
ARTICLE IN PRESS
Journal of Luminescence 107 (2004) 75–89
*Correspond

1-69-35-21-00.

E-mail addr

(J.-L. Le Gou.e

0022-2313/$ - se

doi:10.1016/j.jlu
Wideband radio frequency spectrum analyzer: improved design
and experimental results

V. Lavielle, F. De Seze, I. Lorger!e, J.-L. Le Gou.et*

Laboratoire Aim!e Cotton, CNRS, B #atiment 505, Campus Universitaire, 91405 Orsay, France
Abstract

We report on significant progress accomplished in spectral-hole-burning-based instantaneous spectral analysis of

optically carried broadband radio frequency signals. This concept aims at becoming the next generation spectrum

analyzer for broadband radar and astronomical applications. Since the initial demonstration (Opt. Lett. 26 (2001) 1245)

the spectral range has been broadened by two orders of magnitude and the channel number has been improved by

nearly one order of magnitude. We discuss the next steps to be considered, namely 100% duty cycle and 1000-channel

operation. On the way to 100% duty cycle operation, we demonstrate frequency offset-locking of a frequency-chirped

laser to a fixed frequency laser. We examine two-dimensional angular addressing as a technique to increase the spectral

channel number.
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1. Introduction

Astronomers are expecting valuable information
from (sub)millimeter spectroscopy of molecular
and atomic species that are present in dusty
regions of space [1]. In heterodyne receivers for
(sub)millimeter astronomy, the input signal is first
processed by the low noise ‘‘front-end’’ of the
system, that includes mixing and amplification
stages, before being conveyed to the spectrometers.
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The most widely used spectrometers in radio
astronomy are the acousto-optic spectrometer
(AOS) [2–4], the digital autocorrelation spectro-
meter (ACS) [5] and the filterbank spectrometer
(FBS). The spectrometer bandwidth ranges from
0.2–1 GHz for digital ACS to 1–1:5 GHz for the
AOS. Spectrometers based on all types of technol-
ogy, except the digital autocorrelation type, must
be designed with fixed bandwidth and resolution,
i.e. they are inflexible for different kinds of
observations. The digital ACS is in this regard
flexible, but intolerable power consumption at
high frequency limits its processing capabilities in
terms of bandwidth. To be able to process very
wide bandwidth signals (1–4 GHz), one resorts to
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Fig. 1. SHB spectrometer concept. The insert shows the

architecture of the analyzer. A Mach–Zehnder modulator

MZM transfers the RF signal SðtÞ on the optical carrier from

laser L. The crystal C diffracts the RF signal frequency

components in different directions. The angular separation of

the side-band spectral components is effected by the gratings

engraved in the SHB crystal. The 3D picture shows the counter

propagating box geometry giving independent access to

engraving (#1, #2), reading (#3) and diffracted beams.
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a pre-filtering intermediate frequency (IF) stage
that divides the input signal broad band into
several narrower sub-bands [1].

In order to cope with increasing bandwidth
demand, one needs alternative technology with
great potential for future space laboratories. The
spectral hole burning (SHB) technology has this
potential. Specifically, the inhomogeneously broa-
dened absorption bands of rare-earth-doped crys-
tals have bandwidths as large as 200 GHz;
together with spectral resolution below 10 kHz
at low temperature [6]. These materials are
particularly suited to processing broadband radio
frequency (RF) signals with impressive time-
bandwidth product. Various optical functions,
such as time-domain correlation [7,8], real-time
data routing [9,10] and true-time delay generation
for radar application [11,12], have been demon-
strated recently that illustrate SHB signal
processing potential. We recently proposed an
opto-electronic architecture to exploit the large
bandwidth and high resolution of SHB for spectral
analysis of RF signals [13–15]. Ultimately, the
SHB spectrometer would feature bandwidth in
excess of 10 GHz; with flexibility, resolution better
than 1 MHz and low consumption.

The price to pay for these attractive properties is
the cooling to an operating temperature of about
5 K: However, low-temperature operation should
not be regarded as a major inconvenience. The
launching of ISO satellite, with a 2000 l tank of
superfluid helium, recently demonstrated that
large-scale extreme cryogenic conditions could be
achieved in embarked experiments. This is con-
firmed by the forthcoming Planck and Herschel
missions, where some devices are cooled down to
0:1 K [1].

We first describe the basics of the SHB spectrum
analyzer in Section 2. Then we present our new
experimental results in Section 3, highlighting
some important technical aspects. In Section 4,
we report on the frequency offset-locking demon-
stration of a chirped laser to a fixed frequency
reference, which opens the way to 100% duty cycle
operation of the SHB spectrum analyzer. Section 5
is devoted to an investigation of two-dimensional
angular addressing as a mean to reach 1000-channel
resolution. Finally we conclude in Section 6.
2. SHB spectrometer

Owing to the broad bandwidth capabilities of
opto-electronic components, it is worthwhile to
process RF signals in the optical domain, after
transfer on an optical carrier. This is the way the
SHB spectrometer operates. The concept relies on
the engraving of monochromatic gratings in an
SHB material. Each grating is able to diffract a
single spectral component, with a resolution
ultimately determined by the homogeneous line
width of the SHB medium, which is usually less
than 1 MHz at the temperature of 5 K: A large
number of gratings can coexist within the inho-
mogeneous width of the absorption line, which
may reach tens of GHz. By varying the laser
frequency in synchrony with the angle of incidence
during the engraving procedure, one associates a
specific diffraction angle with each specific spectral
component. Therefore, the different spectral com-
ponents of an incident polychromatic probe beam
are diffracted and simultaneously retrieved in
different directions. The stack of monochromatic
gratings works as a spectrometer which is expected
to exhibit a resolution of less than 1 MHz and a
bandwidth of several tens of GHz. As depicted in
Fig. 1, RF spectral analysis can be performed after
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transfer of the investigated microwave signal on an
optical carrier with the help of a Mach–Zehnder
electro-optic modulator (MZM). The bandwidth
of the SHB medium indeed matches that of
integrated MZM developed for high flow tele-
communication. To be more specific, SHB media
can be devised to cover the bandwidth in excess of
50 GHz offered by fast integrated MZM [6]. Since
the spectrometer relies on the angular separation
of the frequency components, the number of
frequency channels equals the number of different
angular directions that can be addressed by the
device. For a given setup, this number is fixed.
However, the engraving laser frequency scanning
range, which determines the spectrometer band-
width, can be varied easily. By reducing this range
while the channel number is kept fixed, one is able
to zoom on a specific spectral region with
improved spectral resolution.

This design is reminiscent of the well-known
AOS. In the latter device a Bragg cell achieves two
functions. On the one hand, it transfers the RF
signal on the optical carrier. On the other hand, it
accomplishes the angular separation of the opti-
cally carried spectral components. The acoustic
wave absorption limits the bandwidth to B1 GHz:
The integrated MZM offer a much larger band-
width. However, an MZM only transfers the RF
signal on the optical carrier but does not achieve
the angular separation of the spectral components,
since the carrier and the side bands propagate
along the same direction. In the SHB spectro-
meter, the SHB crystal is intended to complement
the MZM component by achieving the missing
angular separation.

The beam configuration is strongly constrained
by the material limitations. Owing to the short
lifetime of the engraving, the gratings must be
refreshed continuously and simultaneously diffract
the impinging signal beam. This condition is
satisfied in the ‘‘box configuration’’ presented in
Fig. 1. The probe beam that carries the RF signal
to be processed propagates along ~kk3: It lies out of
the plane defined by the engraving beam wave
vectors ~kk1 and ~kk2: This non-coplanar arrangement
is consistent with simultaneous writing and read-
out since the diffracted beam is directed along
~kk3 þ ~kk1 � ~kk2 which differs from all the incident
wave vectors. The wave vectors ~kk2 and ~kk3 are
headed in fixed directions while ~kk1 rotates in
synchrony with the frequency scan of the engrav-
ing beams. Therefore, the different spectral com-
ponents that are carried by the probe beam are
diffracted in different directions.
3. Demonstration of 100-channel operation

3.1. Experimental setup

In the engraving stage, the angular scan is
achieved by a frequency-shift-compensated pair of
acousto-optic deflectors that are crossed succes-
sively by beam #1. The deflectors, respectively,
diffract the light beam in order �1 and þ1 so that
the respective frequency downshift and upshift are
subtracted to each other. The two deflectors are
oriented in perpendicular directions and are
slanted at 45� from horizontal. When the two
deflectors are driven in synchrony with a fixed
detuning, the emerging beam is scanned horizon-
tally (see Fig. 2). To increase the channel number
with respect to our initial experiments, we use a
larger aperture deflector. This device (A&A DTS
XY 250) offers a 5 mm clear aperture, and a
69 mrad scanning range as the common driving
frequency is varied from 85 to 125 MHz: An
optical relay, with a magnification factor mx ¼
0:25; images the deflector on the SHB crystal so
that the illuminated spot does not move as the
beam direction is varied.

The two output channels of a 1 Gigasample=s
arbitrary wave form generator (Sony/Tektronix
AWG520) separately drive the two AOs that are
combined in the deflector. This enables us to set a
fixed frequency detuning between the two chirped
synchronized driving waves. The acoustic wave
detuning leads to a fixed frequency shift of the
deflected beam with respect to the fixed direction
engraving beam. Since the laser is simultaneously
frequency chirped, each ion interacts with the two
beams at two successive moments. As discussed in
Ref. [14], the interaction delay makes the setup
operate in photon echo configuration, which
optimizes the spectral resolution and the signal
diffraction efficiency.
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Fig. 2. Hundred-channel set-up. After the beam splitter BS beam #1 is directed to the acousto-optic deflector AOD. Through the

lenses L1 and L2, the fixed beam #2 and the scanned beam #1 are made to overlap in the SHB crystal. The RF signal carrier beam #3 is

diffracted on the engraved gratings. The diffracted beams counter propagate beneath the light sheet formed by beam #1. The non-

coplanar arrangement is not visible in this top view of the setup. Through the lens L2, the mirror M and the lens L3 the diffracted

beams converge to the pinhole PH, placed in imaging position with respect to the crystal. Finally, they reach the photodiode array

PDA that is positioned in the Fourier plane of PH through the lens L4. The focal distance of lens Li is denoted by fi: f2=f1 ¼
0:25; f3=f2 ¼ 0:5; f4 ¼ 150 mm: The AO deflector assembly is shown in the insert. The acoustic wave vectors are denoted by~jj1 and~jj2:
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The synchronized laser frequency chirp and
beam angular scan must be repeated over the
spectrometer bandwidth with precision better than
the desired resolution, since the grating storage is
accumulated in the active crystal for several
engraving cycles. To satisfy the repeatability
requirements of our application, it was necessary
to develop a novel electro-optically tuned ex-
tended-cavity diode-laser [16,17]. The item we are
using in this experiment, equipped with an
improved AR-coated chip, is easily scanned with-
out mode hopping over a 3:5 GHz interval.
Careful adjustment should permit to increase the
scanning range to 10 GHz:

In previously studied photon echo applications,
accumulation is regarded as a demanding proce-
dure [18,19]. In these applications, the storage
coordinate is the time delay of the engraving fields.
The delay-dependent phase shift that is stored in
the material is affected by laser frequency fluctua-
tions the more as one increases the delay range. A
1 ms delay storage range requires at least 100 kHz
laser stability during a 10 ms long accumulation
process [19]. The present situation is somewhat
different. All the gratings associated with the
different spectral channels are engraved with the
same minimized delay. For 33 MHz resolution,
this delay does not need to exceed B10 ns (see the
appendix, Eq. (A.17)), which is much smaller than
the inverse jitter range of a free running extended
cavity diode laser over a 10 ms time interval.
However, we shall see in Section 5 that the 2D
operation of the spectrum analyzer might demand
excellent laser stability, irrespective of the spectral
resolution to be achieved.

Since we split the three needed beams from a
single laser, we have to operate in a sequenced
mode, where grating engraving and signal diffrac-
tion are alternate. Engraving takes place during
the first half repetition period, while the laser
frequency is kept fixed for readout during the
second half period. With a repetition rate of
2 kHz; the 250 ms-long writing step is followed by
a same duration step devoted to RF signal spectral
analysis. Since the shelving state lifetime is
B10 ms; engraving is accumulated over B20
writing steps.

The modulated probe beam to be spectrally
analyzed is directed to the Tm3þ:YAG crystal and
is diffracted on the engraved gratings into a
frequency-dependent direction (see Fig. 2). In
order to filter out the stray light scattered off the
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Fig. 3. Time diagram of the laser frequency scan. During the

first 250 ms; the laser is continuously scanned over the selected

bandwidth as it engraves the spectrally selective holograms.

During the second half of the sequence, a multiple-line

spectrum is simulated by a stair case frequency scan. The laser

stays for 10 ms at each step.
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cryostat windows, we make the diffracted beams
converge to a pin hole with the help of the optical
relay formed by the lenses L2 and L3: The pin hole
is sized to the dimensions of the active area image
formed through lenses L2 and L3: Emerging from
this precisely defined emitting area, the diffracted
beams are collected on a photodiode array (PDA)
through the lens L4 operating as an angle-to-
position Fourier transformer. The PDA includes
1024 pixels. The pixels are 2:5 mm high and 25 mm
wide. They are sequentially read out every 10 ms:
Since the detector is continuously operating, this
interval also represents the integration time.

The illuminated position coordinate on the PDA
is proportional to the diffraction angle and so to
the RF signal frequency. Specifically, a beam
diffracted in direction j hits the PDA at position
x � x0 ¼ ðj� j0Þ � f4f2=f3; where the focal length
of lens Li is denoted by f i: The direction j is
connected to the RF frequency by j� j0 ¼ ðn�
n0Þ � %j=%n where %j and %n; respectively, represent
the angular scanning range of beam #2 and the
frequency chirp range of the laser during the
engraving step. The spectral channel number of
the device is given by the number of different
directions that can be addressed by the AO
deflector (AOD). Detailed calculation of the
angular resolution and the channel number is
performed in the appendix.

3.2. Experimental results

Using this setup we demonstrate a 3:3 GHz
instantaneous bandwidth with 100-channel resolu-
tion. The data are displayed in Fig. 3c, together
with two previous stages of the spectrum analyzer
demonstration [13,14]. All the experiments have
been performed with the same 2:5 mm-thick
Tm3þ:YAG ð0:5 at%Þ crystal.

In a previous publication [15], we demonstrated
the spectral analysis of an RF signal that was put
on the probe beam with the help of a Mach–
Zehnder modulator. In the present work, we
simulate a multiple-line RF signal by making the
laser perform various discrete frequency jumps
during the readout step of the writing/readout
sequence. The staircase frequency scan of the
probe beam is illustrated in Fig. 4. The laser stays
for 10 ms at each frequency step.

In order to increase the intensity, we have
reduced the vertical spot size to 150 mm: With a
beam waist at the deflector wAO ¼ 1:5 mm; and a
magnification factor mx ¼ 0:25; the horizontal
spot size is 750 mm: The fixed engraving, deflected
engraving, and probe beam power, respectively,
amount to 4.7, 3.2 and 0:7 mW:

Given the acoustic wave velocity v ¼ 650 m=s;
the acoustic wave chirp rate rA ¼ 1:2 � 1011 s�1;
the calculation in the appendix predicts an angular
resolution dj ¼ 1:64 mrad (see Eq. (A.14)), which
corresponds to B5 pixels of the PDA. We actually
measure an angular resolution of B6 pixels.
Combined with a 205 mrad scanning range, this
resolution offers a 100-channel capacity. The
angular scanning range is accidentally limited to
205 mrad because of a beam folding mirror size.
The XY AOD actually offers more than 270 mrad
scanning range, which corresponds to 135 chan-
nels. Compensation of the acousto-optic lens effect
(see the appendix) would probably increase this
number by reducing the channel width.
4. Proceeding to 100% duty cycle operation

In order to continuously detect the optically
carried RF signal, without dead time, one has to
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refresh the engraved gratings and to analyze the
signal simultaneously. The single laser we use in
the present setup is not able to accomplish these
two tasks. Two different lasers are needed since the
engraving beam frequency has to be continuously
scanned at fixed rate, while the RF signal to be
investigated must be transferred onto a fixed
frequency carrier. The relative stability of the
two lasers should be better than the expected
resolution of the spectrum analyzer. In order to
proceed toward 100% duty cycle operation, we
have investigated an active stabilization scheme
where the laser frequencies are periodically com-
pared after each frequency scan of the engraving
laser.

We have built two identical extended cavity
diode lasers with intracavity electro-optic crystal.
As sketched in Fig. 5, one laser is frequency
scanned every 500 ms: The other laser is left free
running. A fast pre-amplified photodiode (Electro-
Optics Technology Inc., ET2030-A, 1:2 GHz
bandwidth, þ26 dB preamp) detects the laser beat
during a short ðB50 msÞ standby time interval we
set between two frequency scans. The beat signal,
ranging up to 1 GHz; is first mixed with a local
oscillator (Marconi Instruments Signal Generator
2022D) that can be tuned from 0 to 1 GHz: This
provides us with wide tunability. Then the down-
shifted signal frequency is measured directly by a
12-bit binary counting unit. Counting is performed
during the 50 ms sampling interval where both
lasers are free running. At B70 MHz central
frequency, the 50 ms sampling interval accommo-
dates 3500 oscillations. The counter offers an
upper frequency limit of 100 MHz: The 12-bit
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counter is an assembly of three SN74F161 4-bit
binary counters. The 8 higher weight bits are fed to
a AD7524 fast digital-to-analog converter. Then
the analog signal is integrated with a time constant
that should be larger than the 500 ms separation of
two sampling steps, and finally fed to the
intracavity EO crystal of the free-running laser.

Operating at a central frequency of B70 MHz;
the device offers a B60 MHz capture range and
bandwidth. To test the relative frequency stability
of the locked lasers, we have recorded the two laser
beat with the help of a Tektronix TDS3032
oscilloscope. The scanned laser frequency under-
goes a 450 ms-long linear chirp over a 1:25 GHz
interval, 2000 times=s: The two laser beat is
recorded for 10 ms out of the 50 ms time interval
where the engraving laser frequency is steady
before each scan. To be recorded, the laser beat
frequency is downshifted to B12 MHz: Therefore,
the 500-sample recording is comprised of B100
periods. Recording is repeated at random for
several minutes. The averaged signal spectrum is
displayed in Fig. 6 in logarithmic scale. The
FWHM turns out to be significantly smaller than
1 MHz:

With a time constant of B10 ms; the locking
device only controls the long-term drift of the
lasers. The beat frequency measurement is effected
at 2 kHz repetition rate and gives some informa-
tion on the laser passive stability on shorter time
scale. This appears to be better than 1 MHz: The
FWHM
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Fig. 6. Averaged spectrum of the locked laser beat. The

spectrum corresponds to an average over measurements

randomly performed during several minutes.
data also indicate that the scanned laser returns to
its initial frequency with excellent precision. This
will allow us to make the two locked lasers
respectively play the role of engraving and probe
sources. However, as it will become clear in the
next section, 2D operation of the spectrum
analyzer is more exacting in terms of laser
stability. In the 2D operation context, the chirp
itself needs to be stabilized. This will demand a
more elaborate locking procedure.
5. Scenario for 1000-channel demonstration

5.1. Two-dimension operation of the spectrum

analyzer

The number of resolved spectral channels is
closely related to the time � bandwidth product of
the AOD. Indeed this product represents the
number of different directions that can be ad-
dressed by the AOD. Used with a Gaussian beam
expanded to the maximum held diameter of
4:2 mm at 1=e2; and operated over a 40 MHz
acoustic wave bandwidth, the A&A DTS XY 250
deflector offers a time�bandwidth product of
B350: A larger device with a clear aperture of
B14 mm would be needed to reach a 1000-channel
resolution. This is a straightforward way to
achieve the assigned goal. However, one should
remember that, in order to compensate for the
acoustic wave frequency shift incurred by the
deflected light field, we are using a two-deflector
XY device, the light beam being successively
diffracted in orders þ1 and �1 by the two AO
crystals. The above-mentioned 350 time �
bandwidth product corresponds to scanning along
a diagonal of the accessible solid angle. The device
is able to address more than 60 000 different
directions in 2D scanning. We should take
advantage of the large amount of available 2D
angular channels, keeping in mind that an
attractive feature of the SHB spectral analyzer is
its 2D operation ability.

The 2D operation is illustrated in Fig. 7. The
detection solid angle and the angular region
spanned by the deflected engraving beam are
interlaced, which enables us to reduce the angular
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One reduces the angular distance of ~kk2 and �~kk3 by interlacing

the engraving and diffracted beams. As a consequence, the

phase matching condition is less severe.

Fig. 8. Angular arrangement of the beams. The hatched

rectangles represent the directions spanned by the deflected

engraving beam. For each position of the deflected beam, the

four beam wave vectors define a parallelogram that turns into a

rectangle when ~kk2 � ~kk1 is horizontal. This is the only situation

when the phase matching condition is exactly satisfied.
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distance of ~kk2 and �~kk3 and to somehow relax the
phase matching condition (arrangement suggested
by Wagner [20]). In Section 5.2, we express the
number of available channels as a function of the
AOD parameters and we consider the geometric
limitations imposed by the beam overlap in the
sample and by the phase matching condition. In
Section 5.3, we address the engraving beam
detuning problem that arises from imperfect
acoustic frequency shift compensation when the
deflector operates off the diagonal region. In
Section 5.4 we report on the first experimental
investigation in the prospect of 2D operation.

5.2. Geometric limitations

The angular arrangement of the engraving,
probe and diffracted beams is sketched in Fig. 8.
The deflected engraving beam direction ~kk1 is
defined by the angular coordinates ðy;jÞ with
respect to the fixed engraving beam that propa-
gates along ~kk2: The deflected engraving beam
scanning spans the angular intervals %j and %y along
horizontal and vertical directions, respectively. At
some appropriate position, most likely at the
Fourier plane position with respect to the active
crystal through a focusing lens, a multiple slit
reflecting mask is used to separate the scanned
engraving beam from the diffracted signal. One
directs the engraving beam through the horizontal
slits and has the diffracted signal been reflected on
the spacing between the slits. The reverse situation
could be preferred. Let dj and z; respectively,
represent the horizontal and vertical angular size
of a spectral channel. Then the channel number
along a horizontal line is given by Nx ¼ %j=dj:
Every second line is occupied by the deflected
engraving beam. Therefore, the number of lines
that accommodate the signal is Ny ¼ %y=ð2zÞ þ 1:
The probe beam wave vector �~kk3 is set at angular
distance z from ~kk2; just below it.

To define the angular size of a channel, we
consider Gaussian engraving beams. Their 1=e2

waist radius at the active medium position is given
by wy and wx along horizontal and vertical
directions, respectively. The beam crossing the
XY AOD is supposed to be axially symmetric so
that wy and wx are connected to wAO; the waist
radius at the AOD through the equations

wx ¼ mxwAO;

wy ¼ mywAO; ð1Þ

where mx and my stand for the imaging optics
magnification factors along vertical and horizontal
directions. We define z as the 1=e2 angular diameter
of a diffracted Gaussian probe beam. According to
Eq. (A.14) in the appendix, z is given by

z ¼

ffiffiffiffiffiffiffiffiffi
2

Ln2

r
dy ¼

2
ffiffiffi
3

p
p

l=wy: ð2Þ
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This rather stringent definition guarantees that
most of the signal is collected on the above-
mentioned reflecting mask. It should be noticed
that, at the mask position, the angular size of the
engraving beam is

ffiffiffi
3

p
times smaller than that of

the diffracted beam. As a result, the engraving
beam will not be stopped by the diffracted beam
collecting mask.

We suppose that the channel width along an
horizontal line is given by the FWHF. This is very
close to the Rayleigh criterion for the resolution of
an optical system, the main difference being that
Rayleigh considers Airy patterns of diffraction,
while we are considering Gaussian spots. There-
fore, dj reads as

dj ¼

ffiffiffiffiffiffiffiffiffiffiffi
6Ln2

p
p

l
wx

: ð3Þ

Let %yAO ¼ mx
%y and %jAO ¼ my %j represent the

angular spans at the AOD leading to the angular
spans %y and %j at the crystal. Making use of
Nx; Ny; z and dj definitions one obtains

Nx ¼
pffiffiffiffiffiffiffiffiffiffiffi

6Ln2
p wAO

l
%jAO;

Ny ¼
p

4
ffiffiffi
3

p wAO

l
%yAO þ 1: ð4Þ

As expected, the number of channels does not
depend on the magnification factor of the optics
inserted between the AOD and the active crystal.

However one is not free to elect any mx and my

values. Two conditions, namely the phase match-
ing condition and the beam overlapping condition
impose wx and wy values, once one has fixed Nx

and Ny by setting wAO; %yAO and %jAO values.
The phase matching condition reads as

jð~kk2 þ ~kk3Þ 	 ð~kk2 � ~kk1Þjopk=L; ð5Þ

where L represents the sample thickness. The
condition is exactly satisfied when ~kk2 þ ~kk3 is
orthogonal to ~kk2 � ~kk1: Otherwise it reads as

z
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
j2 þ y2

q
cos col=ð2LÞ; ð6Þ

where cos c ¼ y=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
j2 þ y2

q
: The maximum size of

y is %y=2: Therefore, the condition reads as

%yzol=L: ð7Þ
The phase matching condition is finally expressed
as

wy > 4wDOF

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3

p
ðNy � 1Þ

r
; ð8Þ

where wDOF ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
lL=2p

p
is the waist dimension

when the crystal thickness equals the depth of field
(i.e. twice the Rayleigh range) of the focusing
optics.

The engraving beam maximal horizontal angular
separation, denoted as jmax; should be small
enough so that the beams overlap all along the
light path within the crystal. This condition reads as

jmaxo2
ffiffiffi
2

p wx

L
: ð9Þ

With the help of Eq. (9) and of the definition of Nx

one finally expresses the engraving beam overlap
condition as

wx > ð3Ln2Þ1=4wDOF

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jmax

%j
Nx

r
; ð10Þ

where jmax= %jC1:
Combining Eqs. (8) and (10), one concludes

that, for N-channel operation, the active area
should spread over a surface at least equal to
B5ðwDOFÞ

2
ffiffiffiffiffi
N

p
: Owing to the non-linear character

of the four-wave mixing process, one has to focus
the engraving beams as close as possible to the
minimum size in order to optimize the energy
budget.

5.3. Signal formation dynamics

In this section, we examine the requirements for
2D operation in terms of dipole lifetime and laser
stability. We determine the law of variation of
the signal intensity as a function of the detuning of
the two AOs. We deduce the Ny dependence of the
signal intensity.

Let yAO and jAO denote the vertical and
horizontal deflection at the AOD plane. As a
function of the X and Y AOD driving frequencies
f1 and f2; the deflection angles read as

yAO ¼
l
v

f1 � f2ffiffiffi
2

p ;

jAO ¼
l
v

f1 þ f2ffiffiffi
2

p : ð11Þ
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Fig. 9. Two-dimensional operation of the spectrum analyzer.

Calculated variation of the signal intensity as a function of the

line number ny and of the delay t12: The calculation parameters

are: Nx ¼ 200; Ny ¼ 5; r ¼ 4 � 1013 Hz=s; wAO ¼ 2 mm; v ¼
650 m=s and T2 ¼ 1 ms: The total spectral bandwidth is set

equal to 10 GHz; so that the scanning range of each line is

%n ¼ 2 GHz:
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The total shift vanishes along the horizontal
diagonal yAO ¼ 0 where f1 ¼ f2: If f1af2; each
atom successively interacts with the two engraving
beams. The time interval of those interactions is
given by t12 ¼ ðf1 � f2Þ=r; where r denotes the laser
chirp rate.

When the spectrum analyzer is operated along a
single line (1D operation), the detuning is adjusted
in such a way that t12 is larger than the inverse
spectral resolution (see the appendix). In a 2D
spectrum analyzer, one has to increase the detun-
ing beyond the inverse spectral resolution in order
to explore the off-diagonal region of the accessible
solid angle. During the time interval t12; the
memory of interaction is carried by an atomic
superposition state. The phase that builds up
during this time interval fluctuates with the laser
frequency the more as t12 is larger [19], which tends
to ruin accumulated engraving. Therefore, with
increasing line number Ny the device is more and
more demanding in terms of optical dipole lifetime
and laser stability. It should be stressed that in this
instance the dipole and laser stability are not spent
to improve the resolution of the spectrum analyzer
but to increase the line number. A 1D device
offering 100 channels over 1 GHz exhibits the
same resolution as a 2D device offering 1000
channels over 10 GHz; with 10 lines of 100
channels each. However, the latter requires a laser
10 times more stable and a dipole lifetime 10 times
larger than the former.

According to Eqs. (2) and (11), the increment of
f1 � f2 between two lines is

df ¼
4
ffiffiffi
6

p
p

v

wAO
: ð12Þ

According to Eq. (A.17), the diffracted intensity in
1D operation reads as

Sðn;jn; 0Þ ¼ ½1 þ erfðuÞ�2e�4t12=T2 ; ð13Þ

where

u ¼
t12

½t12�min

�
½t12�min

T2

and ½t12�min ¼
%j
ffiffiffiffiffiffiffiffiffiffiffi
2Ln2

p
p%ndj

: ð14Þ

Let ny represent the line label ranging from 1 to Ny

in 2D operation. We assume that the delay t12 is
adjusted to ½t12�min: Then the delay along line ny is
expressed as

t12 ¼ ½t12�min þ ðny � 1Þ
df

r
: ð15Þ

The diffraction intensity Sðn;jn; 2ðny � 1ÞzÞ along
line ny is given by Eq. (13) where Eq. (15) has been
substituted for t12: The variation of Sðn;jn; 2ðny �
1ÞzÞ as a function of ny and t12 is displayed in
Fig. 9. We assume that Nx ¼ 200; which is
consistent with our XY AOD aperture. Then, to
get 1000-channel resolution we set Ny ¼ 5: The
engraved gratings are supposed to be refreshed at
a repetition rate of 4 kHz and the total spectral
bandwidth is set equal to 10 GHz: Therefore, the
scanning duration of each horizontal line equals
250 ms=5 ¼ 50 ms and the scanning range of each
line reads %n ¼ 10

5
¼ 2 GHz: The chirp rate is r ¼

2 GHz=50 ms ¼ 4 � 1013 s�1: With wAO ¼
2 mm; v ¼ 650 m=s and T2 ¼ 1 ms; the signal
intensity varies by less than 20% over the entire
frequency range. We have ignored the laser
frequency fluctuations. To check the validity of
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the analysis we experimentally investigate the
diffracted signal variations as a function of f1 � f2:

5.4. Experimental investigation

In a first set of experiments, we measure the
variations of a single line signal intensity as a
function of f1 � f2 for various values of r: Results
are displayed in Fig. 10. To compare experimental
results with theoretical predictions, we fit the
profile described by Eq. (13) to the data by
adjusting the optical dipole lifetime value, all
other parameters being fixed. The best fit value
of T2 appears to depend on the laser chirp rate,
varying from 0:25 ms at r ¼ 2 � 1012 Hz=s to
0:11 ms at r ¼ 8 � 1012 Hz=s: These values are
much smaller than the expected optical dipole
lifetime. Above all, the r dependence of the
obtained T2 values is enough to rule out the
atomic origin of the decay. Laser frequency
fluctuations may cause this decay. Indeed, they
would make the phase of the engraving beam
interference fringes fluctuate from shot to shot,
thus preventing the build up of the accumulated
pattern.
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Fig. 10. Diffracted signal intensity variations as a function of

the acousto-optic driver detuning f1 � f2: The experimental

data correspond to %n ¼ 0:5 GHz; r ¼ 2 � 1012 Hz=s (rectan-

gles); %n ¼ 1 GHz; r ¼ 4 � 1012 Hz=s (diamonds); and %n ¼
2 GHz; r ¼ 8 � 1012 Hz=s (triangles). Results are displayed as

a function of t12 ¼ ðf1 � f2Þ=r: Fitting Eq. (13) to the data leads

to T2 ¼ 0:25 ms at r ¼ 2 � 1012 Hz=s; T2 ¼ 0:20 ms at r ¼ 4 �
1012 Hz=s; and T2 ¼ 0:11 ms at r ¼ 8 � 1012 Hz=s: The fitted

curves are drawn as solid lines.
To clarify the origin of the decay, we have
compared the single shot process with the accu-
mulated regime. In this experiment, the XY AOD
drivers operate at fixed frequency, with provision
for an adjustable detuning between them. In other
words, the engraving beam angle of incidence is
not scanned in synchrony with the laser chirp.
Therefore, the diffracted beam is detected in fixed
direction and we have replaced the photodiode
array by a single avalanche photo detector that
provides us with time domain discrimination of the
signal against spurious light. This arrangement
proves useful since the single shot signal is about
40 times smaller that the signal diffracted on an
accumulated grating. Results are displayed in Fig.
11. They confirm that decay in the single shot
operation is consistent with the expected optical
dipole lifetime. We ascribe the fast signal decay as
a function of t12; as observed in the accumulation
regime, to the shot-to-shot fluctuation of the
spectral grating phase.

To relate this effect to laser fluctuations, we rely
on the phase diffusion model. The chirped laser
field is described as

EðtÞ ¼ e2ipn0tþiprt2þidjðtÞ; ð16Þ

where r; f and djðtÞ; respectively, stand for the
frequency chirp rate, the acousto-optic controlled
detuning of the two fields and the phase fluctua-
tion. All phase fluctuations are collected in djðtÞ
so that r is considered as constant. Within the
frame of the phase diffusion model, phase
fluctuation simply leads to the substitution of the
decay rate 1=T2 with

1

T 0
2

¼
1

T2
þ

1

2
g; ð17Þ

where g represents the half-width at half-maximum
of the spectrum of a fixed-frequency laser affected
by the same phase fluctuation pattern. Analyzing
Fig. 10 within the frame of this model, we
conclude that g varies as a function of the chirp
rate, strongly increasing when r is varied from 2 �
1012 to 8 � 1012 Hz=s: From the data displayed in
Fig. 11, we obtain g ¼ 1:35 MHz at r ¼
4 � 1012 Hz=s: This value leads to a laser line
FWHM of B2:7 MHz; about three times larger
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Fig. 11. Stimulated photon echo with chirped fields. The first

two beams are frequency chirped at rate r ¼ 4 � 1012 Hz=s: The

detuning f1 � f2 of these beams is varied and the decay of the

signal intensity is displayed as a function of t12 ¼ ðf1 � f2Þ=r:
Single shot operation is compared with the accumulation

regime, where engraving is repeated at 2 kHz repetition rate.

The optical dipole lifetime value that fits the data is T2 ¼ 160 ns

(rectangles, accumulated engraving, T ¼ 3:9 K), T2 ¼ 500 ns

(circles, single shot, T ¼ 3:9 K), T2 ¼ 860 ns (triangles, single

shot, T ¼ 1:4 K).
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than the two-laser beat spectrum width given in
Section 4.

The chirp dramatically deteriorates the laser
stability. We have to fix this problem before
implementing the spectrum analyzer 2D operation.
Instead, we might compensate for the undesired
frequency detuning of the engraving beams with
the help of an additional pair of acousto-optic
modulators, working as a frequency shifter. In that
way, we could reduce the delay t12 to the size of the
inverse spectral resolution, as in 1D operation.
However, this is a complex, ponderous and energy
wasting solution. In the more fundamental pro-
spect of laser noise investigation, the influence of
chirp rate on the laser stability has to be examined
more carefully. The experimental data clearly
show that the laser line width increases with the
chirp rate but this connection is not accounted for
by the phase diffusion model.
6. Conclusion

An SHB spectrum analyzer with 3:3 GHz
bandwidth and 100 channels (33 MHz each) has
been experimentally demonstrated. The goal is to
demonstrate 10 GHz bandwidth with 1000 chan-
nels and 100% duty cycle. We have shown that a
fixed-frequency laser, meant for the role of RF
signal carrier, can be referenced efficiently to the
continuously swept writing laser. This is a step
towards 100% duty cycle. We have introduced the
new 2D operation concept that opens the way to
increased channel capacity. Experimental work
will aim at proving this in the future. The XY AO
deflector offers a direct way to achieve the 2D
addressing of the spectral channels. However, the
resulting detuning of the engraving fields makes
the accumulated gratings much more sensitive to
the laser stability, especially during the frequency
chirp. This illustrates the importance of the laser
quality in such applications and the general need
for developing high-stability laser technology.
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Appendix. Signal calculation

We calculate the diffracted signal intensity. This
provides us with the expression of the spectral/
angular resolution as a function of the laser beam
waist size. We also obtain the diffracted signal
intensity variation as a function of the frequency
detuning of the two engraving beams. Calculation
is performed within the limits of the following
assumptions:
(i)
 Gaussian beams: The three beams are given the
same waist w:
(ii)
 Optically thin sample: Engraving is uniformly
laid within the photosensitive plate thickness
and neither the probe field nor the signal are
attenuated while propagating through it.
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(iii)
 Engraving accumulation by optical pumping
to the shelving state is supposed not to modify
either the spatial or the spectral distribution of
the engraving with respect to a single shot
operation.
(iv)
 Lowest-order perturbation limit: The absorp-
tion coefficient modification is proportional to
the power spectrum of the engraving fields.
The same approximation applies to the read-
out field.
Let ~kk1 denote beam # 1 wave vector at time
t ¼ 0: During engraving by fields E1 and E2 the
wave vector ~kk2 is kept fixed while the wave vector
of beam # 1 is scanned around the Oy axis,
perpendicular to the ð~kk1; ~kk2Þ plane, by the AO
deflector assembly represented in the inset of Fig. 2.
The phase shift imparted at position ~rr in by the
acoustic wave propagating in deflector Dj obeys
the following relation:

Fjð~rr; tÞ ¼ Fj 0; t �
-
#kj 	~rr

v

 !
; ðA:1Þ

where
-
#kj and v; respectively, represent the sound

wave unit vector and the sound velocity. The input
phase shift reads as

Fjð0; tÞ ¼ 2p
Z t

0

fjðt0Þ dt0; ðA:2Þ

where the linearly chirped acoustic frequency fjðtÞ
is expressed as

fjðtÞ ¼ f 0
j þ rAt; ðA:3Þ

where f 0
j and rA stand for the AOM central

frequency and the chirp rate, respectively. The
sound wave unit vectors are oriented at 45� from
the deflection axis Ox; directed along ~KK ¼ ~kk2 � ~kk1;
and they are orthogonal to each other. The
combined phase shift imparted to E1 is

Fð~rr; tÞ ¼F1ð~rr; tÞ � F2ð~rr; tÞ

¼ 2p �
x

v
ffiffiffi
2

p ðf 0
1 þ f 0

2 Þ �
y

v
ffiffiffi
2

p ðf 0
1 � f 0

2 Þ

"

þ ðf 0
1 � f 0

2 Þt �
ffiffiffi
2

p rA

v
xt þ

rA

v2
xy

#
:

ðA:4Þ
The first two terms on the right-hand side,
respectively, represent the horizontal and vertical
deflection at time t ¼ 0: The third term reflects the
optical frequency shift conveyed by the deflector
pair. Therefore the n1 � n2 relative frequency shift
of the engraving beams is constant and given by

n1 � n2 ¼ f 0
1 � f 0

2 : ðA:5Þ

The fourth term in Eq. (A.4) corresponds to the
time-dependent angular deflection. The last term is
a time-independent, purely spatial quadratic
phase. In other words, a chirped acousto-optic
deflector behaves as a lens, the focal length of
which depends on the chirp rate. An AO deflector
would mimic a cylindrical lens since it operates
along a single direction. In our setup, this
quadratic phase factor modifies imaging condi-
tions and damages the spectral resolution.

The first two terms in the phase expression
(Eq. (A.4)) are incorporated in the wave vector ~kk1

at t ¼ 0: The laser frequency is swept at rate r in
synchrony with the angular scan. Then the
relevant Rabi frequencies read as

w1ð~rr; tÞ ¼ w0ð~rrÞe
iprt2�2i

ffiffi
2

p
pðrA=vÞxtþ2ipðrA=v2Þxy;

w2ð~rr; tÞ ¼ w0ð~rrÞe
iprt2�2ipðn1�n2Þt�i~KK 	~rr ; ðA:6Þ

where the Gaussian beam Rabi frequency spatial
distribution is expressed in terms of the beam waist
at the AOD, wAO; as

w0ð~rrÞ ¼ w0ð0Þ exp �
~rr2

w2
AO


 �
: ðA:7Þ

Low-intensity engraving can be described in terms
of the incident light power spectrum. The spectral
amplitude of the field Rabi frequency is

*w1ð~rr; dÞ ¼

ffiffi
i

r

r
w0ð~rrÞ

� e�ipd2=r�2ipdðx=vÞ rA

ffiffi
2

p
=r

� 
þ2ipðrA=v2Þxy�2ipðr2

A
=rv2Þx2

;

ðA:8Þ

*w2ð~rr; dÞ ¼

ffiffi
i

r

r
w0ð~rrÞe

�ipðn2�n1�dÞ2=r�i~KK 	~rr : ðA:9Þ

The AOD is imaged on the active crystal with the
magnification factors mx and my along directions x

and y; respectively. Under illumination by the
engraving fields, the ion population distribution
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undergoes a modification proportional to the
exciting field power spectrum j*w1ð~rr; n� n1Þ þ
*w2ð~rr; n� n1Þj

2; convolved by the homogeneous line
profile LðnÞ: The contribution of the cross-term
*w�1 ð~rr; n� n1Þ*w2ð~rr; n� n1Þ þ c:c: gives rise to the
diffraction gratings dedicated to the spectral
analysis of the optically carried RF signal.

Let a monochromatic Gaussian probe beam at
frequency n be directed to the sample along ~kk3: The
probe beam is assumed to exhibit the same spatial
distribution w0ð~rrÞ as the engraving beams. The
linear response of the engraved diffraction grating
at the image of position ~rr can be expressed as

Eð~rr; nÞp
Z

dn0
Z

N

0

dtw0ð~rrÞe
�i~kk3	~rrþ2ipðn0�nÞt�t=T2

� ½*w�1 ð~rr; n
0 � n1Þ*w2ð~rr; n0 � n1Þ þ c:c:�#Lðn� n1Þ;

ðA:10Þ

which combines the causality-allowed contribu-
tions from all the atoms. In the frame of the
Huyghens–Fresnel principle Fraunhofer approx-
imation, the signal emitted at angular distance
ðj; yÞ from direction ~kk3 þ ~KK is readily obtained
as the following Fourier transform of
Eð~rr; nÞeið~kk3þ~KK Þ	~rr :

*Eðj; y; nÞ

¼
Z

dX

Z
dYEð~rr; nÞeið~kk3þ~KK Þ	~rreð2ip=lÞðjXþyY Þ;

ðA:11Þ

where space coordinates X and Y are now
expressed at the crystal. Performing the space
integration first leads to

Sðn;j; yÞ ¼ j *Eðn;j; yÞj2 ¼Z
dn0
Z

N

0

dte2ipðn�n0Þðt�t12Þ�2t=T2gðn0 � n1;j; yÞ
����

����
2

;

ðA:12Þ

where

gðn;j; yÞ ¼ e�2Ln2�f½ðn %j=%nþjÞ=dj�2þ½y=dy�2g; ðA:13Þ

dj ¼

ffiffiffiffiffiffiffiffiffiffiffi
6Ln2

p
p

l
mxwAO

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 þ a2

p
;

dy ¼

ffiffiffiffiffiffiffiffiffiffiffi
6Ln2

p
p

l
mywAO

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 þ a2

p
; ðA:14Þ
a ¼
p
2

rAw2
AO

v2
; ðA:15Þ

%n represents the frequency interval over which the
laser is scanned while j is varied over the angular
range %j and T2 stands for the optical dipole
lifetime. If %nt12b %j=dj the integrant in Eq. (A.12)
vanishes in the to0 region. Therefore, the lower
boundary of the integral over t can be shifted to
�N and the signal intensity reduces to

Sðn;j; yÞ ¼ e�4t12=T2 jgðn� n1;j; yÞj2: ðA:16Þ

This is the well-known photon echo situation that
leads to optimal spectral resolution by eliminating
the dispersive part of the diffracted signal [21].
According to Eq. (A.16), the spectral component
n1 is diffracted in direction ðj ¼ 0; y ¼ 0Þ: The
angular FWHM of the diffracted beam is given by
ðdj; dyÞ: The spectral component n is diffracted in
direction ðjn ¼ ðn� n1Þ %j=%n; y ¼ 0Þ; with the same
angular spreading as component n1: The angular
spreading of each frequency channel limits the
spectral resolution of the spectrum analyzer to

dn¼ %ndj= %j¼ %nðv=wAO
%fÞð

ffiffiffiffiffiffiffiffiffiffiffi
6Ln2

p
=pÞ

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 þ a2

p
; where

%f stands for the acoustic frequency scanning range
of the AOD. The frequency resolution is indepen-
dent of the optics magnification factor. It only
depends on the engraving laser scanning range and
on the number of directions that can be addressed
by the AOD.

The parameter a characterizes the AOD lens
effect. On account of the AOD driver frequency
chirp, the two sides of the laser spot undergo
deflection at different angles in the AOD. The
angle difference can be expressed in terms of the
chirp rate and of the acoustic wave transit time
across the light beam, wAO=v; as lrAwAO=v2: This
angle has to be compared with the divergence of
the laser beam, l=wAO: The parameter a is nothing
but the ratio of these two quantities. The lensing
effect is negligible when lrAwAO=v2

5l=wAO: The
channel broadening caused by the acousto-optic
deflector pair lens effect is not a fundamental
limitation. On account of the holographic storage
properties, the corresponding wave front distor-
tion does not entail irreversible signal alteration.
The quadratic cross phase factor can be alleviated
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by an appropriate non-axially symmetric wave
front correction to any of the four fields involved
in the signal formation.

The last information we derive from Eq. (A.12)
is the signal intensity variation as a function of the
two engraving beam detuning. Integrating
Eq. (A.12) one obtains

Sðn;jn; 0Þ ¼ ½1 þ erfðuÞ�2e�4t12=T2 ; ðA:17Þ

where

u ¼
p%nt12dj

%j
ffiffiffiffiffiffiffiffiffiffiffi
2Ln2

p �
%j
ffiffiffiffiffiffiffiffiffiffiffi
2Ln2

p
p%nT2dj

:
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