results are
consistent with cascade efficiencies near $ =0.3 and an effective transition from ( =1 to
$ =0.3 centered near recoil energies between 1 and 3 keV.

The determination of displacement damage-
production rates in radiation environments, es-
pecially for fission and fusion reactors, is of
considerable technological interest. For the past
twenty years, a serious discrepancy has existed
between the theoretical and experimental esti-
mates of Frenkel-pair production in energetic
displacement cascades in pure metals, Notably,
it was found that, for fast neutron and ion bom-
bardment, the experimental damage rates were
a factor of 2 to 3 lower than predicted by theory. "

In this Letter, we report some preliminary re-
sults on the energy dependence of light-ion dam-
age in Ag, as determined by residual-resistivity
measurements on thin-film specimens. The de-
fect production rates show good agreement with
theory when predominantly isolated Frenkel pairs
(FP) are produced. However, as the energy and/
or mass of the incident ion increases, a substan-
tial decrease in damage efficiency is observed
when recoils near and above 2 keV contribute sig-
nificantly to the damage production. The decrease
in damage-production efficiency is considerably
stronger than can be accounted for by the modi-
fied Kinchin-Pease formulation and computer
simulations of cascades that use the binary-colli-
sion approach. "

Thin Ag films with a thickness of 0.2-0.5 pm
were grown by vapor deposition onto rock salt.
The films were transferred to irradiation holders
and irradiated below 10 K with several light ions
ranging in mass from 1-20 amu. In each in-
stance, the projected range was substantially
greater than the film thickness. The number of

defects produced was determined by measuring
the resistivity changes Ap. Care was taken to
minimize radiation annealing effects by taking
measurements predominantly at low defect con-
centrations (b,p&2X10 'Q cm). By utilizing the
nearly linear decrease in damage rate as a func-
tion of induced resistivity for Ag irradiated with
protons at a fixed energy, the measured damage
rates were corrected for both radiation anneal-
ing and electrical size effect. For the size-ef-
fect correction, the Fuchs-Sondheimer theory
was used in combination with an accurate deter-
mination of the size-effect parameters from pro-
ton-damage curves. Multiple scattering of the
beam increases the path length in the film and
therefore the damage produced. A correction
for this effect was included and was & 1% for ions
lighter than boron, as estimated from calcula-
tions of the half-width of angular distributions.
The initial damage rates (dip/dq), obtained in
this manner were used to determine the number
of FP's produced per atom and incident ion, i.e.,
the FP production cross section a, (Z) = (dip/
dy)opF '. Here pF is the FP resistivity. The av-
erage energy of the beam in the foil is a good ap-
proximation of the energy E associated with this
cross section. ' g was determined from the inci-
dent energy E„electronic' and nuclear' stopping-
power data, and the gravimetrically determined
film thickness. The cross sections for protons
on silver are given in Fig. j., which also includes
the data. of Andersen and Sgrensen. '

In the past, a comparison of damage-rate data
with cascade theory has been difficult because
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