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Experimental investigation of delayed self-interference for single photons

Nicklas Ohlsson, Mattias Nilsson, and Stefan Kro¨ll
Department of Physics, Lund Institute of Technology (LTH), Box 118, S-221 00 Lund, Sweden

~Received 26 December 2002; revised manuscript received 14 May 2003; published 12 December 2003!

A photon echo experiment has been performed using accumulated highly attenuated laser pulses. We show
experimentally that the photon echo process can be performed with, on the average, less than one photon in
each pair of excitation pulses. The results support an interpretation where this nonlinear process can be
performed with, on the average, less than one photon shared between two of the optical fields involved in the
degenerate four-wave-mixing process. Further, we argue that the experiment can be interpreted as a form of
delayed self-interference for photon wave packets that do not overlap in both space and time.
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INTRODUCTION

In 1993, Kessel and Moiseev@1# proposed an experimen
for observation of delayed self-interference for single ph
tons. Their idea was to split the wave packet of a sin
photon using a 50% beam splitter and to let the two pa
from the beam splitter overlap in space, such that the dif
ence in optical path length between the two paths exce
the length of the single-photon wave packet; see Fig. 1.
normal detector, e.g., a photographic plate, is placed wh
the two paths overlap, no interference pattern will be visib
in accordance with the notion that the wave packets m
overlap in both space and time for interference to take pla
However, Kessel and Moiseev proposed that if instead of
normal detector a photon echo material containing a la
number of absorbers, with a combination of long pha
memory and inhomogeneously broadened absorption pro
is placed at the overlap region, interference between
wave packets traveling the two possible paths would t
place. This type of interference is also present in photon e
experiments where strong optical pulses are used. The
elty of the proposed experiment is that the process will a
occur with a single photon acting as two of the fields. Ma
rials appropriate for this experiment include, e.g., inorga
crystals doped with rare-earth ions, organic materials do
with dye molecules, and atomic gases experiencing Dop
broadening. In the proposed experiment, the delayed inte
ence will be manifested in two ways. The angle between
two paths will give rise to a spatially varying modulation
the population of absorbing atoms in the photon echo m
rial, and the time delay between the wave packets trave
along the two paths will result in a periodic modulation
population in the frequency domain. After illumination wit
a strong optical pulse, which in the present paper will
denoted as the read-out pulse, the frequency-depen
modulation of population will give rise to a coherent em
sion of a pulse of light—a photon echo—after a time exac
matching the time difference between the wave packets t
eling along the two possible paths. The emission is a col
tive phenomenon involving a large number of atoms, and
direction of this emission will be given by the phas
matching conditions for the photon echo process.

If only a single photon is made to interfere in the sam
before the read-out pulse is sent in, it has been argued
1050-2947/2003/68~6!/063812~8!/$20.00 68 0638
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interference will still take place, and that this interferen
could, in principle, be detected@1,2#. The photon echo emit-
ted by the material as a response to the read-out pulse in
case has been predicted to have new and interesting qua
optical properties. It is clear that the frequency-depend
modulation of the population in the medium after interacti
with a single photon will be very weak, and therefore t
signal indicating the existence of this modulation in the m
dium would be very difficult to detect. In fact, it has bee
shown that the expectation value of the intensity of the sig
in this case is zero. However, the expectation value of
amplitude of the optical field is nonzero and could therefo
in principle, be detected using phase-sensitive detection
order to increase the strength of the signal from the medi
it has been suggested@1,3# that one could use so-called a
cumulated photon echoes@4#. In this case~Fig. 2!, several
single-photon events would add coherently to each othe
form a strong frequency-dependent modulation of the po
lation in the medium. The echo intensity is proportional
the square of the population modulation, and this nonlin
nature of the photon echo process makes the coherent a
mulation of the single-photon events more efficient than
cumulating the signals after read-out. Coherent accumula
of pulse pairs in order to build up a strong echo signal
rare-earth-ion-doped crystals has been studied before,
without attempting to use excitation pulses with energies

FIG. 1. In the original idea for the delayed single-photon se
interference experiment, a single-photon wave packet was prop
to be split by a beam splitter. The two possible paths to the pho
echo material were proposed to have a relative time delay la
than the duration of the photon wave packet. A strong read-
pulse would result in the emission of an echo signal, after a t
corresponding to the time difference between the two possible p
from the beam splitter to the material.
©2003 The American Physical Society12-1



-
re

he
e

s
to
e
p
a
th
r
d

nc
nt
ni

ed
rre
ga

r
d
a
th
v
ic
g
th
th
p

pr
ot

t
d
fre
th
a

ss
ce
o
a
er

co-
t
ch
or
ge-
ary

re-
tely
ant
y a
al
e-

d in

pic
ear
Ref.

e-
ng

in
nted
ion
eri-

lf-
le-

pro-
ere
ent
of
ton
ve-

ial
tion
ent
tial
gle-

xperi-
ac-
ho-

ton
two
aths

he
er

in
gth
sig-
is

a

um
en
es
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the single-photon level@5#. It should be noted that the accu
mulation of many single-photon events before read-out,
sulting in nonzero photon echo intensity, will wash out t
peculiar nonclassical properties of the signal mention
above.

In the present paper, we present an experimental inve
gation of a modified version of the delayed single-pho
self-interference experiment described above. Due to exp
mental advantages that will be discussed later in this pa
we have, instead of splitting the wave packets with a be
splitter and having two spatially separated paths to
sample as described above, used a collinear geometry fo
excitation pulses@6#. This means that only the temporal, an
not the spatial, part of the delayed single-photon interfere
effect will be manifested in our experiment. The experime
were performed using a sample in the form of an inorga
crystal doped with rare-earth ions, namely Y2SiO5 doped
with praseodymium, immersed in liquid helium. Attenuat
pulses from a dye laser with energies down to what co
sponds to, on the average, 0.54 photons per pulse pair
detectable echo signals.

Because of the nonlinear nature of the photon echo p
cess and the fact that the interactions take place at two
tinct moments in time, one might think that there must be
least one photon present in each of the excitation pulses
build up the population modulation in the material. We ha
therefore compared our data with theoretical models pred
ing the behavior of the signal as a function of the avera
number of photons per pulse pair both for the case when
delayed single-photon self-interference effect exists and
case when at least two photons are needed in each pulse
Our conclusion is that our data strongly suggest that the
cess described above can be performed by a single ph
shared between the two pulses.

The experiment presented in the present paper is an in
ference experiment where two wave packets in the time
main interfere to produce an interference pattern in the
quency domain. Self-interference for single photons in
spatial domain, as in Young’s double-slit experiment, h
been investigated experimentally, clearly showing the po
bility for single photons to produce a spatial interferen
pattern@7#. Under certain conditions, the absorption of tw
consecutive optical pulses can be regarded as a time an
of the double-slit experiment. Several photon echo exp

FIG. 2. In an accumulated photon echo experiment, several p
of weak optical pulses, separated by a time intervals, build up a
frequency-dependent modulation of the population in the medi
A strong read-out pulse will give rise to the emission of a coher
pulse after a time,t, which is equal to the time between the puls
within the accumulated pulse pairs.
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ments have pointed at these types of analogies between
herent effects in space and time@8,9#. However, the presen
experiment is, to the best of our knowledge, the first su
experiment where electromagnetic fields on the few
single-photon level have been used. The use of inhomo
neously broadened absorbers for exploring nonstation
quantum optics in ways different from the experiment p
sented in this paper has also been given attention la
@10,11#. In the present experiment, optical fields reson
with only one optical transition are used, meaning that onl
two-level system is utilized. Experiments using optic
pulses resonant with different optical transitions in thre
level systems have also been proposed@12#. Finally, interfer-
ence of nonoverlapping wave packets has been observe
coincidence detection of two-photon entangled states@13#.
However, in the present experiment there is a macrosco
sample absorbing the interfering wave packets in a nonlin
process, and thus the physical processes occurring in
@13# and the present experiment are very different.

The paper is organized in the following way. First a d
scription of the details of the experiment is given, includi
motivations for the choice of material and equipment used
the experiment. Then the experimental results are prese
and compared to theoretical predictions. Finally, a discuss
about the conclusions that can be drawn from this exp
ment is given. The paper ends with a summary.

EXPERIMENT

In the original proposal for the delayed single-photon se
interference experiment by Kessel and Moiseev, a sing
photon wave packet was to be split by a beam splitter@1#.
The two possible paths for the wave packets were then
posed to have different optical path lengths before they w
to be overlapped in space at the sample. Our experim
differs from that proposal in two aspects, namely the use
highly attenuated laser pulses instead of true single-pho
states and the choice of a collinear geometry for the wa
packet paths.

Experiments with true single-photon states are nontriv
to realize, especially considering the demands on repeti
rate, wavelength, and pulse duration that this experim
would put on a single-photon source. Lately, substan
progress has been made in developing and using sin
photon light sources, e.g., Ref.@14#, but as in many other
experiments exploring properties of single photons@15,16#,
attenuated laser pulses have been used in the present e
ment. By taking the photon statistics in such pulses into
count, it is still possible to deduce effects due to single p
tons.

The original proposal used two spatially separated pho
paths to the sample to create the time delay between the
wave packets of the photon and an angle between these p
to create a spatially varying population modulation in t
material. Experimentally this is nontrivial to realize. In ord
for all the single-photon events to accumulate coherently
the photon echo material, the variation in optical path-len
difference between the two paths must be stabilized to
nificantly below one wavelength of the light used, and th
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stability must be maintained during the whole accumulat
sequence. In our case, the longest accumulation time
was almost 1 h and involved the accumulation of more th
109 pulse pairs. To maintain the required stability duri
such a long accumulation sequence complicates the ex
ment. To overcome the complication regarding stabilizat
of the path lengths, we have instead used a collinear ge
etry for the light in our experiment. Using acousto-op
modulators, we create two pulses from the continuous la
source. Thus for each photon there are two different oc
sions when it can be transmitted through the modulat
These two occasions~pulses! correspond to the two possibl
photon paths in Ref.@1#. The time difference between th
two pulses mimics the difference in optical path length. U
ing this scheme, the requirement of stability of the interf
ometer in the original proposal is transferred to a requ
ment that there be a constant phase difference between
two pulses for all the accumulated pulse pairs. In princip
the laser resonator acts as a stable interferometer, keepin
phase between the two delayed pulses stable. Practically
means that the maximal time between two pulses that ca
chosen is of the order of the coherence time of the li
source used for the experiment. In this case, the photons
be in a superposition state between the two pulses. This
ation is similar to that of photons in consecutive pulses fr
a mode-locked laser, which have been used to create
called time-bin entanglement; see, e.g., Ref.@17#.

Detailed calculations of the dependence of the signal
different parameters for the photon echo material have b
performed earlier@3#. The calculations show that if the e
fects of all pulse pairs add coherently, the number of p
tons,S, in the echo should scale as

S}N2M2T, ~1!

whereN is the number of photons in each excitation pu
pair, M is the number of pulse pairs that are accumula
before read-out, andT is the duration of the excitation
pulses. The reason that the signal is proportional to
square ofN is that the intensity of the echo is proportional
the product of the intensities in the two pulses that form
pulse pair. This is discussed in detail in Ref.@3#. Besides the
above, which is only a result of the nonlinear nature of
photon echo process, the calculations showed that a mat
with a large value of the oscillator strength for the optic
transition should be chosen. However, the material must
have a phase memory considerably longer than the t
separation between the excitation pulses in each pulse
for the accumulation to work efficiently. It is also desirab
to have a material with a high efficiency for storing lon
lived spectral features. The interference between the pu
in each pulse pair creates a frequency-dependent modul
of the population in both the ground and excited states. If
population in the excited state decays to a state diffe
from the ground state, the modulation of the ground-st
population will still be preserved. The percentage of io
decaying to a state different from the ground state is a m
sure of the material’s efficiency for storing long-lived spe
tral features. The lifetime for the storage mechanism, wh
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for the rare-earth-ion-doped crystals could be, e.g., the re
ation time between the hyperfine levels of the ground st
puts an upper limit on the accumulation time that can be u
in the experiment. It is therefore also desirable to hav
material where this mechanism is as long-lived as possi
Further, the photon echo signal is optimized when the len
and concentration of absorbers of the sample are chose
that the optical density for the sample is of the order of un
In the present experiment, for the echo signal to be ma
mized, the read-out pulse should be chosen to have a p
area ofp/2 for the absorbers for which it is resonant. Und
other conditions, this is not necessarily the case@18#.

Several different materials have been considered for
experimental realization. Besides optimizing the parame
mentioned above, one has to take several other practica
sues related to the choice of material into account. A mate
with a high oscillator strength and thereby with a short ph
memory would mean that short pulses and small time se
rations between the pulses in the pulse pairs must be use
the coherent accumulation to work efficiently. However,
pulses with durations in the picosecond regime are to
used, it is~at present! necessary to use mode-locked lase
instead of externally modulated continuous-wave lasers.
use of such lasers usually means that it is more difficult
tailor pulse durations and repetition rates in order to optim
the signal. The use of small time separations will also ma
the detection of the signal more difficult, since the separat
between the strong read-out pulse and the weak signal
be the same as the separation between the pulses in th
cumulated pulse pairs. If an exceedingly short time sepa
tion is chosen, the use of an electronically controlled gate
prevent the detector from being saturated by the read
pulse but still be fully sensitive to the echo signal will b
difficult.

For the rare-earth-ion-doped crystals, mainly two differe
dopants have been considered for the experiment, nam
europium and praseodymium. In both cases, spectral feat
are stored in the material as a redistribution of populat
between the hyperfine levels of the ground state. The h
long relaxation time of the hyperfine levels for man
europium-doped crystals, e.g., Eu:Y2SiO5 , is advantageous
since it enables accumulation times of up to several ho
However, the low values of the oscillator strengt
(;1028) for the optical transitions in these materials ma
them unsuited for this experiment. Crystals doped w
praseodymium generally have a one to two orders of ma
tude higher value of the oscillator strength. However,
relaxation times for the hyperfine levels in these crystals
much shorter, e.g., a few hundred seconds for Pr:Y2SiO5
@19#, and the observed signal will decrease if the accumu
tion sequence is spread out over a longer time interval t
this. For some rare-earth-ion-doped crystals, the applica
of an external magnetic field leads to an increase of the l
time for spectral features stored in the ground-state pop
tion @20#. We therefore chose to use a sample of Pr:Y2SiO5
placed in an external magnetic field for our experiment, a
because of the magnetic field we could observe a signific
increase of the lifetime for spectral features stored in
ground state.
2-3
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The experimental investigations were performed on
3H4-1D2 transition of praseodymium ions doped into yttriu
silicate (Y2SiO5) in site 1, absorbing at 605.8 nm. In th
host, praseodymium substitutes for yttrium. Our sample w
a 0.5-mm-thick crystal with a doping concentration of 0.
at. %. The crystal was immersed in liquid helium and kep
a temperature of 4.2 K in a cryostat. In Fig. 3, the expe
mental setup for the accumulated photon echo experim
can be seen. In the experiment, an argon-ion pumped
laser~Coherent 699-21! was tuned to 605.8 nm with the ai
of a home-built wave meter. A total of 40% of the laser lig
was sent to a locking setup to obtain an improved long-te
frequency stability of the dye laser@21#. This stabilization
was accomplished using Doppler-free saturation spect
copy to reveal the hyperfine lines of the molecular iodine a
locking the laser to one of the lines. The remaining 60%
the light was sent to three acousto-optic modulators~Isomet
1205! placed in series. The modulators were used to cre
the excitation pulses. Three modulators placed in se
yielded an extinction ratio better than 1:107 for the excita-
tion light when the modulators were switched off. In partic
lar, this was important because any leakage of light after
read-out pulse would constitute a background at the dete
when the echo arrives. Two of the modulators were arran
so that the frequency of the light could be changed by cha
ing the frequency of the rf signal controlling the modulato

FIG. 3. Experimental setup used in our realization of the
layed single-photon self-interference experiment. A continuo
wave ring-dye laser is pumped by an argon-ion laser. Pulses
created using three acousto-optic modulators~AOMs! in series. The
light is focused onto the crystal, which is immersed in liquid heliu
inside a cryostat. An externally applied magnetic field is used
increase the storage time for spectral features in the crystal. A
the cryostat, two AOMs in series are used as a gate to preven
read-out pulse from saturating the photomultiplier tube~PMT! used
for detecting the echo signal. A number of mirrors, beam splitte
lenses, and apertures are also shown. The components in the d
rectangle are used for locking the frequency of the dye-laser sys
to a hyperfine component in iodine. This improved the long-te
frequency stability of the laser.
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without changing the direction of the transmitted light. Aft
the modulators, ND~neutral density! filters were inserted to
attenuate the energy of the light in the excitation pulses
the desired level. The light beam (;2 mm diam! was then
focused using a lens with a 15-cm focal length onto the cr
tal in the cryostat. In order to have a long relaxation time
the hyperfine levels of the praseodymium ions in the crys
a magnetic field was applied to the crystal as mention
above. Magnetic coils were positioned in Helmholtz config
ration and fed with 2.5 A of current, producing a magne
field of the order of 0.01 T at the sample. After the cryost
two acousto-optic modulators in series were used as a ga
block the excitation pulses, thereby preventing the dete
from being saturated by the read-out pulse. These modula
were opened immediately after the read-out pulse, allow
only the echo signal to reach the detector. The signal w
detected with a photomultiplier tube~Hamamatsu R 943-02!
and monitored on an oscilloscope~Tektronix TDS 540!.

With the three acousto-optic modulators fully opened,
power at the cryostat was 28 mW. In the experiment, exc
tion pulses with durations of 44 ns, separated byt
5175 ns, were used. In order for the read-out pulse to co
the same spectral region of the inhomogeneous absorp
line of the crystal as the pulse pairs in the accumulat
sequence, the duration of the read-out pulse was the sam
that of the accumulated pulses. The different pulse pairs
ing accumulated were separated bys5470 ns, correspond
ing to a repetition rate of 2.1 MHz.

The energy of the pulses was estimated by first measu
the average power of the accumulation pulses without
tenuation, using a Coherent Fieldmaster power meter~model
LM-2!. By measuring the time separation between the pu
pairs accurately, the energy in each pulse pair could be
culated. Using the same power meter and laser, the atte
tion of the ND filters used in the experiments was then m
sured.

The absorption of two nonsaturating pulses of light with
the phase-memory time of the material will lead to
frequency-dependent periodic modulation of the populat
of absorbers in the material. The periodicity of this spect
modulation is determined by the time difference between
two pulses, such that the frequency difference between
maxima in the modulation is exactly the inverse of the tim
between the two applied pulses. If several pairs of puls
with the same time difference between the pulses within
pairs, are sent into the material, each pair will create
frequency-dependent modulation with the same periodic
For all of these modulations to accumulate constructive
i.e., for the maxima of the modulations to overlap in fr
quency, two things have to be fulfilled. First, the phase d
ference between the light in the two pulses in each pair ha
be the same for all pulse pairs. This means that the laser
in the experiment must have a coherence time that is lon
than the time separationt between the pulses within a puls
pair. Second, the variation in the frequency of the light
different pulse pairs should be smaller than the freque
difference between the maxima of the population modu
tions. This means that the frequency of the laser, during
whole accumulation sequence, has to stay within a freque
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interval that is considerably smaller than that correspond
to the inverse of the time difference between the pulses in
pulse pairs. The dye laser that was used in our experim
has a linewidth of approximately 1 MHz, meaning a coh
ence time long enough for the coherent accumulation
pulse pairs with the pulse separation of 175 ns that was u
in the experiment. However, we could clearly observe t
the accumulation efficiency decreased when the pulse s
ration was increased. The long-time stability of the laser w
improved using the iodine locking mentioned above. Wh
the locking was used, the frequency of the laser could
kept within a few MHz for several hours@21#.

To obtain a pulse area of the read-out pulse as clos
possible top/2, all ND filters were removed from the optica
path before read-out. The short duration of the pulse in co
bination with the limited output power from the laser st
meant that the pulse did not quite have the desired p
area, leading to a reduction of the photon echo signal. On
other hand, this allowed several read-outs without destroy
the frequency-dependent modulation of population in
material, thus making averaging of several echo signals p
sible.

To measure the relaxation time of the hyperfine levels
the applied magnetic field, a spectral hole burning exp
ment @22# was performed. The same optical compone
were used in the setup as those described above, but wit
focusing the light onto the crystal and with only a photo
ode on the detection side. A pulse with a duration of 20
was applied to the crystal. This pulse was used to bur
spectral hole in the inhomogeneous absorption profile of
crystal. By repeatedly scanning the frequency of the la
over the spectral region where the hole was burnt and m
toring the area of the hole, the relaxation time of the hyp
fine levels can be estimated. The laser power when mon
ing the hole was approximately 100mW and the duration of
these pulses was 100ms. This was low enough not to destro
the spectral hole even after a large number of monitor
pulses. The spectral hole was monitored every 20 s and
resulting relaxation curve can be seen in Fig. 4. For comp
son, the relaxation curve in zero magnetic field was obtai
and is shown in the same figure. In this case, the spe
hole was monitored every 5 s. It is known that the hyperfi
population relaxation in Pr:Y2SiO5 cannot be described by
single exponential decay@19#. In zero magnetic field, we
could observe a fast component with a relaxation time
;100 s and a more long-lived component with a decay ti
of several hundred seconds. With an applied magnetic fi
of ;0.01 T, we observed a component with a decay time
several thousand seconds.

The longer lifetime of the spectral features that was
tained when the magnetic field was applied meant that lon
accumulation sequences could be employed before read
However, it also made consecutive experiments more d
cult since the photon echo signal from previous experime
would not disappear by itself through relaxation. Therefo
after each experimental sequence of accumulation and r
out, the crystal was exposed to a 5-s-long pulse with appr
mately 50mW of power. During this pulse, the frequency
the light was repeatedly scanned over approximately
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MHz every 500ms. The purpose of this procedure was
repeatedly excite all the ions in the crystal that had be
affected by the accumulation sequence. After each excitat
the ions would then randomly end up in one of the hyperfi
levels of the ground state, thereby erasing the modula
created by the accumulated pulse pairs. This allowed u
perform several consecutive experiments under ident
conditions, without having to wait for the population to rela
between the hyperfine levels.

RESULTS AND COMPARISON WITH THEORY

In Fig. 5~b!, the resulting photon echo signal after acc
mulation of pulse pairs, each containing on the average 0
photons, can be seen. A total of 7.13109 pulse pairs were
accumulated before read-out and the presented data ar
average of five consecutive read-outs after a single accu
lation. To make sure that the observed signal was really
result of the accumulated pulse pairs, a read-out was
formed before the accumulation sequence. This read-ou
can be seen in Fig. 5~a!, did not result in any observabl
signal. The pulse that can be seen to the left in both of
traces is part of the strong read-out pulse leaking through
two acousto-optic modulators that were used as a gate.
gate suppressed the light enough to prevent the read
pulse from saturating the detector.

Since the pulses used in our experiment were attenu
pulses from a laser, and not true single-photon states, t
will always be a certain probability for the pulse pairs
contain more than one photon. The laser field from a la
working far above threshold can be described as a cohe
state of the quantized electromagnetic field, containing
photon number with Poissonian distribution@23#. This means
that the probabilityPn of finding n photons in a pulse, where
the average number of photons isN, is given by

FIG. 4. Spectral hole decay in Pr:Y2SiO5 . The circles show the
relaxation in a magnetic field of around 0.01 T. The reference cu
~dots! shows the relaxation in zero magnetic field, up to 750 s a
the creation of the hole. The curves do not follow single expon
tials. Note, for instance, the long-lived components in both d
sets.
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Pn5
Nne2N

n!
. ~2!

The scaling of the signal with the number of pulse pairs a
the number of photons in each pulse pair that was given
Eq. ~1! is valid only if the delayed single-photon sel
interference effect exists. If the effect does not exist,
scaling has to be modified to take into account that pu
pairs containing only one photon will not contribute to t
echo signal. The derivation of the dependence of the sig
on the average number of photons per pulse pair, given
low, is similar to that given in Ref.@2#.

According to Eq.~1!, the echo signal, due to the accum
lation of pulse pairs, should only depend on the total amo
of energy used in these pulse pairs, which is proportiona
the product of the number of photons per pair and the nu
ber of such pairs. This means that if accumulation of a c
tain number of pulse pairs each containing a certain amo
of energy gives a detectable echo signal, this signal sho
be the same if instead twice the number of pulse pairs,
tenuated by a factor of 2, are accumulated. However, if
delayed single-photon self-interference effect does not e
i.e., if at least two photons are needed in each pulse pa
produce an echo signal, the signal would start decrea
when the pulse pairs are attenuated to the level where the
a non-negligible probability for the pulse pairs to conta
fewer than two photons. This means that by observing
behavior of the echo signal using a fixed amount of energ
the accumulation sequence, but distributing this energy o
an increasing number of pulse pairs, it will be possible

FIG. 5. Accumulation of pulse pairs containing an energy c
responding to 0.54 photons resulted in a detectable echo signal
strong pulse that can be seen to the left in both~a! and~b! is a small
fraction of the read-out pulse leaking through the closed gate. A
this pulse, the gate opens to allow photon echo signal detectio
~a! the read-out pulse was sent into the sample without any p
accumulation of pulse pairs. Such measurements were taken a
erences and no sign of any echo signal can be seen in the reco
In ~b! an echo signal appears 170 ns after the read-out pulse, d
the almost hour-long accumulation of pulse pairs containing on
average 0.54 photons.
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conclude whether the delayed single-photon self-interfere
effect exists or not.

Taking the photon statistics of the laser pulses into
count and using Eq.~1!, the number of photons in the ech
signal,Stotal, should scale as

Stotal}S (
n51

`

nPnD 2

M25N2M2, ~3!

as expected if all pulse pairs are assumed to contribute to
echo signal. However, if the delayed single-photon se
interference effect is assumed not to exist and only pu
pairs containing at least two photons contribute to the sig
the number of photons in the echo signal,SnÞ1 , should in-
stead scale as

SnÞ1}S (
n52

`

nPnD 2

M25N2M2~12e2N!2. ~4!

Explicitly requiring one photon in each pulse instead of tw
photons per pulse pair is an even stricter constraint
would lead to the prediction of an even smaller signal.
series of measurements was performed where the
amount of energy in the accumulated pulse pairs was h
fixed, but the number of such pairs~and therefore also the
amount of energy in each pair! was varied. First an accumu
lation of 7.13109 pulse pairs each containing an energy c
responding to 0.54 photons was accumulated and the si
was monitored. Then the ND filters were changed to give
energy of the pulse pairs corresponding to 1.65 photons
pulse pair and the accumulation time was changed to g
fewer accumulated pulse pairs but the same total amoun
energy for the accumulation sequence. In the same w
pulse pairs with increasing energy were accumulated and
resulting echo signal was monitored.

In our experiment, a lower photon number per pulse p
also meant that a longer time was used for the accumula
sequence, and the effects of relaxation during the accum
tion sequence, which could last up to 1 h, had to be ta
into account. As mentioned, the spectral modulations of
population, which are a result of the accumulation of pu
pairs, are stored in the population distribution of the hyp
fine levels of the praseodymium ion ground state. The rel
ation of population~cf. Fig. 4! will lead to a reduced echo
signal, especially for longer accumulation sequences, i.e.
the measurements with a lower average number of pho
per pulse pair. The lifetime data shown in Fig. 4 can be u
to compensate for relaxation, since the photon echo sig
should be proportional to the square of the remaining po
lation modulation at the time of the read-out. A b
exponential decay curve gave a reasonable fit to the da
Fig. 4. If the fitted curve is integrated for times correspon
ing to the accumulation times, this can be used to comp
sate for the fact that population modulations created at
ferent times during the accumulation will have relaxed
different amounts at the time of read-out.

Figure 6 shows two series of measurements where
areas of the resulting echo signals have been plotted ve
increasing accumulation time, corresponding to an increas
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number of pulse pairs over which a fixed amount of to
accumulated energy was spread. The experimental data
been normalized to the average value of the signals resu
from an accumulation time of 14 s~the experimental points
farthest to the left in the figure!. The solid line shows the
expected decrease of a photon echo signal with accumula
time, due to relaxation during the accumulation seque
giving rise to the echo, as calculated from the data in Fig

In Fig. 7, the data points in Fig. 6 have been compensa
for the hyperfine population relaxation and plotted as a fu
tion of the average number of photons in the excitation pu
pairs. In the same figure, the normalized curves correspo
ing to the behavior expected from theory for the case wh
the delayed single-photon self-interference effect exists@Eq.
~3!# and the case where it is assumed not to exist@Eq. ~4!#
have been drawn~solid and dashed traces, respectively!. The
experimental data have been normalized to the average v
of the signals resulting from pulse pairs containing an av
age of 125 photons per pulse pair~the experimental points
farthest to the right in the figure!. As can be seen, the data a
strongly in favor of the existence of the single-photon se
interference effect. In particular, the points corresponding
the accumulation of pulse pairs containing, on the avera
0.54 photons~farthest to the left! are on roughly the sam
level as the points corresponding to higher numbers of p
tons per pulse pair. If the single-photon self-interference
fect did not exist, i.e., if two or more photons were needed
each pulse pair in order for interference to take place,
signal would decrease by a factor of 6 when going from
to 0.54 photons per pulse pair.

FIG. 6. The circles show experimentally obtained echo sign
after the accumulation of a large number of pulse pairs, where
duration of the accumulation has been varied but the total excita
energy has been kept constant. The solid line shows the expe
signal decrease due to hyperfine-state population relaxation du
the accumulation, as calculated from the measured relaxatio
spectral features in the material. The experimental data have
normalized to the average of the signals obtained for an accum
tion time of 14 s, where the effects of hyperfine-state populat
relaxation are negligible.
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CONCLUSIONS

Although the results obtained in the present experim
follow the theoretical predictions, we believe that there a
certain aspects that may be given particular consideratio

The photon echo process is considered to be a degen
four-wave-mixing effect, which is generally referred to as
multiphoton process. In the present case, however, less
one photon~on the average! is shared between two of th
fields in the process. Even if a pulse pair contains only
single photon, a field amplitude will still be associated w
each of the pulses. This indicates that the phrasing multifi
effect is more appropriate for processes of this type. Pa
metric nonlinear optical processes are generally also cha
terized by conservation of momentum, which follows fro
~or is an analog formulation of! the phase-matching proces
With one photon shared between two of the fields, it is n
immediately obvious how momentum is conserved in
present nonlinear process. In our opinion, the present exp
ment supports a point of view that sometimes it is mo
appropriate to look at the phase-matching condition as a p
wave propagation effect.

In the experiment, interference between wave-pac
pairs sharing~on the average! less than one photon is de
tected in a sample containing macroscopic numbers of
sorbing atoms~ions!, even though the wave packets nev
overlap in time and space. The absorption of a photon
seemingly separated into two different moments in time, a

ls
e
n

ted
ng
of
en
la-
n

FIG. 7. Experimentally obtained echo signals for pulse pa
containing a different average number of photons~circles!, which
have been corrected for hyperfine-state population relaxation du
the accumulation. The number of pulse pairs was adjusted to k
the total excitation energy constant. At an average photon num
of 0.54, the accumulation sequence lasted 3300 s. Also shown i
expected signal under the assumption that the delayed single-ph
self-interference effect exists~solid curve!, and the corresponding
curve assuming that at least two photons are needed in each
pair ~dashed curve!. The models have been normalized to the av
age of the signals obtained for the pulse pairs containing an ave
of 125 photons, where the predictions of the two models do
differ appreciably.
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the choice of time between the two absorption events is o
limited by the phase memory of the absorbers. For
choice of material, with a phase memory of about 200ms,
this can detect interference between pulses that are sepa
by up to 50 km. However, the long phase memory of
absorbers used to detect the interference implies a high s
tral resolution, corresponding to a low temporal resoluti
Thus, an alternative view is to regard the two correla
pulses in a pulse pair as parts of a single pulse, with a s
tral content that is periodic in the frequency domain~with a
period that is equal to the inverse of the time separa
between the two parts of the pulse!. The individual absorbers
will act as narrowband filters and the ensemble will store
information about this spectrum~or interference pattern! in
the form of a population modulation. The information is r
trieved in time domain by the read-out pulse, which stim
lates the emission of a photon echo.
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In summary, we have reported on an experiment wh
the accumulation of highly attenuated laser pulses resulte
a photon echo. The photon echo was created with, on
average, less than one photon in each pair of excita
pulses. We have argued that the nonlinear photon echo
cess can be performed with one photon acting as two of
optical fields involved in the process. Some implications
the results have been discussed, including an interpreta
of the experiment as a time-domain analog of Youn
double-slit experiment.
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