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Differential heterodyne detection with diffractive
optics for multidimensional transient-grating

spectroscopy
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Heterodyne detection with a local oscillator generated by a diffractive optic provides good phase stability, but
suffers from interfering single-beam-bleach signals. This interference is a problem in four-beam transient grat-
ings, but becomes more severe in higher order transient gratings. A simple and low noise method to eliminate
this interference is demonstrated in both a four-wave-mixing, first-order–transient-grating experiment and in
a six-wave-mixing, second-order–transient-grating experiment. © 2009 Optical Society of America
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. INTRODUCTION
eterodyne detection of optical signals has become com-
on in time-resolved nonlinear spectroscopy because it
as several major advantages: it increases absolute signal
izes, it separates real and imaginary contributions to the
ignal, and it gives a signal linear in the population, as
pposed to the quadratic signal given by homodyne detec-
ion. Diffractive-optics methods, introduced by Maznev et
l. [1] and Goodno et al. [2,3] in the context of transient-
rating experiments, make it much easier to meet the
hase-stability requirements of heterodyne detection.
owever, the straightforward application of these meth-

ds has the local oscillator passing through the excited re-
ion of the sample. The resulting single-beam-bleach sig-
als can be a significant problem [4–7].
We have recently introduced what we believe to be a

ew time-resolved spectroscopy called multiple
opulation-period transient spectroscopy (MUPPETS)
hat uses six-wave mixing to discriminate between het-
rogeneous and homogeneous causes of nonexponential
ecay [8–12]. MUPPETS can be regarded as the extension
f transient-grating spectroscopy to higher order: more
han one pair of excitation pulses create the final grating.
econd-order MUPPETS, which uses two pairs of excita-
ion pulses, has already been demonstrated experimen-
ally [8–10]. Theoretical work suggests that third-order
UPPETS, a type of nine-wave mixing, will also be use-

ul [11,12]. These high-order spectroscopies have smaller
ignals than four-wave-mixing experiments and have cor-
espondingly stricter demands for eliminating interfering
ignals and reducing noise.

In this paper, we propose and test what we believe to be
new method of heterodyne detection for transient grat-

ngs, both standard and high order. We detect the differ-
nce in signals from detectors placed in each of the beams
hat are conventionally regarded as the probe and local
scillator, although in our configuration, the distinction
0740-3224/09/122357-6/$15.00 © 2
etween these beams disappears. This differential-
etection method suppresses the single-beam-bleach sig-
als that occur when using diffractive optics. Major re-
uctions in noise result from eliminating the need to
ubtract this large background from the measurements.
dditional noise reduction comes from cancellation of
ulse-to-pulse fluctuations in the laser power.
Several methods for eliminating the single-beam

leach have already been suggested. Xu et al. [5] chopped
he probe beam rather than one of the pump beams, so
he single-beam-bleach interference became a delay-
ndependent background. Nonetheless, this large back-
round still contributes to noise in the measurement.
halil et al. [4] discarded the original local oscillator and
sed a second diffractive optic after the sample to regen-
rate it. Kubarych et al. showed that the local oscillator
an be temporally displaced before the excitation pulses,
f spectral interferometry is used in the detection [6]. Am-

end and Blank [7] spatially displaced the local oscillator
eam so it did not pass through the excited region of the
ample and then recombined it with the signal using ad-
itional optics after the sample. These latter methods in-
rease the experimental complexity and spectral interfer-
metry can limit the range of delays used. Our method
nly requires adding a second detector to a standard sys-
em. The single-beam bleach can also be avoided by drop-
ing the use of diffractive optics, but then the advantages
f passive phase stabilization and automatic phase
atching are also lost.
Ogilvie et al. [13] have demonstrated a two-detector
ethod similar to the one reported here. However, in

heir report, the method was limited to detecting the real
art of the susceptibility, and the theory was only devel-
ped for first-order gratings. Our generalization of this
dea allows both parts of the susceptibility to be mea-
ured, and the theory is extended to any order grating.

Our method can be compared with balanced-detection
009 Optical Society of America



m
t
w
s
t
e
d
w
d
c

2
T
a
4
n
e
d
+
i
G
o
s
M
b
T
e
s
t
c
L
m
h
s
t

d
p
i
c
m
i
d
t

p
w
t
s
s
b
k
a
p
w
i
n

3
A
O
W
t
=
=
w

T
p
a
a
a
w
s

T
h
s
T
f
=
d
s
a
t
d
s
v
[

n
s
s
s
d
e

W
f

F
l
p
d
a
d
f
f

2358 J. Opt. Soc. Am. B/Vol. 26, No. 12 /December 2009 C. Khurmi and M. A. Berg
ethods used with an external local oscillator [14–16]. In
hose methods, the two detected beams are generated
hen the external local oscillator is combined with the

ignal on a beam splitter. The phase is shifted 180° be-
ween the two beams, so subtracting the two signals
liminates phase-independent signals. This approach
oes not transfer to a diffractive-optics setup in a simple
ay. Our method achieves a similar result with a
iffractive-optics local oscillator, although the method of
reating the phase shift differs.

. EXPERIMENTAL METHODS
he optical setup is shown in Fig. 1. This apparatus is
lso described in our previous papers [8–10]. Pulses at
00 nm were generated by frequency doubling the 800
m, 50 fs pulse produced from a 1 kHz Ti:sapphire regen-
rative amplifier system. Transmission gratings that pro-
uce three nearly equal intensity diffracted beams (�1, 0,
1 order) were used. Nine beams were created from one

nput beam by using two transmission gratings (G1 and
2) oriented with their grooves perpendicular to each
ther. A set of phase-matched beams for either first- or
econd-order transient gratings were selected by mask
1. Delay lines were placed before G2, so that both

eams of each grating pair were scanned simultaneously.
he region between grating G2 and the sample was cov-
red to keep the phase of each pair of beams stable. In the
econd-order experiment, beams occur at different dis-
ances from the centers of the lenses giving rise to spheri-
al aberration. The positions of the meniscus lens (L6 and
8) were adjusted to correct this aberration. Auramine in
ethanol (�0.3 mM, OD 0.45 at 400 nm), a system we

ave studied before [8,9], was used as the sample. At the
ample, the pulse width was 200 fs due to dispersion in
he optics, and the energy of each pulse was 200 nJ.

To implement differential detection, unamplified photo-
iodes with matched RC circuits were placed in each
robe beam, and the signals were fed into the differential
nputs of a lock-in amplifier. Beam 1a was synchronously
hopped so as to block alternate laser pulses (500 Hz
odulation). A neutral density filter �ND=1� was placed

n one of the probe beams to give the conditions needed to
etect both real and imaginary components of the suscep-
ibility [Eq. (14)]. To match the time delay between the

ig. 1. (Color online) Schematic of the optical setup: L1–L11,
enses; G1 and G2, transmission gratings; P1–P3, reflective
risms; D1–D3, delay lines; C, chopper; ND0 and ND1, neutral
ensity filters; S, sample; M1 and M2, masks; P, pinhole; PD1
nd PD2, matched photodiodes; VND, linear variable neutral
ensity filter; A-B, differential inputs of a lock-in amplifier. Dif-
erent masks are used for the four-beam, first-order grating and
or the six-beam, second-order grating as shown.
robe beams, another filter �ND=0� of the same thickness
as placed in the other probe beam. The phase of the de-

ection was changed by adjusting the angle of this filter
lightly. All signals are normalized to the intensity mea-
ured on the detector when the excitation beams are
locked and the probe beam is chopped and detected at 1
Hz. To collect the appropriate difference signal, a vari-
ble neutral density filter was placed in the stronger
robe beam and adjusted to give a zero differential signal
hen the excitation beams were blocked. This procedure

s equivalent to taking the difference of normalized sig-
als [Eq. (7)].

. THEORY AND EXPERIMENTAL RESULTS
. Creation and Detection of Gratings of Arbitrary
rder
e begin by considering the creation of a grating of arbi-

rary order. The excitation consists of N excitations, n
1, . . . ,N, each of which is created by a pair of pulses, j
a ,b. Assuming short pulses, the electric fields can be
ritten as

Enj�t,r� = Enj��t − tn + knj · r�e−i�knj·r+�nj+�nt�. �1�

he pulses are assumed to be transform limited, and the
hases �nj are set so that the electric-field amplitudes Enj
re real. Both pulses in a pair have the same frequency �n
nd arrival time tn, but each pulse has its own phase �nj
nd k vector knj. These fields act on a ground-state solute
ith a number density � to create a change in the ground-

tate density

�� = ��
n=1

N ��
m=1

n

�− �m��Ima + EmaEmb
� + Ema

� Emb + Imb��
�C�n���n, . . . ,�1�. �2�

he total fluence of the beams, Imj=Emj
2 (in photon/cm2),

as been introduced by absorbing the associated con-
tants into the cross section for creating each grating �m.
he density change decays with an nth-order correlation

unction C�n�, which depends on n time intervals, �n
tn+1− tn. For simplicity, this time dependence will not be
isplayed hereafter. The first and last terms in parenthe-
es in Eq. (2) represent spatially uniform bleaches due to
single excitation beam; the second and third terms are

rue mth-order gratings created by pairs of pulses. More
etailed discussions of the correlation functions, ground-
tate versus excited-state gratings, and the appropriate
alues of the cross sections are found in our other papers
11,12].

These gratings are probed by two pulses designated by
=N+1 and j=a ,b. These pulses are conventionally de-
cribed as probe �a� and local oscillator �b�, but in the
etup used here, where both pulses pass through the
ample and both pulses are detected, there is no a priori
istinction between them. These pulses create a nonlin-
ar polarization

P = 	���EN+1,a + EN+1,b + c.c.�. �3�

hereas the cross sections only contain contributions
rom ground-state absorption and excited-state emission,
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he molecular linear susceptibility 	 also contains contri-
utions from excited-state absorption and from the index
f refraction [12].

We assume that the probe beams are arranged to phase
atch the desired Nth-order grating

�
n=1

N+1

knb − kna = 0, �4�

ut to not phase match any of the other gratings created
n the sample. However, the single-beam-bleach terms are
lways phase matched and cannot be eliminated in any
hase-matching pattern. The resulting polarization enve-
ope in the direction of the b-probe beam is

PN+1,b = �	e−i�N+1,b�− EN+1,b�
nj

�nInjC
�1�

+ �− 1�Nei
EN+1,a��
n=1

N

�nEnaEnb	C�N�� , �5�

here the total phase of the Nth-order grating is


 = �
n=1

N+1

�nb − �na. �6�

he first term in Eq. (5) represents the single-beam
leaches; the second term is the grating. Other interac-
ions of the local oscillator with the excited sample are
maller, higher order terms. The single-beam bleach is a
pecial problem because it is as large or larger than the
esired signal.

. Standard Detection
he standard method for detecting the grating is to put a
ingle detector in the b-probe beam, chop one of the pump
eams, and measure the modulated signal. Here beam 1a
s taken as the chopped beam for specificity leading to a
ormalized signal

Sb
1a� =
IN+1,b�I1a� − IN+1,b�I1a = 0�

2IN+1,b�I1a = 0�

� −
4��L

cIN+1,b
Im EN+1,bei�N+1,bPN+1,b. �7�

Square brackets are used to denote signal processing
onditions rather than functional dependence.) In the sec-
nd equation, we have neglected weak homodyne terms.
he length of the sample is L. Using the polarization in
q. (5) gives the single-detector signal,

b
�N�
1a� =

4��L�

c ��Im 	��1I1C�1�

+ �− 1�N−1 Im�	ei
�IN+1,a

IN+1,b
��

n=1

N

�nIn	C�N�� .

�8�

s expected, the phase of the experiment 
 can be varied
o measure different components of the susceptibility in
he Nth-order grating, but the single-beam bleach de-
ends only on the absorptive component of the suscepti-
ility and is independent of phase. The component of the
rating measured can be selected by manipulating the
hase of any beam in the experiment [Eq. (6)].
In the case of a first-order grating, the sizes of the

ingle-beam bleach and the grating are approximately
qual. In addition, the correlation function for each term
s the same for N=1, so the consequences of not com-
letely separating these terms are not great. However, for
higher order grating, these consequences are more se-

ere. Contamination of a multiple-time correlation func-
ion with the single-time correlation function would lead
o a misinterpretation of the results. Moreover, because
he saturation of the transition is typically small, �nIn
0.1, the single-beam interference will be much stronger

han the desired grating signal.
A common way to discriminate between these terms is

o use their differing phase dependence by adding or sub-
racting two scans whose phase differs by 180°,

Sb
1a,
±� = 1
2 
Sb
1a��
0� ± Sb
1a��
0 + ���. �9�

he addition yields the single-beam bleach (as well as
arious other interfering signals not explicitly considered
ere). The subtraction isolates the grating term,

Sb
�N�
1a,
−� = �− 1�N−1

4��L�

c
�	� cos 


+ 	� sin 
�IN+1,a

IN+1,b
��

n=1

N+1

�nIn	C�N�.

�10�

These ideas are illustrated in Fig. 2. Figure 2(A) shows
he in-phase �
0� and out-of-phase �
0+�� signals for a
rst-order grating determined by the maximum and mini-
um signal strengths. The signals are very asymmetric,

eing a combination of grating and single-beam-bleach
ignals. These terms are separated in Fig. 2(C) by addi-
ion and subtraction of the traces. The grating and single-
eam bleach have similar amplitudes and decay profiles.
Figures 2(B) and 2(D) show similar measurements for a

econd-order grating. Now the grating signal is much
maller than the single-beam bleach. Reversing the phase
auses only a small change in the signal [Fig. 2(B)]. Add-
ng and subtracting in- and out-of-phase signals separates
hese two components [Fig. 2(D)], but the subtraction of
he large single-beam bleach introduces significant noise
nto the second-order grating signal. Drift in the ampli-
ude of the signal can also cause systematic errors in the
ubtraction. Because interpreting MUPPETS data de-
ends on measuring differences between the first- and
econd-order correlation functions, eliminating this po-
ential error is critical.

. Differential Detection
he purpose of this paper is to propose and test differen-

ial detection as an alternative to phase modulation. The
ey insight comes from Eq. (6): changing the roles of a
nd b is identical to a change in sign of the phase. A de-
ector is placed in each of the two probe beams, and the
ifference in the normalized signals is taken to yield the
ifferential signal,
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SD = Sb
1a� − Sa
1a�. �11�

quation (8) gives the differential signal as

SD = �− 1�N−1
4��L�

c �	� sin 

IN+1,a + IN+1,b

IN+1,aIN+1,b

+ 	� cos 

IN+1,a − IN+1,b

IN+1,aIN+1,b
	��

n=1

N+1

�nIn	C�N�. �12�

s expected, the single-beam bleach is eliminated.
An interesting result is that the relative contributions

f the real and imaginary parts of the susceptibility (	�
nd 	�, respectively) depend not only on the phase but
lso on the relative intensities of the two probe beams at
he sample. In particular, if the intensities of the two
robe beams are equal at the sample,

SD
Ia = Ib� = �− 1�N−1
4��L�

c
�2	� sin 
���

n=1

N+1

�nIn	C�N�.

�13�

nly the real part of the susceptibility is measured re-
ardless of phase. For a first-order grating, Ogilvie et al.
13] have derived this result and used it in experiments.
quation (13) extends the same idea to gratings of arbi-

rary order. This configuration is valuable because it is
ifficult to determine the absolute phase 
, and thus, it is
ifficult to cleanly separate the susceptibility into real
nd imaginary terms. Here, the real part can be isolated
y only matching beam intensities and without determin-
ng the absolute phase.

In the opposite limit, where the a-probe beam is much
tronger than the b-probe beam,

ig. 2. (Color online) Conventional one-detector heterodyne de-
ection of a first-order (left) and a second-order (right) transient
rating. Top row: fractional change in the probe-beam intensity
ith the phase changed by 180° in (A) a first-order transient
rating and (B) a second-order grating. Bottom row: normalized
rating signal (black, +) and single-beam bleach (red, �) ob-
ained by addition and subtraction of the signals of opposite
hase in (C) a first-order transient grating and (D) a second-
rder grating. The undesirable single-beam bleach is the same
ize as the desired grating signal in the first-order grating, but
uch larger in the second-order grating.
SD
Ia  Ib� = �− 1�N−1
4��L�

c
�	� cos 


+ 	� sin 
�IN+1,a

IN+1,b
��

n=1

N+1

�nIn	C�N�. �14�

his result is identical to phase modulating the signal
Eq. (10)]. The potential utility is threefold. First, phase
odulation typically involves subtracting scans taken
inutes apart, whereas differential detection is done on

very individual laser shot. As a result, differential detec-
ion is much more effective in eliminating noise and drift
rom the single-beam-bleach signal. Second, noise in the
robe-beam intensity IN+1 is cancelled, as shown by the
erm under the radical. Third, differential detection and
hase modulation can be combined to provide increased
iscrimination against the single-beam bleach or other
hase-independent interferences.
In practice, the limit IaIb only needs to be strictly en-

orced, if the contributions of the real and imaginary
arts of the susceptibility need to be exactly equal. Any
ignificant mismatch in intensities will make both parts
eadily detectable. In our experiments, we use Ia=10Ib,
hich is quite practical and introduces only a 22% reduc-

ion in the size of the imaginary part relative to the real
art.
The results of differential detection are shown in Fig. 3

nd can be compared with standard detection in Fig. 2.
he in-phase and out-of-phase signals show good symme-

ry in both the first-order [Fig. 3(A)] and second-order
Fig. 3(B)] gratings. Upon addition and subtraction, the
rst-order signal [Fig. 3(C)] shows excellent suppression
f the single-beam bleach. The single-beam bleach is also
reatly suppressed in the second-order grating [Fig. 3(D)],
lthough some phase-independent signal remains. Some
f this signal is due to the first pulse pair acting twice to
enerate a six-wave-mixing signal. This signal is not well
hase matched but is not completely suppressed in the

ig. 3. (Color online) Differential heterodyne detection of a
rst-order transient grating (left) and a second-order grating

right). Top row: fractional change in the probe-beam intensity
ith the phase changed by 180° in (A) a first-order transient
rating and (B) a second-order grating with �1=0 ps. Bottom row:
ormalized differential grating signal (black, �) and single-beam
leach (red, −) obtained by addition and subtraction of the sig-
als of opposite phase in (C) a first-order transient grating and

D) a second-order grating.
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urrent geometry. Phase modulation is still necessary, but
he elimination of the large single-beam bleach makes it a
ore stable process.
The aim of the differential detection was to reduce the

oise and drift associated with subtracting a large single-
eam bleach. The final signal in the second-order grating
s shown with and without differential detection in Fig. 4.
he reduction in noise is substantial.
An important consideration in differential detection is

hat we have assumed that the two probe beams sample
he excited region of the sample in exactly the same way.
ue to the beam crossing angle, the beams cannot com-
letely overlap over their entire path through the sample.
he beam shapes and intensity distributions can also
ave minor asymmetries, so when the overlap is not com-
lete, one probe beam will sample the excited region more
ffectively than the other. However, by carefully position-
ng the sample cell along the beam path, the asymmetries
efore the crossing will cancel the asymmetries after the
rossing. After the beam crossing is optimized through a
inhole, the cell is initially placed with the pinhole posi-
ion at the center of the cell. The difference signal is ad-
usted to zero using the variable neutral density filter
ith the probe beams coming before all excitation pulses.

n the six-beam experiments, the probe is placed between
he two excitations and small adjustments (a fraction of
he 1 mm path length) of the sample position are made to
inimize the signal due to beam shape asymmetries. This

ffect is illustrated in Fig. 5.

. SUMMARY
his paper has demonstrated a new method of heterodyne
etection of transient gratings generated by diffractive
ptics. This method avoids the conventional picture of dis-
inct probe and local oscillator beams, but rather treats
oth probe beams equivalently. In particular, both beams
re detected, and the differential signal is measured. The
ntensity changes in the two probe beams prove to be
quivalent to heterodyne signals taken with and without
180° phase shift in the local oscillator. To measure both

bsorptive and dispersive components of the grating, the
robe-beam intensities must be made unequal at the
ample, but rematched at the detectors. This method

ig. 4. (Color online) Comparison of MUPPETS signal obtained
y using standard detection (blue, noisy curves) and differential
eterodyne detection (black, smooth curves) using the same data
ollection times. Main panel: �1=0 ps. Inset: �1=10 ps. The
ignal-to-noise ratio is improved substantially by using differen-
ial detection.
liminates interferences from single-beam-bleach signals
nd reduces noise from probe-beam intensity fluctuations.
oth advantages are useful for standard transient grat-

ngs, but are even more important for higher order tran-
ient gratings, such as those that are used in MUPPETS
xperiments.
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