
VOLUME 76, NUMBER 25 P H Y S I C A L R E V I E W L E T T E R S 17 JUNE 1996

Japan

ashort
from
ulses

er and
lation

ine.
Intensity Interference of Ultrashort Pulsed Fluorescence
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We extend the intensity interference experiments to a pulse envelope measurement of ultr
incoherent optical pulses. The interfering fields can be mutually incoherent light pulses
independent sources. We show that the pulse envelope or width of ultrashort incoherent light p
can be measured independently from the coherence time by using a combination of interferomet
two-photon coincidence counter. With this method we have measured the envelope autocorre
of mutually incoherent femtosecond fluorescence from a solution of Nile Blue in dimethylanil
[S0031-9007(96)00367-5]

PACS numbers: 42.25.Hz, 33.50.–j, 42.50.Ar, 42.65.Re
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We propose a new scheme to measure independentl
coherence time and the envelope of ultrashort incohe
pulses with two-photon interference, and show a meas
ment of lifetime of ultrashort fluorescence. Since the id
of intensity interference was first introduced by Hanbu
Brown and Twiss [1], importance of high-order correl
tions was realized. Most notably, the quantum theory
optical coherence was formalized using arbitrarily hig
order correlations by Glauber [2]. The intensity interfe
ence is the fourth order in terms of the amplitudes of
optical field as opposed to the second-order interfere
such as Young’s interference. But most of the stud
were concerned with measurements of the coherenc
light including the study by Hanbury Brown and Twis
themselves. They focused their attention on the f
that even the intensity interference could measure
coherence of light, which was also measurable with
second-order interference [3]. In principle, the intens
interference should be able to measure not only the co
ence time or the beats among the fields but the inten
profile or the pulse envelope of incident light.

In the original intensity interference scheme a tim
resolution is restricted by the detector response time, so
must use photodetectors having response time faster
the coherence time one wishes to measure. This diffic
was overcome when two-photon intensity was measu
by two photodetectors placed at the two output po
of a Mach-Zehnder interferometer [4]. In this schem
the time resolution is determined by the accuracy of
position of the delay line of the interferometer, which c
be more precisely determined than the response tim
the detectors. With this scheme, two-photon coincide
experiments were performed in quantum mechanical
and in classical [6] domains of light. However, all the
measurements were carried out on cw light. We app
this scheme to the measurement of the envelope or
width of ultrashort light pulses, such as mode-lock
dye laser pulses [7], or scattered light of those fro
randomly distributed elastic scattering centers [8]. In th
measurements the light in the two arms of a Mach-Zehn
(or Michelson) interferometer and in the two outpu
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from the interferometer ports carried mutual coheren
Therefore, the signals which provided the informati
of the coherence time and the pulse envelope or wi
appeared in superposition, and the measurement of t
values was sometimes difficult, depending on their ratio.
is hoped that these two signals can be measured separa

In the present Letter we show that one can measure
interference the intensity profile of mutually incohere
light pulses from independent sources. We also show
the intensity profile or the coherence time of light pul
can be measured separately by intensity interference
the pulses in two arms of the interferometer have
mutual coherence, the intensity profile can be measu
If those in the two output paths from the interferomet
have no mutual coherence, the coherence time can
measured. This new principle enables us to measure
envelope of femtosecond pulses by use of interference
very low intensity levels in the wide wavelength region
and with virtually no limit in the time resolution. We
apply this scheme to the measurement of a lifetime
ultrashort fluorescence from a dye in the femtoseco
regime. In the present study we measured the convolu
of fluorescence and excitation-laser envelope functions

The pulse field is incident upon a beam splitter BS1
the Mach-Zehnder interferometer in Fig. 1. Two beam
meet on the second beam splitter BS2. We perform pho
counting with two detectors D1 and D2 located after BS
We define the coincidence count rate, i.e., the probabi
that the two detectors detect one photon each, as

P12st, td  K1K2kEp
D1stdEp

D2st 1 tdED2st 1 tdED1stdl ,

(1)
whereED1 andED2 represent the fields at timet andt 1 t

at the two detectors,K1 andK2 being their quantum effi-
ciencies. The angular brackets denote an average ov
statistical ensemble. In an actual experiment, the coin
dence count rate is measured for a finite measurement
TM . The coincidence is defined as two signals receiv
within a resolution timetCR of the detector circuit, which
is usually much larger than the response time of the p
todetectorstR . With these considerations the coinciden
© 1996 The American Physical Society 4697
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counts become

C12sdtd 
Z TM y2

2TM y2
dt

Z tCR y2

2tCRy2
dt P12st, td . (2)

We use an ultrashort repetitive pulse train of a mo
locked laser with the pulse cycleT0 and pulse widthtp as
incident light to excite fluorescence. Then the followi
relation holds:

TM ¿ T0 ¿ tCR ¿ tR ¿ tp . (3)

In Fig. 1, delays by one pulse cycle are included in o
of the two arms of the interferometer and in one of
paths between the interferometer and a time-to-amplit
converter (TAC). In a standard measurement, howe
these delays are not used, and two arms and two p
are equal in length. We explain the case of stand
measurement first. The fields at the detectors D1 and
at timet are

ED1std 
p

T E1std 1 i
p

R E2st 1 dtd , (4)

ED2std 
p

T E2st 1 dtd 1 i
p

R E1std , (5)

where T and R are the transmittance and reflectivity
the beam splitter;cdt is the path difference between th
two arms of the interferometer introduced by translat
a corner cube. We obtain sixteen terms by substitu
Eqs. (4) and (5) into Eq. (1). By taking the average o
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FIG. 1. Schematic diagram of the experimental setup for m
suring coincidence of fluorescence photons between adjoi
pulses. One arm of the interferometer or the output path
stretched by one pulse cycle of the mode-locked laser.
Nile BlueyDMA solution; P, pinholes; Pol, polarizer; BS1 an
BS2, beam splitters; PM, phase modulator; C1 and C2,
ner cubes; NF, notch filters; IF, interference filters; D1 and D2,
photodetectors; TAC, time-to-amplitude converter.

t, ten of them reduce to zero ifE1 and E2 are mutually
incoherent or if a random phase modulator is inserted
one of the interferometer arms, and the next six ter
remain:
P12st, td  K1K2kT2jE1stdE2st 1 t 1 dtdj2 1 R2jE2st 1 dtdE1st 1 tdj2 1 RT jE1stdE1st 1 tdj2

1 RT jE2st 1 dtdE2st 1 t 1 dtdj2 2 RTEp
1 stdEp

2 st 1 t 1 dtdE1st 1 tdE2st 1 dtd

2 RTEp
2st 1 dtdEp

1 st 1 tdE2st 1 t 1 dtdE1stdl . (6)
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The fifth and sixth terms are interference terms, and g
a dip in the correlation signal as a function ofdt. The
first four terms give constant contributions independen
dt after the integration byt.

Ultrashort fluorescence field can be expressed by
envelope function of the fluorescenceC(t) and a random
fluctuating functionA(t) as follows:

Estd  CstdAstd , (7)

Cstd  C exps2tytLd , (8)

Astd 
X

k

Ak exps2ivktd , (9)

wheretL is the decay time of the fluorescence, andvk

and Ak are a mode frequency and a random fluctuat
complex amplitude of thekth mode. The ultrashor
fluorescence has a very wide spectral range, so we
interference filters in front of the detectors to reduce
e

f

e

se

spectral width and to make the ratio of the coherence ti
to the lifetime not too small. This is advantageous
detect a part of the signal which indicates the lifetime
fluorescence. (See the discussion below.) We meas
the transmission spectra of the interference filters a
found that the distribution ofkjAkj2l was approximately
Lorentzian. So, we may write

kApstdAst 1 tdl  A2 exps2iv0td exps2jtjytcd , (10)

wheretc is the coherence time defined as the inverse
the pass band of the interference filter, andA2 is the time
averaged power ofA(t). We will further assume the field
A(t) to obey complex Gaussian statistics. Therefore,
following theoretical analysis is possible when the numb
of random fluctuating modes is not very small.

The fifth term of Eq. (6) which gives the dip the
becomes
fP12g5  2 K1K2RTC1stdC2st 1 t 1 dtdC1st 1 tdC2st 1 dtd

3 hkAp
1stdA2st 1 dtdl kAp

2st 1 t 1 dtdA1st 1 tdl 1 kAp
1stdA1st 1 tdl kAp

2st 1 t 1 dtdA2st 1 dtdlj . (11)
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The sixth term is the complex conjugate of this. If w
look carefully at the two terms of Eq. (11), we see th
the first term is caused by a second-order interfere
effect between the fields in different arms expressed
kAp

1st1dA2st1 1 dtdl and kAp
2st2 1 dtdA1st2dl with t2 

t1 1 t. This term exists when the two fieldsA1 andA2 are
mutually coherent andjdtj is smaller than the coherenc
time tc. Duration of this interference with respect tot2 2

t1 is limited only by the pulse widthtp. The second term
corresponding to the product of the correlation functio
kAp

1st1dA1st2dl andkAp
2st2 1 dtdA2st1 1 dtdl, arises even

whenA1 andA2 are mutually incoherent, since the field
at the two detectors are correlated whenjt2 2 t1j , tc.
This means that the fields from different output por
but from the same arm, interfere within the coheren
time tc. Therefore the duration of this interference wi
respect todt is limited only by the pulse widthtp , hence,
by measuring coincidence, we can obtain the envel
function of the pulses from this term. Observation
this second type of interference requires the use of
photodetectors, and it is intrinsically a fourth-order effe
In addition, ordinary interferometer stability of the paths
not required.

The coincident counts for one pulse cycleT0 are
calculated from Eqs. (6) and (2) as

C12sdtd  4H

Ωµ
1 2

1
2

exps22jdtjytcd
∂

1
K
H

µ
1 2

1
2

exps22jdtjytLd
∂æ
(12)

under the assumption of Eqs. (7)–(10) and by repl
ing TM with T0 in Eq. (2). Here, H 

1
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8 tLtc, KyH  tcy2tL. Equation (12) shows a
dip at dt  0 that consists of two component
i.e., a narrow deep component with the widthtc

and a wide shallow component with the widthtL.
These two components come from the two terms
Eq. (11).

From the above consideration we find that the t
terms of Eq. (11) can be measured separately. If
fields at the two arms 1 and 2 are mutually incohere
the first term of Eq. (11) disappears, and the envel
function can be measured, i.e., the wide componen
the dip alone can be measured. On the other hand, if
fields at the two detectors are mutually incoherent,
second term disappears, and the field correlation func
can be measured, i.e., the narrow component alone
be measured. In order to obtain two incoherent pul
at the arms 1 and 2, either one can place a fluoresc
sample in each of the two arms or, more convenien
one can use adjoining pulses of fluorescence pulse t
excited by cw mode-locked laser. These fluoresce
pulses completely lose the coherence of the excita
pulses, but have a common envelope function with e
other.

We adopt the second method in the present study,
add a delaycT0 to the second arm in order to measu
the envelope function as shown in Fig. 1. In Eq. (1
dt is then replaced bydt 2 T0. [If, on the other hand,
one wishes to measure the field correlation function,
can add a delay to one of the paths between BS2
TAC or, more conveniently, to one of the output cab
from the detectors as shown in Fig. 1. In Eq. (11),t

would then be replaced byt 2 T0.] Equation (11) now
becomes
fP12g5  2 K1K2RTC1stdC2st 1 t 1 dtdC1st 1 tdC2st 1 dtd

3 hkAp
1stdA2st 2 T0 1 dtdl kAp

2st 1 t 2 T0 1 dtdA1st 1 tdl

1 kAp
1stdA1st 1 tdl kAp

2st 1 t 2 T0 1 dtdA2st 2 T0 1 dtdlj . (13)
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It is clear that the first term of Eq. (13) disappears, a
the second term survives whent , tc and dt , tp as
before, and gives us the intensity correlation funct
approximately of the formC2

1stdC2
2st 1 dtd. The final

form of the coincidence counts for two independe
sources becomes

C12sdtd  4H

Ω
1 1

K
2H

µ
1 2 exps22jdtjytLd

∂æ
.

(14)

From Eq. (14) we see that it is better to make the ra
Ky2H (i.e., proportional totcytL), large. Therefore we
limit the spectra of the fluorescence with the interfere
filters to make the coherence timetc long.

We measured the femtosecond fluorescence of
Blue (NB) dissolved in neat N-dimethylaniline (DMA
d

t

,

e

le

which acts as a weakly polar electron-donating solve
In this system, electron donors and acceptors are
direct contact, and electron transfer is not limited
translational diffusion, so the decay time is very sh
and is about 100 fs [9]. In Fig. 1 the dye solution w
excited by a synchronously pumped cw mode-locked
laser of the wavelength at 580 nm and the repetition
of 82 MHz. In order to obtain the interference of th
field from an incoherent source or sources, we have
select a spatially coherent part of the fluorescence l
which is as intense as possible. For this purpose,
focused the fluorescence on a small pinhole of a diam
100 mm and selected out the central disk of diffracti
at the position of the detector, about 25 cm from
pinhole. There is no need to operate the phase modul
since two fields in two arms of the interferometer a
4699
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mutually incoherent in this measurement. In addition
single polarization was selected using a polarizer. La
light unintentionally transmitted through the dye cell w
blocked by super-notch filters (transmissivity,1026). The
interference filters had center wavelength, 690 nm, an
full width at half maximum, 1.4 nm. The time interva
between signals from D1 and D2 were measured,
cases where they were shorter than a certain coincid
resolution timetCR (10 ns) were counted as coincident.

The result of the coincidence count between adjoin
pulses with a stretched arm byT0  12.2 ns is shown by
dots in Fig. 2. One dot represents the counts durin
measurement time of 500 s. During this time, the num
of the coincidence counts was about 2180 at the lar
delay of the corner cubescdt  62000 mmd, while the
numbers of the separate counts by two detectors w
1.08 3 107 and 1.07 3 107. At each point of the delay
we divided the former number by the product of the latt
In Fig. 2 the data are then shown normalized so that t
values at the largest delay may be equal to 1.

In Eq. (12) we assumed that the excitation laser pu
was d function and the dye fluorescence decayed ex
nentially. Actually, the pulse width of the incident las
pulse is 650 fs, which is longer than the decay time 100
of the dye fluorescence, therefore, the detected co
dence curve of the fluorescence should be the convolu
of the laser and fluorescence envelopes. We approxim
the envelope of the laser pulse to be Gaussian. In ca
lating the convolution, we divide the excitation laser pu
into short time meshes and assume each part asd function
excitation. Fluorescence pulse is the sum of the slig
ra
r
ti

te

of
.

t.

t.

t.

,
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d

FIG. 2. Plot of normalized coincidence counts for the ult
short fluorescence pulse (dots) and the calculated curve ve
the delay of the corner cube. The dip shows an autocorrela
function of the fluorescence envelope separated from the
which gives the coherence time.
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time-shifted field components which follow Eq. (14). W
determined the parametertL by the least squares fitting t
the experimental data. We thus get a deconvolvedtL of
90 fs, which gives the minimum variance to the fitting
the curve to the data. This value coincides well with
decay time 100 fs of NByDMA fluorescence reported b
Kobayashiet al. [9].

The result of the calculation is shown by the cur
in Fig. 2. The full width at half maximum of the di
of the curve is about 730 fs. It clearly shows that t
present scheme can measure the pulse width of ultras
incoherent light pulse. In contrast to the above ca
when we measured coincidence count between adjoi
pulses by stretching the distance from BS2 to the T
by the delay cable, we found that the dip of the pu
width disappeared, but the dip of the coherence timetc 
370 fs was observed. These results will be publish
elsewhere [10].

In conclusion, we showed that one can measure s
rately the ultrashort coherence time and the pulse e
lope or width of pulse field with two-photon interferenc
We showed especially that, by taking correlation betw
adjoining pulses, one can measure the intensity profil
the lifetime of incoherent fluorescence from independ
sources. This is the first observation of the fourth-or
interference separated from the second-order interfere
to the knowledge of the authors. This method is expec
to be useful for ultrashort pulse measurement in the u
x-ray regions.
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