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Experimental investigation of delayed self-interference for single photons
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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.

DOI: 10.1103/PhysRevA.68.063812 PACS nuntber42.50.Ct, 42.50.Ar, 42.50.Md

INTRODUCTION interference will still take place, and that this interference
could, in principle, be detectdd,2]. The photon echo emit-

In 1993, Kessel and Moised{] proposed an experiment ted by the material as a response to the read-out pulse in this
for observation of delayed self-interference for single pho-case has been predicted to have new and interesting quantum
tons. Their idea was to split the wave packet of a singleoptical properties. It is clear that the frequency-dependent
photon using a 50% beam splitter and to let the two pathgnodulation of the population in the medium after interaction
from the beam splitter overlap in space, such that the differwith a single photon will be very weak, and therefore the
ence in optical path length between the two paths exceeddgnal indicating the existence of this modulation in the me-
the length of the single-photon wave packet; see Fig. 1. If &lium would be very difficult to detect. In fact, it has been
normal detector, e.g., a photographic plate, is placed wherghown that the expectation value of the intensity of the signal
the two paths overlap, no interference pattern will be visiblein this case is zero. However, the expectation value of the
in accordance with the notion that the wave packets mustmplitude of the optical field is nonzero and could therefore,
overlap in both space and time for interference to take placdn Principle, be detected using phase-sensitive detection. In
However, Kessel and Moiseev proposed that if instead of th@rder to increase the strength of the signal from the medium,
normal detector a photon echo material containing a largé has been suggestéd,3] that one could use so-called ac-
number of absorbers, with a combination of long phaseumulated photon echogd]. In this case(Fig. 2, several
memory and inhomogeneously broadened absorption profil§ingle-photon events would add coherently to each other to
is placed at the overlap region, interference between th&rm a strong frequency-dependent modulation of the popu-
wave packets traveling the two possible paths would takéation in the medium. The echo intensity is proportional to
place. This type of interference is also present in photon echthe square of the population modulation, and this nonlinear
experiments where strong optical pulses are used. The noature of the photon echo process makes the coherent accu-
elty of the proposed experiment is that the process will alségnulation of the single-photon events more efficient than ac-
occur with a Sing|e photon acting as two of the fields. Mate_CUmulating the SignalS after read-out. Coherent accumulation
rials appropriate for this experiment include, e.g., inorganicof pulse pairs in order to build up a strong echo signal in
crystals doped with rare-earth ions, organic materials dopetRre-earth-ion-doped crystals has been studied before, but
with dye molecules, and atomic gases experiencing Doppleithout attempting to use excitation pulses with energies at
broadening. In the proposed experiment, the delayed interfer-

ence will be manifested in two ways. The angle between the Read-out

two paths will give rise to a spatially varying modulation of  Single Ech

the population of absorbing atoms in the photon echo mate-photon Path 1 e

rial, and the time delay between the wave packets traveling >—"/
along the two paths will result in a periodic modulation of

population in the frequency domain. After illumination with
a strong optical pulse, which in the present paper will be
denoted as the read-out pulse, the frequency-depender
modulation of population will give rise to a coherent emis-

sion of a pulse of light—a photon echo—after a time exactly £ 1. |n the original idea for the delayed single-photon self-
matching the time difference between the wave packets traypterference experiment, a single-photon wave packet was proposed
eling along the two possible paths. The emission is a collecg pe split by a beam splitter. The two possible paths to the photon
tive phenomenon involving a large number of atoms, and th@cho material were proposed to have a relative time delay larger
direction of this emission will be given by the phase-than the duration of the photon wave packet. A strong read-out
matching conditions for the photon echo process. pulse would result in the emission of an echo signal, after a time

If only a single photon is made to interfere in the samplecorresponding to the time difference between the two possible paths
before the read-out pulse is sent in, it has been argued th&bm the beam splitter to the material.

Photon echo
Path 2 material
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o <t ments have pointed at these types of analogies between co-
-— Read- herent effects in space and tirf@&9]. However, the present
T out Eeh experiment is, to the best of our knowledge, the first such
CRoO

experiment where electromagnetic fields on the few or

signal single-photon level have been used. The use of inhomoge-
{\ neously broadened absorbers for exploring nonstationary

// quantum optics in ways different from the experiment pre-
time sented in this paper has also been given attention lately

) [10,11). In the present experiment, optical fields resonant
FIG. 2. In an accumulated photon echo experiment, several paigith only one optical transition are used, meaning that only a

of weak optical pulses, separated by a time inteprabuild up @ v Jevel system is utilized. Experiments using optical
frequency-dependent modulation of the population in the medium

A strong read-out pulse will give rise to the emission of a coheren{)ulses resonant with different optiCEﬂa@I transitions in three-
pulse after a timer, which is equal to the time between the pulses evel systems have also been propo - Finally, interfer-

o ; ence of nonoverlapping wave packets has been observed in
thin th lated pul . o .
within the accumulated puise pairs coincidence detection of two-photon entangled staies.

the single-photon levd]. It should be noted that the accu- HOWeVer, in the present experiment there is a macroscopic
mulation of many single-photon events before read-out, re§ample absorbing the mterfermg wave packets in a nor_1I|near
sulting in nonzero photon echo intensity, will wash out theProcess, and thus the physical processes occurring in Ref.

peculiar nonclassical properties of the signal mentione(g13] and the present preri_ment are very different_.
above. The paper is organized in the following way. First a de-

In the present paper, we present an experimental invest?—criptio_n of the details _of the experiment is giyen, including
gation of a modified version of the delayed single-photoant'Vat'or_‘S for the choice of mat_enal and equipment used in
self-interference experiment described above. Due to experf€ €xperiment. Then the experimental results are presented
mental advantages that will be discussed later in this papeﬁnd compared to theoretlcal predictions. Finally, a @scusspn
we have, instead of splitting the wave packets with a bear?20Ut the conclusions that can be drawn from this experi-
splitter and having two spatially separated paths to thd€ntis given. The paper ends with a summary.
sample as described above, used a collinear geometry for the
excitation pulse$6]. This means that only the temporal, and
not the spatial, part of the delayed single-photon interference
effect will be manifested in our experiment. The experiments In the original proposal for the delayed single-photon self-
were performed using a sample in the form of an inorganidnterference experiment by Kessel and Moiseev, a single-
crystal doped with rare-earth ions, namelySfO; doped photon wave packet was to be split by a beam spl[tidr
with praseodymium, immersed in liquid helium. Attenuated The two possible paths for the wave packets were then pro-
pulses from a dye laser with energies down to what correposed to have different optical path lengths before they were
sponds to, on the average, 0.54 photons per pulse pair gate be overlapped in space at the sample. Our experiment
detectable echo signals. differs from that proposal in two aspects, namely the use of

Because of the nonlinear nature of the photon echo prohighly attenuated laser pulses instead of true single-photon
cess and the fact that the interactions take place at two distates and the choice of a collinear geometry for the wave-
tinct moments in time, one might think that there must be apacket paths.
least one photon present in each of the excitation pulses that Experiments with true single-photon states are nontrivial
build up the population modulation in the material. We haveto realize, especially considering the demands on repetition
therefore compared our data with theoretical models predictrate, wavelength, and pulse duration that this experiment
ing the behavior of the signal as a function of the averagevould put on a single-photon source. Lately, substantial
number of photons per pulse pair both for the case when thprogress has been made in developing and using single-
delayed single-photon self-interference effect exists and thphoton light sources, e.g., RdfLl4], but as in many other
case when at least two photons are needed in each pulse pa&kperiments exploring properties of single phoths,16],

Our conclusion is that our data strongly suggest that the proattenuated laser pulses have been used in the present experi-
cess described above can be performed by a single photanent. By taking the photon statistics in such pulses into ac-
shared between the two pulses. count, it is still possible to deduce effects due to single pho-

The experiment presented in the present paper is an intetens.
ference experiment where two wave packets in the time do- The original proposal used two spatially separated photon
main interfere to produce an interference pattern in the frepaths to the sample to create the time delay between the two
guency domain. Self-interference for single photons in thevave packets of the photon and an angle between these paths
spatial domain, as in Young's double-slit experiment, hado create a spatially varying population modulation in the
been investigated experimentally, clearly showing the possimaterial. Experimentally this is nontrivial to realize. In order
bility for single photons to produce a spatial interferencefor all the single-photon events to accumulate coherently in
pattern[7]. Under certain conditions, the absorption of two the photon echo material, the variation in optical path-length
consecutive optical pulses can be regarded as a time analdifference between the two paths must be stabilized to sig-
of the double-slit experiment. Several photon echo experinificantly below one wavelength of the light used, and this

EXPERIMENT
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stability must be maintained during the whole accumulatiorfor the rare-earth-ion-doped crystals could be, e.g., the relax-
sequence. In our case, the longest accumulation time usexion time between the hyperfine levels of the ground state,
was almos 1 h and involved the accumulation of more than puts an upper limit on the accumulation time that can be used
10° pulse pairs. To maintain the required stability duringin the experiment. It is therefore also desirable to have a
such a long accumulation sequence complicates the expefnaterial where this mechanism is as long-lived as possible.
ment. To overcome the complication regarding stabilizationFurther, the photon echo signal is optimized when the length
of the path lengths, we have instead used a collinear geommnd concentration of absorbers of the sample are chosen so
etry for the light in our experiment. Using acousto-optic that the optical density for the sample is of the order of unity.
modulators, we create two pulses from the cor!tinuous lasqh the present experiment, for the echo signal to be maxi-
source. Thus for each photon there are two different occamized, the read-out pulse should be chosen to have a pulse
sions when it can be transmitted through the modulatorsareg of7/2 for the absorbers for which it is resonant. Under
These two ocqasior(q;)ulsess correspond to the two possible other conditions, this is not necessarily the cHi.
photon paths in Refi1]. The time difference between the  several different materials have been considered for the
two pulses mimics the difference in optical path length. Us-eyperimental realization. Besides optimizing the parameters
ing this scheme, the requirement of stability of the interfer-mentioned above, one has to take several other practical is-
ometer in the original proposal is transferred to a requiresyes related to the choice of material into account. A material
ment that there be a constant phase difference between thg a high oscillator strength and thereby with a short phase
two pulses for all the accumulated pulse pairs. In principlememory would mean that short pulses and small time sepa-
the laser resonator acts as a stable interferometer, keeping th&ions between the pulses in the pulse pairs must be used for
phase between the two delayed pulses stable. Practically, thige coherent accumulation to work efficiently. However, if
means that the maximal time between two pulses that can hgises with durations in the picosecond regime are to be
chosen is of the order of the coherence time of the lightsed, it is(at presentnecessary to use mode-locked lasers
source used for the experiment. In this case, the photons Wilhstead of externally modulated continuous-wave lasers. The
be in a superposition state between the two pulses. This sityrse of such lasers usually means that it is more difficult to
ation is similar to that of photons in consecutive pulses fromyilor pulse durations and repetition rates in order to optimize
a mode-locked laser, which have been used to create Sge signal. The use of small time separations will also make
called time-bin entanglement; see, e.g., R&7). the detection of the signal more difficult, since the separation
Detailed calculations of the dependence of the signal opetween the strong read-out pulse and the weak signal will
different parameters for the photon echo material have beefe the same as the separation between the pulses in the ac-
performed earlief3]. The calculations show that if the ef- cymulated pulse pairs. If an exceedingly short time separa-
fects of all pulse pairs add coherently, the number of photjo is chosen, the use of an electronically controlled gate to

tons, S, in the echo should scale as prevent the detector from being saturated by the read-out
- pulse but still be fully sensitive to the echo signal will be
SxN-M“-T, N difficult.

For the rare-earth-ion-doped crystals, mainly two different
whereN is the number of photons in each excitation pulsedopants have been considered for the experiment, namely
pair, M is the number of pulse pairs that are accumulateceuropium and praseodymium. In both cases, spectral features
before read-out, and is the duration of the excitation are stored in the material as a redistribution of population
pulses. The reason that the signal is proportional to théetween the hyperfine levels of the ground state. The hour-
square oN is that the intensity of the echo is proportional to long relaxation time of the hyperfine levels for many
the product of the intensities in the two pulses that form aeuropium-doped crystals, e.g., EUXOs, is advantageous
pulse pair. This is discussed in detail in Rf]. Besides the since it enables accumulation times of up to several hours.
above, which is only a result of the nonlinear nature of theHowever, the low values of the oscillator strengths
photon echo process, the calculations showed that a materiat10~8) for the optical transitions in these materials make
with a large value of the oscillator strength for the opticalthem unsuited for this experiment. Crystals doped with
transition should be chosen. However, the material must stilpraseodymium generally have a one to two orders of magni-
have a phase memory considerably longer than the timwde higher value of the oscillator strength. However, the
separation between the excitation pulses in each pulse paielaxation times for the hyperfine levels in these crystals are
for the accumulation to work efficiently. It is also desirable much shorter, e.g., a few hundred seconds for F3i¥;
to have a material with a high efficiency for storing long- [19], and the observed signal will decrease if the accumula-
lived spectral features. The interference between the pulsémn sequence is spread out over a longer time interval than
in each pulse pair creates a frequency-dependent modulatighis. For some rare-earth-ion-doped crystals, the application
of the population in both the ground and excited states. If thef an external magnetic field leads to an increase of the life-
population in the excited state decays to a state differentime for spectral features stored in the ground-state popula-
from the ground state, the modulation of the ground-statéion [20]. We therefore chose to use a sample of P8BiDs
population will still be preserved. The percentage of ionsplaced in an external magnetic field for our experiment, and
decaying to a state different from the ground state is a meaecause of the magnetic field we could observe a significant
sure of the material’s efficiency for storing long-lived spec-increase of the lifetime for spectral features stored in the
tral features. The lifetime for the storage mechanism, whiclground state.
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without changing the direction of the transmitted light. After

Doe Ar* the modulators, NOneutral densityfilters were inserted to
4+ e ﬁ ______________ . attenuate the energy of the light in the excitation pulses to

! Control l the desired level. The light beam-@ mm diam was then
[aoM] | electronics L | focused using a lens with a 15-cm focal length onto the crys-
== o tal in the cryostat. In order to have a long relaxation time for
<> | o ! the hyperfine levels of the praseodymium ions in the crystal,

! modulator ! a magnetic field was applied to the crystal as mentioned
[aom] | ! above. Magnetic coils were positioned in Helmholtz configu-
== ! ! ration and fed with 2.5 A of current, producing a magnetic
<= ! ! field of the order of 0.01 T at the sample. After the cryostat,

I x,@ ; two acousto-optic modulators in series were used as a gate to
laoM] § -~ ] block the excitation pulses, thereby preventing the detector
;; Crystal from being saturated by the read-out pulse. These modulators

. = = were opened immediately after the read-out pulse, allowing
O E \/> g 1 </\ LE‘_J : 0 @ only the echo signal to reach the detector. The signal was
ND p— detected with a photomultiplier tuqélamamatsu R 943-02

fitters B-field and monitored on an oscilloscogektronix TDS 540.

With the three acousto-optic modulators fully opened, the

FIG. .3' Experimental setup used in our _reallzatlon of t_he de'power at the cryostat was 28 mW. In the experiment, excita-
layed single-photon self-interference experiment. A continuous:.

wave ring-dye laser is pumped by an argon-ion laser. Pulses alléo?YSpulses with (éljurlatlorés ?f :;]4 ns,d Sei)araltedt by
created using three acousto-optic modulat&®Ms) in series. The ns, were used. In order for the read-out pulse to cover

light is focused onto the crystal, which is immersed in liquid helium t_he same spectral region of the 'nh_om_()geneous absorptlon
inside a cryostat. An externally applied magnetic field is used tdin€ Of the crystal as the pulse pairs in the accumulation
increase the storage time for spectral features in the crystal. Aftefeduence, the duration of the read-out pulse was the same as
the cryostat, two AOMs in series are used as a gate to prevent tH8at of the accumulated pulses. The different pulse pairs be-
read-out pulse from saturating the photomultiplier t@@#T) used ~ ing accumulated were separated dy- 470 ns, correspond-
for detecting the echo signal. A number of mirrors, beam splittersjng to a repetition rate of 2.1 MHz.
lenses, and apertures are also shown. The components in the dashedThe energy of the pulses was estimated by first measuring
rectangle are used for locking the frequency of the dye-laser systetine average power of the accumulation pulses without at-
to a hyperfine component in iodine. This improved the long-termtenuation, using a Coherent Fieldmaster power m@edel
frequency stability of the laser. LM-2). By measuring the time separation between the pulse
pairs accurately, the energy in each pulse pair could be cal-
The experimental investigations were performed on theulated. Using the same power meter and laser, the attenua-
3H,-'D, transition of praseodymium ions doped into yttrium tion of the ND filters used in the experiments was then mea-
silicate (Y,SiOs) in site 1, absorbing at 605.8 nm. In this sured.
host, praseodymium substitutes for yttrium. Our sample was The absorption of two nonsaturating pulses of light within
a 0.5-mm-thick crystal with a doping concentration of 0.05the phase-memory time of the material will lead to a
at. %. The crystal was immersed in liquid helium and kept atrequency-dependent periodic modulation of the population
a temperature of 4.2 K in a cryostat. In Fig. 3, the experi-of absorbers in the material. The periodicity of this spectral
mental setup for the accumulated photon echo experimemhodulation is determined by the time difference between the
can be seen. In the experiment, an argon-ion pumped dy®vo pulses, such that the frequency difference between two
laser(Coherent 699-21was tuned to 605.8 nm with the aid maxima in the modulation is exactly the inverse of the time
of a home-built wave meter. A total of 40% of the laser light between the two applied pulses. If several pairs of pulses,
was sent to a locking setup to obtain an improved long-ternwith the same time difference between the pulses within the
frequency stability of the dye las¢R1]. This stabilization pairs, are sent into the material, each pair will create a
was accomplished using Doppler-free saturation spectrogrequency-dependent modulation with the same periodicity.
copy to reveal the hyperfine lines of the molecular iodine and-or all of these modulations to accumulate constructively,
locking the laser to one of the lines. The remaining 60% ofi.e., for the maxima of the modulations to overlap in fre-
the light was sent to three acousto-optic modulattsesmet  quency, two things have to be fulfilled. First, the phase dif-
1205 placed in series. The modulators were used to creatierence between the light in the two pulses in each pair has to
the excitation pulses. Three modulators placed in seriebe the same for all pulse pairs. This means that the laser used
yielded an extinction ratio better than 171fbr the excita-  in the experiment must have a coherence time that is longer
tion light when the modulators were switched off. In particu-than the time separationbetween the pulses within a pulse
lar, this was important because any leakage of light after theair. Second, the variation in the frequency of the light for
read-out pulse would constitute a background at the detectatifferent pulse pairs should be smaller than the frequency
when the echo arrives. Two of the modulators were arrangedifference between the maxima of the population modula-
so that the frequency of the light could be changed by changions. This means that the frequency of the laser, during the
ing the frequency of the rf signal controlling the modulators,whole accumulation sequence, has to stay within a frequency
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interval that is considerably smaller than that corresponding ! r;
to the inverse of the time difference between the pulses in the e
pulse pairs. The dye laser that was used in our experiments |
has a linewidth of approximately 1 MHz, meaning a coher- ]

ence time long enough for the coherent accumulation of & i%gg?
pulse pairs with the pulse separation of 175 ns that was usetg
in the experiment. However, we could clearly observe that>  |s
the accumulation efficiency decreased when the pulse sepa§ ‘;

&
oD
: K %@g

0.6

ration was increased. The long-time stability of the laser wasZ o4

improved using the iodine locking mentioned above. When 3 « °c° @%

the locking was used, the frequency of the laser could be “ORY o§9m

kept within a few MHz for several houf&1]. 02 . °
To obtain a pulse area of the read-out pulse as close a:

possible tor/2, all ND filters were removed from the optical

path before read-out. The short duration of the pulse in com- o om0 000 4000

bination with the limited output power from the laser still Time (s)

meant that the pulse did not quite have the desired pulse

area, leading to a reduction of the photon echo signal. On the FIG. 4. Spectral hole decay in P5SiOs. The circles show the

other hand, this allowed several read-outs without destroyin laxation in a magnetic. fie[d of around 0.0.1 T The reference curve

the frequency-dependent modulation of population in th dot9 shows the relaxation in zero magnetic field, up to 750 s after

material, thus making averaging of several echo signals po§_be creation of t_he hole. The curves do not follow smgle exponen-
sible tials. Note, for instance, the long-lived components in both data

To measure the relaxation time of the hyperfine levels ir°™

the applied magnetic field, a spectral hole burning experi- )
ment [22] was performed. The same optical componentdVHz every 500us. The purpose of this procedure was to
were used in the setup as those described above, but withoifPeatedly excite all the ions in the crystal that had been
focusing the light onto the crystal and with only a photodi- affepted by the accumulation sequence. After each eXC|tat_|on,
ode on the detection side. A pulse with a duration of 20 mghe ions would then randomly end up in one of the hyperfine
was applied to the crystal. This pulse was used to burn levels of the ground state, thereby e_rasmg_the modulation
spectral hole in the inhomogeneous absorption profile of théréated by the accumulated pulse pairs. This allowed us to
crystal. By repeatedly scanning the frequency of the |aseperfo_rm seV(_araI consecutive experiments unt;ler identical
over the spectral region where the hole was burnt and mongonditions, without havmg to wait for the population to relax
toring the area of the hole, the relaxation time of the hyperPetween the hyperfine levels.
fine levels can be estimated. The laser power when monitor-
ing the hole was approxim_ately 1QON and the duration of RESULTS AND COMPARISON WITH THEORY
these pulses was 1Qs. This was low enough not to destroy
the spectral hole even after a large number of monitoring In Fig. 5b), the resulting photon echo signal after accu-
pulses. The spectral hole was monitored every 20 s and thmulation of pulse pairs, each containing on the average 0.54
resulting relaxation curve can be seen in Fig. 4. For compariphotons, can be seen. A total of X10° pulse pairs were
son, the relaxation curve in zero magnetic field was obtainedccumulated before read-out and the presented data are the
and is shown in the same figure. In this case, the spectraverage of five consecutive read-outs after a single accumu-
hole was monitored every 5 s. It is known that the hyperfindation. To make sure that the observed signal was really the
population relaxation in Pr:¥SiO; cannot be described by a result of the accumulated pulse pairs, a read-out was per-
single exponential decajl9]. In zero magnetic field, we formed before the accumulation sequence. This read-out, as
could observe a fast component with a relaxation time oftan be seen in Fig.(8), did not result in any observable
~100 s and a more long-lived component with a decay timesignal. The pulse that can be seen to the left in both of the
of several hundred seconds. With an applied magnetic fieltraces is part of the strong read-out pulse leaking through the
of ~0.01 T, we observed a component with a decay time ofwo acousto-optic modulators that were used as a gate. This
several thousand seconds. gate suppressed the light enough to prevent the read-out
The longer lifetime of the spectral features that was ob-ulse from saturating the detector.
tained when the magnetic field was applied meant that longer Since the pulses used in our experiment were attenuated
accumulation sequences could be employed before read-outulses from a laser, and not true single-photon states, there
However, it also made consecutive experiments more diffiwill always be a certain probability for the pulse pairs to
cult since the photon echo signal from previous experimentsontain more than one photon. The laser field from a laser
would not disappear by itself through relaxation. Thereforeworking far above threshold can be described as a coherent
after each experimental sequence of accumulation and readtate of the quantized electromagnetic field, containing a
out, the crystal was exposed to a 5-s-long pulse with approxiphoton number with Poissonian distributi(#8]. This means
mately 50uW of power. During this pulse, the frequency of that the probability?, of finding n photons in a pulse, where
the light was repeatedly scanned over approximately 8@he average number of photonsNs is given by
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interference effect is assumed not to exist and only pulse
pairs containing at least two photons contribute to the signal,
the number of photons in the echo signgl,.,, should in-

a) b) conclude whether the delayed single-photon self-interference
' effect exists or not.
s 5 Taking the photon statistics of the laser pulses into ac-
count and using Eq.1), the number of photons in the echo
5 4 2 4 signal, Si,rz, Should scale as
g g o 2
€ 3 g 3 2_ nN2€M 2
s = S| 2 NPy| M?=N?M?, 3
= & n=1
%‘3 2 A 2
. as expected if all pulse pairs are assumed to contribute to the
! W,J W,,J echo signal. However, if the delayed single-photon self-
[

. 2 03 04 O . 2 03 04 0.
0 01 02 03 04 05 0 01 02 03 04 05 stead scale as
time (us) time (ps)
% 2
FIG. 5 Accumulation of pulse pa_irs containing an energy cor- Sn#l“( 2 nP, M2=N2M 2(1_6,,\,)2. (4)
responding to 0.54 photons resulted in a detectable echo signal. The n=2

strong pulse that can be seen to the left in Hajtand(b) is a small

fraction of the read-out pulse leaking through the closed gate. AfteEXplicitly requiring one photon in each pulse instead of two
this pulse, the gate opens to allow photon echo signal detection. [photons per pulse pair is an even stricter constraint and
(a) the read-out pulse was sent into the sample without any priowould lead to the prediction of an even smaller signal. A
accumulation of pulse pairs. Such measurements were taken as referies of measurements was performed where the total
erences and no sign of any echo signal can be seen in the recordirgmount of energy in the accumulated pulse pairs was held
In (b) an echo signal appears 170 ns after the read-out pulse, due fixed, but the number of such paifand therefore also the
the almost hour-long accumulation of pulse pairs containing on theamount of energy in each paiwvas varied. First an accumu-

average 0.54 photons. lation of 7.1x 10° pulse pairs each containing an energy cor-
responding to 0.54 photons was accumulated and the signal

N"e—N was monitored. Then the ND filters were changed to give an
P,= - 2 energy of the pulse pairs corresponding to 1.65 photons per

pulse pair and the accumulation time was changed to give

fewer accumulated pulse pairs but the same total amount of
The scaling of the signal with the number of pulse pairs ancenergy for the accumulation sequence. In the same way,
the number of photons in each pulse pair that was given ipulse pairs with increasing energy were accumulated and the
Eqg. (1) is valid only if the delayed single-photon self- resulting echo signal was monitored.
interference effect exists. If the effect does not exist, the In our experiment, a lower photon number per pulse pair
scaling has to be modified to take into account that puls@lso meant that a longer time was used for the accumulation
pairs containing only one photon will not contribute to the sequence, and the effects of relaxation during the accumula-
echo signal. The derivation of the dependence of the signdlon sequence, which could last up to 1 h, had to be taken
on the average number of photons per pulse pair, given bento account. As mentioned, the spectral modulations of the
low, is similar to that given in Ref2]. population, which are a result of the accumulation of pulse

According to Eq.(1), the echo signal, due to the accumu- pairs, are stored in the population distribution of the hyper-

lation of pulse pairs, should only depend on the total amountine levels of the praseodymium ion ground state. The relax-
of energy used in these pulse pairs, which is proportional t@ation of population(cf. Fig. 4) will lead to a reduced echo
the product of the number of photons per pair and the numsignal, especially for longer accumulation sequences, i.e., for
ber of such pairs. This means that if accumulation of a certhe measurements with a lower average number of photons
tain number of pulse pairs each containing a certain amourger pulse pair. The lifetime data shown in Fig. 4 can be used
of energy gives a detectable echo signal, this signal shoultb compensate for relaxation, since the photon echo signal
be the same if instead twice the number of pulse pairs, atshould be proportional to the square of the remaining popu-
tenuated by a factor of 2, are accumulated. However, if théation modulation at the time of the read-out. A bi-
delayed single-photon self-interference effect does not exisgxponential decay curve gave a reasonable fit to the data in
i.e., if at least two photons are needed in each pulse pair tBig. 4. If the fitted curve is integrated for times correspond-
produce an echo signal, the signal would start decreasinigg to the accumulation times, this can be used to compen-
when the pulse pairs are attenuated to the level where theresate for the fact that population modulations created at dif-
a non-negligible probability for the pulse pairs to containferent times during the accumulation will have relaxed by
fewer than two photons. This means that by observing thelifferent amounts at the time of read-out.
behavior of the echo signal using a fixed amount of energy in Figure 6 shows two series of measurements where the
the accumulation sequence, but distributing this energy oveaireas of the resulting echo signals have been plotted versus
an increasing number of pulse pairs, it will be possible toincreasing accumulation time, corresponding to an increasing
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FIG. 6. The circles show experimentally obtained echo signals

. . FIG. 7. Experimentally obtained echo signals for pulse pairs
after the accumulation of a large number of pulse pairs, where th(e:ontaining a different average number of photdeiscles, which

duration of the accumulation has been va_rlec_i but the total excnatlop] ve been corrected for hyperfine-state population relaxation during
energy has been kept constant. The solid line shows the expect e accumulation. The number of pulse pairs was adjusted to keep

signal decrease due to hyperfine-state population relaxation durin

the accumulation, as calculated from the measured relaxation o[?]e total excitation energy constant. At an average photon number

spectral features in the material. The experimental data have beé)rq 0.54, the accumulation sequence lasted 3300 s. Also shown is the

normalized to the average of the signals obtained for an accumulae-)(pecmd signal under the assumption that the delayed single-photon

tion time of 14 s, where the effects of hyperfine-state populationself-interferer_lce effect exisiolid curve, and the corre§ponding

relaxation are negligible. curve assuming that at least two photons are nee_ded in each pulse
pair (dashed curve The models have been normalized to the aver-
age of the signals obtained for the pulse pairs containing an average

number of pulse pairs over which a fixed amount of totalof 125 photons, where the predictions of the two models do not

accumulated energy was spread. The experimental data had#fer appreciably.

been normalized to the average value of the signals resulting

from an accumulation time of 14 (she experimental points CONCLUSIONS

farthest to the left in the figure The solid line shows the  Ajthough the results obtained in the present experiment
expected decrease of a photon echo signal with accumulatiqg|iow the theoretical predictions, we believe that there are
time, due to relaxation during the accumulation sequenceertain aspects that may be given particular consideration.
giving rise to the echo, as calculated from the data in Fig. 4. The photon echo process is considered to be a degenerate
In Fig. 7, the data points in Fig. 6 have been compensatefbur-wave-mixing effect, which is generally referred to as a
for the hyperfine population relaxation and plotted as a funcmultiphoton process. In the present case, however, less than
tion of the average number of photons in the excitation puls@ne photon(on the averageis shared between two of the
pairs. In the same figure, the normalized curves correspondields in the process. Even if a pulse pair contains only a
ing to the behavior expected from theory for the case whersingle photon, a field amplitude will still be associated with
the delayed single-photon self-interference effect exiStg  each of the pulses. This indicates that the phrasing multifield
(3)] and the case where it is assumed not to e)figt. (4)]  effect is more appropriate for processes of this type. Para-
have been drawrsolid and dashed traces, respectiyebhe  metric nonlinear optical processes are generally also charac-
experimental data have been normalized to the average valterized by conservation of momentum, which follows from
of the signals resulting from pulse pairs containing an aver{or is an analog formulation pthe phase-matching process.
age of 125 photons per pulse péihe experimental points With one photon shared between two of the fields, it is not
farthest to the right in the figuyeAs can be seen, the data are immediately obvious how momentum is conserved in the
strongly in favor of the existence of the single-photon self-present nonlinear process. In our opinion, the present experi-
interference effect. In particular, the points corresponding tanent supports a point of view that sometimes it is more
the accumulation of pulse pairs containing, on the averageyppropriate to look at the phase-matching condition as a pure
0.54 photongfarthest to the leftare on roughly the same wave propagation effect.
level as the points corresponding to higher numbers of pho- In the experiment, interference between wave-packet
tons per pulse pair. If the single-photon self-interference efpairs sharingon the averageless than one photon is de-
fect did not exist, i.e., if two or more photons were needed irtected in a sample containing macroscopic numbers of ab-
each pulse pair in order for interference to take place, theorbing atomgions), even though the wave packets never
signal would decrease by a factor of 6 when going from 10overlap in time and space. The absorption of a photon is
to 0.54 photons per pulse pair. seemingly separated into two different moments in time, and
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the choice of time between the two absorption events is only In summary, we have reported on an experiment where
limited by the phase memory of the absorbers. For outhe accumulation of highly attenuated laser pulses resulted in
choice of material, with a phase memory of about 280 a photon echo. The photon echo was created with, on the
this can detect interference between pulses that are separat@eerage, less than one photon in each pair of excitation
by up to 50 km. However, the long phase memory of thepulses. We have argued that the nonlinear photon echo pro-
absorbers used to detect the interference implies a high specess can be performed with one photon acting as two of the
tral resolution, corresponding to a low temporal resolution.optical fields involved in the process. Some implications of
Thus, an alternative view is to regard the two correlatedhe results have been discussed, including an interpretation
pulses in a pulse pair as parts of a single pulse, with a speof the experiment as a time-domain analog of Young's
tral content that is periodic in the frequency domaiith a  double-slit experiment.

period that is equal to the inverse of the time separation
between the two parts of the pu)ls&he individual absorbers
will act as narrowband filters and the ensemble will store the
information about this spectrurtor interference pattejnin We are grateful to Professor Sune Svanberg for a critical
the form of a population modulation. The information is re- reading of the manuscript. This work was supported by the
trieved in time domain by the read-out pulse, which stimu-Swedish Research Council, the Crafoord Foundation, and by
lates the emission of a photon echo. project REQC Hardware of the IST-FET program of the EC.
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