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Solid State Physics

PHASE SENSITIVE DETECTION OF PERSISTENT SPECTRAL HOLES USING
SYNCHRONOUS ULTRASONIC MODULATION

W. E. Moerner and A. L. Huston"

IBM Almaden Research Center
San Jose, California 95120-6099

ABSTRACT: We present a new technique for the detection of spectral holes or other
strain-sensitive spectral features using phase-sensitive ultrasonic modulation. The
spectral feature is directly modulated at MHz rates in synchrony with an applied rf
ultrasonic field, hence the method offers zero-background and the potential for
high-speed detection with sensitivity near the quantum limit. The technique is
demonstrated for a model color center system, and the characteristic lineshape is
analyzed in detail. The method is more sensitive than laser FM (frequency modulation)

spectroscopy for low modulation frequencies, and should be generally useful for the
detection of strain-sensitive spectral features.
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Spectral holes consist of narrow depressions or "dips" in the inhomogeneously
broadened absorption lines of defect cénters or impurities in solids at low temperatures.
Persistent spectral hole formation, or "hole-burning", has been produced by
photochemical processes in organic! and inorganic? systems as well as by
nonphotochemical, or photophysical, mechanisms in glasses3 and crystals.4 In addition to
providing important basic information about guest-light and guest-host interactions,
persistent spectral holes may potentially be used to store digital data in a frequency
domain optical storage system.> Because holes burned on nanosecond time scales are
usually shallow,® high-sensitivity, high-speed methods for the observation of of spectral

holes are essential.

A variety of techniques are available for the detection of spectral holes including
the standard methods of transmission spectroscopy and fluorescence excitation with
narrow-band tunable lasers. These techniques suffer from the limitation that they do not
have zero background, so that the detection of shallow holes is limited by the ability to
accurately remove large baselines. Laser frequency modulation (FM) spectroscopy has
been applied to the detection of spectral holes with zero background.7'9 Because the
signal appears as amplitude modulation of a laser beam at MHz frequencies (i. e., away
from the low-frequency power fluctuations of the laser), this method can show
quantum-limited sensitivity.lo However, it requires an electro-optic modulator for the
production of frequency modulated light with dye lasers. In addition, any optical
elements in the beam with spectrally varying transmission can produce spurious
background signals. Furthermore, residual amplitude modulation!! hampers the

2

application of FM spectroscopy in some cases, although dual-beam techniques!2 can be

weed to remove this limitation in some regimes.




Recently, ultrasonic modulation of nonphotochemical holes was reported as a new
phase-insensitive optical detector for ultrasound in solids.!3 In fact, ultrasonic
modulation is a 3eneral interaction for inhomogeneously broadened transitions in
low-temperature rigid matrices since it is just the strain-induced inequivalence that is the
dominant source of inhomogeneous broadening. Ultrasound interacts with the optical
absorption for each centef causing the line to shift and/or split under the influence of the
time-varying stress field. Using these ideas, we recently developed a new technique for
the detection of spectral holes called HUMPH (for High-Resolution Ultrasonic
Modulation of Persistent Holes), which utilizes the interaction between an ultrasonic
field chopped at kHz rates and strain sensitive spectral features to produce amplitude
modulation of a probing light beam.!4 Contrary to FM spectroscopy and other external
modulation schemes, HUMPH directly modulates the effect under study; hence it
features zero-background and improved sensitivity. Furthermore, since the HUMPH
signal is insensitive to the local ultrasonic phase, the position of the laser beam in the
crystal and the relative sizes of the acoustic and optical wavelengths are unimportant.
However, HUMPH suffers from the limitation that the maximum detection speed
depends upon the rate at which the ultrasonic field is chopped and the decay time for
ultrasound in the sample. The noise spectral density of many lasers at low frequencies
(< 1 MHz) can be quite large, which limits the sensitivity of the method. In addition,
for applications such as frequency domain optical storage, holes must be detected on

submicrosecond time scales.

We report here 2 new technique for the detection of spectral holes that features
direct modulation of spectral features in synchrony with the local ultrasonic field. We

show that the resulting amplitude modulated light beam can be detected phase-sensitively
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at the ultrasonic drive frequency, i.e. 1-100 MHz. The ability to detect in the MHz
frequency range provides advantages similar to those of FM spectroscopy; in particular,
at these frequencies most lasers have noise spectra that consist only of shot roise. We
call this method PSHUMPH (for Phase Sensitive High-resolution Ultrasonic Modulation
of Persistent Holes), and demonstrate the technique in 2 model system, the
zero-phonon-line (ZPL) of F3"‘ centers in x-irradiaied NaF.15 We present an analysis of
the characteristic PSHUMPH lineshape (which differs dramatically from the
phase-insensitive HUMPH lineshape) based on the interaction between the color center
and uniaxial stress.!6:17 We show that PSHUMPH can be more sensitive than FM
spectroscopy for certain ranges of operating parameters, in particular, for rf modulation
frequencies small compared to the width of the spectral feature. Thus, PSHUMPH is
shown to be a high-sensitivity, zero-background, ultrasonic-phase-sensitive technique

that should be generally applicable to all strain-sensitive absorption features.

The sample, single frequency dye laser, optical arrangement, and method of bonding
an 8 MHz ultrasonic transducer to the sample were identical to those used in the
phase-insensitive HUMPH experiments; !4 however, certain experimental conditions bear
repeating here. Spectral holes were burned in the 545 nm F3+ ZPL in a crystal of
x-irradiated NaF immersed in superfluid helium (1.6 K). Laser powers near 1-2 mW
were used to burn the holes, and powers 1000 times smaller were utilized for hole
detection. The laser beam was focused to a spot size of approximately 0.1mm in the
sample. It was essential for the observation of the phase-sensitive effect that the laser
spot size be less than one-half the acoustic wavelength (for NaF at 8 MHz the acoustic

wavelength is 760 pm). The spectral holes had widths approximately 200 MHz FWHM 18

RO Co 0y
) *"ilg’l‘_q‘\‘vt,'\“ﬂ..‘b .




- —T
4
b and depths corresponding to a 5-7 % change in the sample transmission at the center of
i the ZPL. The line-center transmission of the ZPL before burning was roughly 10 %.
.23:. A schematic of the detection apparatus is shown in Figure 1. Ignoring the rf switch
:“:;: for a moment, the x-cut quartz transducer was driven at its 8 MHz fundamental by a rf
':%: signal from a standard sine-wave oscillator. Transducer drive levels near 20 dBm were
F:::?ff used to generate low enerov ultrasonic fields in order to prevent partial erasing and
';igw:' broadening of the holes.13:14 No special matching of the rf transmission line to the
)
':EEE:: transducer was necessary. To force the laser beam to interact with a region of the sample
D
- with well-defined ultrasonic phase, the laser beam was aligned parallel to the ultrasonic
S
.,_?'; phase fronts. Due to the high Q of our sample and the presence of multiple reflections,
;': the phase-sensitive signal was strongest just after the initial application of the rf drive
’;‘ ‘-‘:; voltage to the transducer, and smaller after one round-trip time of the ultrasound had
Egg elapsed (roughly 2 usec). This was due to a buildup of incoherent ultrasound with
:"ﬁ" ill-defined phase as described in earlier experiments.!3:14 Accordingly, the rf drive signal
:::,:" was gated at a 10 kHz rate at a 10% duty cycle, and a boxcar (5 us aperture duration, 1
%?i::' ms output time constant) was used to sample the 8 MHz modulation soon after the start
i
S of the ultrasonic pulse. We emphasize that PSHUMPH signals could also be observed
a:
li with cw ultrasound, but due to our sample configuration, these signals were smaller. A
*»
":( sample geometry with acoustic termination of the side of the sample away from the
+ a2
% transducer would prevent ultrasonic reflections and remove this limitation.
o
% The amplitude modulated, transmitted laser beam was detected with a high-speed
;w avalanche photodiode equipped with a built-in low-noise preamplifier. Demodulation of
3;\;' the signal was accomplished with a double-balanced mixer, with the local oscillator being
;‘:‘:3:', driven at the same frequency, 8 MHz, as the ultrasound. The output of the boxcar was
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processed with a signal averager set to average 32 scans of the laser frequency, each of

0.25 s duration.

Laser FM spectroscopy7“° was also used to detect the spectral holes, in order to
directly compare the two techniques. The detection arrangement and electronics were
exactly the same as that for the PSHUMPH measurements except that a phase modulator
driven at frequencies wgy4 = 8 - 100 MHz was used to modulate the light beam and
ultrasound was not applied to the sample. The intensities of the FM sidebands were

approximately 1% of the carrier intensity.

Figure 2 demonstrates the lineshape and the phase sensitivity of the PSHUMPH
method. The signal appears on zero background, and has a characteristic lineshape
similar to the first derivative of a Lorentzian. In Figure 2a, the phase relationship
between the ultrasonic field and the local oscillator was adjusted to give the maximum
signal, and in Figure 2b the phase was shifted by 180 degrees. Similar inversions of sign
were ol.Jserved when the laser beam was translated one-half an acoustic wavelength in a
direction parallel to the acoustic propagation vector. No signal was observed in the
quadrature phase. This PSHUMPH lineshape is quite different from the phase-insensitive

HUMPH lineshape.!4

Figure 3 shows a comparison of hole detection using PSHUMPH and using FM
spectroscopy. In Figure 3a, FM with wg, (=50 MHz w;s used to measure a spectral hole.
Figure 3b shows an attempt to detect the same hole with wg)s= 8 MHz; the FM signal is
not observable. Figure 3c shows a trace of the hole using PSHUMPH driven at 8 MHz.
(The apparent inversion in sign between the FM and PSHUMPH signals shown in the

figure has no significance.) The absence of the FM signal when wg)y = 8 MHz is a
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consequence of the fact that for hole widths larger than the sideband spacing, the
amplitude of the FM signal depends linearly upon the sideband frequency. The
PSHUMPH signal, however, depends upon the strength of the ultrasonic field and the
sensitivity of the centers to ultrasonic fields. Thus in certain regimes, particularly when
the spectral feature is broader than the modulation frequency, PSHUMPH can produce

larger signals than FM spectroscopy.

The background noise level for all the traces in Figure 3 does not represent laser
shot noise. This is a consequence of the low (1 pW) laser power required to read the
holes without distortion of the hole lineshape by the reading laser. With an overall
sample transmission of 10 %, the light power level at the detector was only 0.1 uW, and
this level was insufficient to have laser shot noise dominate the Johnson noise of the
detector-preamplifier system. At reading laser powers only 10 times higher, the noise
levels for both the FM and PSHUMPH methods (at equal modulation frequencies) were
equal and dominated by laser shot noise. Thus, for samples that can tolerate higher
reading powers, we expect that PSHUMPH should approach quantum-limited sensitivity

in a manner similar to FM spectroscopy.g‘12

The results from static uniaxial stress studies on the inhomogeneous line of the F3"'
center in NaF!16:17 can be used to model the PSHUMPH lineshape. The propagation of

(longitudinal) ultrasonic waves through the crystal causes a periodic variation of the

-
::; j density of the material resulting from alternating regions of compression and rarefaction. ‘
L)

3 y |
o s Uniaxial stress causes the absorption from a given class of centers to both shift in energy j
BN

v |
. and split into a number of components due to removal of the electronic degeneracy of the |
% |
.fa:{-, |
-t

excited state. For the experiments described in this paper, longitudinal stress was applied

in the [100] direction and the probing light was polarized along [010]. Under these
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E:,' conditions, the zero phonon line splits into two components, both shifting linearly to
. higher energy for compression and lower energy for rarefaction.
o
f‘f"
;‘Q:.
:f« The stress fields generated in the sample by the low power ultrasound utilized here
%
o were insufficient to completely split the absorption line into separated saidebands.
i'.
%
:: : However, the oscillating ultrasonic field does cause the spectral hole to broaden and
Y oscillate about the burn energy, producing amplitude modulation of the light beam at the
33 ) ultrasonic drive frequency whenever the light beam wavelength is close to the spectral
& '
’.t& feature. Thus, the PSHUMPH signal has zero background since modulation of the
we
A
transmitted light can only occur when the light is in near resonance with the hole. We
L} ) ;
> |
:»,) take for the lineshape of the spectral hole a Lorentzian function in the form: !
-w_j
2 -1
¢ L(») = (2/7Ar){1 + [v/(Av/2)] } where » is the laser frequency, Av is the full width
t at half maximum, and the burn frequency is at v=0. In the presence of an ultrasonic ;
9d |
: field, the absorption lineshape function can be described by two oscillating Lorentzian
?
,3' . !
) . !
functions: i
ey ‘
G —a sin (Qt + —B sin (Gt +
o U(v,t,¢)~31{1 + [V a sin ( "")] } + gz{l + [" B sin ( M] } . (1D
& Av/2 Av/2
h'x')
o~ Each of the two components has a center frequency that oscillates as sin(Qt + ¢) where
; 3 Q is the frequency of the ultrasound and ¢ is the phase relative to the local oscillator.
3
2t The factors a and B determine the magnitude of the maximum shift from the burn
: frequency for the two components. These two parameters are linearly proportional to the
"".
' -
,, strength of the ultrasonic field and their ratio, 8/a, is determined by the uniaxial stress
"“
o interaction!6 to be 0.283. g, and g, represent the relative absorption strengths of the
.
s“"
(% two components and are in the ratio g;:g,=1:3.
X!
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The signal at the detector output consists of a dc component and a time-varying
component proportional to the amplitude modulation of the transmitted light beam,
f exp[-U(»,t,¢)]. The (dc) output of the mixer, H(»,¢), is proportional to the average value

of the product of the detector current and the local oscillator reference signal:
H(v,¢) = C < exp [ — U(v,t,¢)] sin (Qt) > (2)

where C is a proportionality constant and < > represents the time average. A simulation

of the observed lineshape using Equation 2 with the local oscillator in phase with respect

to the phase of the ultrasonic field (¢ = 0) is shown in Figure 4. For this fit, the hole

width A» was set at the measured value of 200 MHz, and the two fitting parameters were

-he overall multiplicative calibration of the signal and the factor representing the

. strength of the ultrasonic field, « = 150 MHz. The fit is excellent, and we may conclude
that the interaction of the burned centers with a time-varying unijaxial stress accounts
well for the observed PSHUMPH lineshape. Centers that have different uniaxial stress

splittings would show correspondingly different lineshapes.

Since PSHUMPH allows detection of holes in the frequency region where most

|

p lasers show only shot noise power fluctuations, this method should approach the N
’ A
quantum limit of sensitivity for reading powers sufficient to overcome Johnson noise of .

' .
the detector. With lasers capable of scanning at high speeds, hole detection should be |

. z_»

possible in times near the period of the ultrasonic wave itself. Because PSHUMPH has

.
’_a

> 4

the desirable property of direct modulation of only the effect under s}udy, it is free from
background signals and should be generally applicable to all strain-sensitive spectral

features. Furthermore, double-modulation detection using both PSHUMPH and FM
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G would be expected to be a particularly powerful combination of internal and external

modulation methods that overcomes problems like residual AM, for example.
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- Figure 1. Experimental arrangement for PSHUMPH. Legend: SG-signal generator;
NG RF-rf oscillator; SW-rf switch; PA-rf power amplifier; T-transducer; S-sample in
liquid helium cryostat; APD- avalanche photodiode; DC-directional coupler;
SPA-spectrum analyzer for diagnostics; PS-phase shifter; M-mixer with rf, lo, and
dc ports; PMP-post mixer preamp; BCA-boxcar averager; SA-signal averager;
X-Y-x-y recorder.
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(a)

Signal (arb. units)

(b)

| ] ]
-1.0 0 1.0
Laser Frequency (GHz2)

Figure 2. Traces of a hole measured using PSHUMPH showing sensitivity to the
ultrasonic phase. a) Phase arbitrarily set at zero, b) phase shifter offset by 180

degrees. The ultrasonic field was driven at 8.2 MHz with an rf power of 125 mW.

This hole was burned near the edge of the ZPL absorption.
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(b)
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2
[77)
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| 1 1
-1.0 0 1.0

Laser Frequency (GHz)

Figure 3. A comparison of spectral hole detection using FM spectroscopy and
PSHUMPH. This hole was burned near the center of the ZPL with a laser power of
1 mW for 1 s. The traces represent: a) FM spectroscopy at 50 MHz, b) FM
spectroscopy at 8 MHz, c) PSHUMPH at 8 MHz. All three traces have the same
vertical scale. The ultrasonic field was generated with an rf power of 63 mW.
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PSHUMPH signal (arbitrary units)
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Figure 4. Computer simulation of the PSHUMPH lineshape using equation 2 (solid

curve) along with experimental data points (circles). The parameters used in the fit
were Av = 200 MHz and a = 150 MHz.
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