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Interferometric technique for engineering indistinguishability and entanglement of photon pairs
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We give a detailed account of a recently introduced technique to suppress distinguishing information in the
space-time component of the state vector of a pair of photons. The method works by creating interference
between two possible ways for each photon to occupy any given space-time mode. Under certain conditions,
this technique also allows the preparation of the two photons in a highly entangled space-time state.

PACS numbd(s): 42.50.Ar, 03.65.Bz

INTRODUCTION the signal and idler photons may become entangled if two
distinct pair-creation events with orthogonally polarized
From the beginnings of quantum theory, entanglement hagmission$ are made to interfere with each othigr0,11].
proved to be its most distinctive and puzzling feature. En-According to the rules of quantum mechanjdg], this in-
tangled states are central to our understanding of quantufgrference is allowed only when the two creation events are
measurement and complementarity, due to the famous effortgdistinguishable in principle by any ancillary measurements
of Einstein, Bohr, Von Neumann, Bell, and many others, to®f momentum, energy, etc. Therefore, effective polarization
firmly establish these concepfts]. In the latter half of this entanglement requires the suppression of any distinguishing
century, entangled particles have been and continue to dgformation in the space-time portion of the photons’ state
used in a wide variety of experiments that demonstrate na/€ctor. o _ S
ture’s nonclassical or nonlocal behavior. Such experiments One way of determining the existence of such distinguish-
have been performed to clarify our intuitions about compledng information is via the Hong-Ou-Mand@iOM) interfer-
mentarity[2,3], or to test quantum mechanics against more®Meter[13], in which two photons are coincident simulta-
“complete” rival theories of local hidden variabldg—6]. neously on different input ports of a 50/50 beamsplitter and
In recent years, though, entanglement has come to pie output ports are monitored in commdence by a pair of
viewed not only as the source of our philosophical difficul- Photon-counting detectors. If the signal and idler photons are
ties with quantum theory, but also as a resource for emergin d|st|ngwshaple at the deteptors, so that it is impossible to
information processing technologies such as quantum crygi€termine which photon arrived at each det_ect.or, a remark-
tography, quantum dense coding, quantum teleportation, ar@P!e thing happens: they do not generate coincidence counts.
guantum computing[7]. Additionally, entanglement and This occurs bec_au_se the amplitudes for th_e two processes
quantum interference effects have been put to good use it lead to a coincidence coufouble reflection or double
the field of optical metrology, where they have enabled abiransmission at the beamsplitteiave opposite signs, and
solute measurements of radiance, photodetector efficiencie§ierefore cancel each other when superposed. If, on the other
and birefringence of optical medf&]. hand, the signal and idler are distinguishable from one an-
For almost all of these applications, the most convenienfther in any way—say, by relative time of arrival—then the
and luminous source of entangled particles is the spontanélestructive interference does not occur. Thus, the coinci-
ous parametric downconverté5PDO, which converts a dence counting rate at the mterferen_ce _nuI_I in a HOM inter-
small fraction of incident “pump” photons into pairs of ferometer |§ad|rect measure of the intrinsic distinguishabil-
“signal” and “idler” photons whose energies, momenta, 1ty Of the signal and idler photons.
and emission times are automatically entangledlif the Recently, states with more than two entangled photons

pump is monochromatic. Additionally, the polarizations of have been generated for the purposes of quantum teleporta-
tion [14], entanglement swappinid5], and the Greenberger-

* Author was at the Department of Physics and Astronomy, Uni-

versity of Rochester, for this work. The signal and idler photons need not be polarized orthogonally
TAuthors were at the Institute of Optics, University of Rochester,to each otherin these schemes, but only to their signal or idler
for this work. counterparts from the second PDC process.
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Horne-Zeilinger test of nonlocality16]. These states were As mentioned in the Introduction, one way of creating
created using the synchronized emission from two type-lientanglement is to coherently superpose two distinct pair-
downconverters that were pumped not by a monochromaticreation processes, so that the two-photon state consists of a
beam but by a train of ultrasha200 f9 pulses. It is becom- superposition of the amplitudes generated by each process.
ing clear [17] that such ultrashort pulse-pumped sourcesfFor example, suppose that initially the joint amplitude func-
with their potential for multisource synchronization, will be tion in Eq. (1) factors according to

critical in many applications of quantum entanglement for

information processing. f(x,y)=g(x)h(y). 2

Unfortunately, it is also clear that ultrashort pulse pump—_l_h h _ led. si . iv b
ing of type-Il media results in the presence of distinguishing' " the statdy) is unentangled, since it may easily be

information in the time-frequencor “chronocyclic” [18]) written as a product of states in distinct Hilbert spaces for
domain; that is, the signal and idler photons that emerg&2ch particle. However, the superposition state

from such a source may have different spectral distributions,

or different emission-time distributions, from one another. |1[f>=f f dx dy[ f(x,y)+e"“f(y,x)]|x)|y) (3)
Thus they are no longer as chronocyclically indistinguish-

able, and therefore as polarization entangleable, as the phgs, be highly entangled, providedy(x)h(y)=g(y)h(x),

ton pairs that emerge from a cw-pumped downconverter qt.e., the joint amplitude function is not symmetric with re-

ra.ndlom time;. The presence of this distinguishing chron.ocyépect to interchange of its arguments. In fact, the most en-
E“C |r:format|on for pulfe;‘pumﬁed type-ll downconver§|on tangled state occurs if either of these products is zero for
asa r”eady been established theoretiddl§;2Q and experi-  gome(x i while the other is not, since then the combination
mentally[21,22. _ lg0)h(y) +€g(y)h(x)] is, for certain values of, farthest
The solution to this problem that is usually adopted is ¢ rom being a factorable functiofsee Fig. 1 This is dis-
impose severe spectral filtering on the signal and idler pho'ussed quantitatively in a forthcoming papa#]
tons, so that the most spectrally indistinguishable subset o Another consequence of this procedure s that for certain

the pairs is selected. The counting rates in such experimen{;%“ues of6, the joint amplitude function in Eq3) becomes
are reduced accordingly. Very recently, however, we re- '

ported on a method of suppressing this distinguishing space- £ (x,y)=Ff(x,y)+f(y,x), (4)
time information at the sourd®3], so that such filters are no
longer necessary. which is symmetric under exchange»oéndy by definition,

In this paper, we will analyze the method in full detail. regardless of the symmetry propertiesf¢X,y). It turns out
We will also present experimental data from a HOM inter-that this kind of exchange symmetry is a requirement for
ferometer that show that this technique can suppress the dimaintaining the chronocyclic indistinguishability of the pho-
tinguishing time-frequency information for the two photons.tons, because the degree of two-photon interference in a
Additionally, we will show that, in some cases, this tech-HOM interferometer depends on the symmetry of the joint
nigue can directly enhance entanglement in the timeemission amplitude spectrufi9]. That is, for photons en-
frequency domain, or even create it where none existed baering a HOM interferometer with emission spectrum
fore. f(ws,w;), complete destructive interference can only occur

when

PRINCIPLE OF THE METHOD f(wg,wi)=f(w;,ws) 5)

In its most general form, the quantum state describing
pair of signal and idler photons emitted by a downconvert
is

Qver the range of detected frequendi2g]. The symmetry in
erEq. (5) ensures that it is impossible to use the pair of de-
tected photon frequencies as a “marker” indicating which
photon went to which detector, so that interference can oc-
cur.
|‘/’>=f f dxdy fx,y)[x)]y), @) Therefore, the creating of entanglement via E3). also
has the effect of suppressing distinguishing information at
the source, by directly symmetrizing the entire joint emission
amplitude spectrum. To implement this method, we must add
together two downconversion processes: one governed by
f(ws,w;), the other, with the signal and idler polarizations
exchanged, governed by w;,ws). The emission from such
a system is then governed by a new joint amplitude emission
spectrum that is guaranteed to be symmetric:

where|x) (ly)) denotes a single-photon Fock state in made
(y). Herex andy are mode labels that refer to propagation
direction, frequency (or time), and polarization: x
=(ws,X) andy=(w;,y), wherex andy are transverse po-
larization vectors anag (w;) is the frequency of the signal
(idler) photon. The statél) is entangled if the joint emission
amplitude functionf(x,y) is not factorable into a product of
the formg(x)h(y). If the function is nonfactorable only for ' (ws,w)=Ff(ws,0;)+ (0, wg). (6)
a subset of the degrees of freedom represented Ry),

e.g., if f(ws,w;) #9(ws)h(w;), then entanglement exists To experimentally realize the amplitude addition in Eg),
only for that subset. we must add the second process to the first aoteerently
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y; fixy) but in this case it is also a sign that entanglement has been

4 created, providedl(wg, w;) fails to satisfy Eq(5). This is the

h(y) / case when a t_ype-_ll SPDC is pumped by an ultrashort pulse

4 whose bandwidth is comparable to that of the crystal phase-

s (2) matching function. Therefore, our experiment consists of
/ constructing a symmetrized source and then looking for a
Y lower minimum in the HOM coincidence “dip” as a
Ve sign that the superposition—and consequently, the
4 % flv.x) entanglement—was successfully carried out.

x EXPERIMENTAL ARRANGEMENT

Y Y The coherent addition in Eq6) may be accomplished
experimentally with the apparatus shown in Fig. 2. An ul-
trafast pump source for the spontaneous downconversion

/
//

process is created by frequency-doubling the output of a

(b) mode-locked Ti:sapphire oscillator. The frequency-doubled
pulses are separated from the residual fundamental by means

/
/
Ve

of a dispersion-compensated prism sequence. Each pump
pulse enters the parametric downconvefbC) from the
/7 left, possibly creating an orthogonally polarized, frequency
degenerate pair of photons somewhere inside. After exiting
x the PDC, the pump is reflected by a dichroic mir(mD2),
while the lower-wavelength downconverted light is transmit-
/ ted through it. The pump is normally incident on a mirror
// (M1) that reflects it back into the PDC. The signal and idler,
/ meanwhile, are sent through &4 plate and then onto a
D ©) mirror (M2) at normal incidence. They are then reflected

4

back through the\/4 plate and into the PDC, overlapping
| with the pump pulse in the center of the crystal.
s The N4 plate is oriented with its optical axis at 45° to the
/7 “ 0" and * € axes of the PDC. After two passes through this
s plate, both the signal and idler polarizations are rotated
through 90°, effectively exchanging their roles as ¢hand
o-polarized photons. As a result, tiegpolarized light that is
FIG. 1. (a) The joint amplitude functiori(x,y) may be factored ~Sent back into the downconverter actually carries the spec-
into a product of marginal distributiong(x) and h(y), implying  trum belonging to the origina polarization, and vice versa;
that | in Eq. (1) is an unentangled product state. However, if themore generally, the joint emission amplitude spectrum for
amplitudef(y,x) is added, the resulting amplitude cannot be writ- these pairs is switched frof(w,,w,) t0 f(we,w,). This
ten as a product of marginal distributions, so thit in Eq. (3) is  exchange also has the effect of canceling the temporal
entangled. In some cases, the degree of entanglement can dependwalkoff for photon pairs emitted from the center of the crys-
the relative phase betwedi(x,y) andf(y,x); for example, when tal: the photon with the fasi polarization on the way out has
the amplitude functions ir(b) are added together, the resulting the slowe polarization on the way back in. Some additional,
function is actually less entangled théfx,y) or f(y,x). However,  uncompensated walkoff then occurs for all the photons as
if they are subtractedc), the resulting function is at least as en- they travel from the center of the crystal to the final output
tangled asf(x,y) or f(y,x). Horizontal lines indicate positive- face.
v_alued functions, while vertical lines indicate negative-valued func-  Thig system functions as a Michelson interferometer, with
tions. the dichroic mirror MD2 playing the role of the central
beamsplitter, separating and recombining the “signal and
so that it is impossible in principle to distinguish which of idler” arm of the downconversion and the “pump” arm.
the two downconversion processes generates each photamlike a traditional Michelson interferometer, the interfering
pair [25]. pathways here do not begin and end at the beamsplitter; they
Since the presence of HOM interference is a good test fodo so within the PDC. With the arms properly aligned, and
the symmetry off ' (ws,w;), we expect that the photons car- with their optical path lengths balanced to within the coher-
rying a joint amplitude emission spectrum of the symme-ence time of the pump, it becomes impossible in principle to
trized form(6) will produce a good HOM interference null in discern whether the downconverted light that ultimately
the coincidence counting rate, regardless of the initial symemerges from the PDC is generated from the first or the
metry properties off (ws,w;). The HOM null is always a second pass of the pump pulse through the crystal. The re-
clear sign of path indistinguishability for the photon pairs, sulting o- and e-polarized photon pairs therefore carry a su-

X
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FIG. 2. Schematic of the pulse-pumped collinear Hong-Ou-Mandel interferometer with a spectrally symmetrized source. A pump pulse
passes through the parametric downconvéR&C) and is separated from the downconverted light by means of a dichroic mirror MD2. The
pump pulse is reflected back into the PDC by mirror M1, and passes twice through a dispersion and intensity compeng&ipriiate
signal and idler beams are reflected back via M2, with their polarizations exchanged hi4tpiate. The photon pairs that ultimately
emerge from the downconverter could have been generated on either the first or second pass of the pump through the crystal. The
downconversion from this modified source is separated from the outgoing pump beam by MD1 and sent through a delay line, polarization
rotator, and polarizing beamsplitter before impinging onto a pair of photodetectors. Coincidence counts are collected and recorded elec-
tronically.

perposition of the joint emission amplitude spectra for eactthat the coincidence counting rate is altereddas—0. In

process, given by traditional HOM interferometers, this interference is always
‘ destructive, but in this experiment it is possible to arrange for
f'(wo,we) =f(wo,we) + € f(we, o), (7)  either constructive or destructive interference to occur by
i _adjustingé.
where f(w,,we) refers to the fields generated on the first
pass,f(we,w,) to those generated on the second, and QUANTUM STATE OF THE LIGHT
0=Ks(0s) signart Ki( i) ligier— Kp( @p) | pump (8) The quantum state describing a photon pair created by a

single pump pulse can be obtained from a two-stage evolu-
is the phase difference between the first and second dowition in the interaction picture that describes the first and sec-
conversion process. This phase difference can be varied nd downconversion processege Appendix A The state
Changing| pump the Optica| path |ength of the pump arm, or of the downconverted |Ight emerging from the PDC is
by changinglsgha andlige,, the optical path lengths of the
two polarizations in the signal and idler arm. The optical|y)=|vag — 78w, 2 a(we+ we)P(wy,we)[| o)y we)y

path lengths include propagation through the dispersive me- wo  @e

dia such as the downconversion crystal; this is discussed in + € we)y | weyl

detail in Appendix B. For suitable values 6{0,=2r,...), oryTen

the joint emission amplitude spectrum can be made symmet- =|vac)— 7| y'?), (©)]

ric in accordance with Eq6).
After emerging from the PDC, the downconverted pho-whgre tthe tlabel;x andydd?r;?tedthﬁ t‘t’)"ol o(rjthogton{ar:ly p.olari
. . .~ jized output modes, an and o labels denote the signa
tons are separated from the pump with another dichroic mir- . . . . i
ror and sent into a common-path HOM interferometer of theand idler frequenciesdw is the mode spacing ang de

. X . . scribes the magnitude of the perturbation on the initial
type .f'rSt demonstrated by Sh'h ?‘”d Serg|er1iI26]_. This vacuum state as defined in Appendix A; we have omitted
consists of an adjustable birefringent delay line_2

- . terms of orderp? and higher.d is the relative phase of the
+67), a N2 plate, a polarizing beamsplittdPBS, and a - . . ;
pair of photodetectorsi, .Dg). The fixed birefringent de- origins for the two downconversion processes as defined in

lay of 7_/2 compensates for the average temporal walkofqu' (8); for the moment, we will tread as being frequency-

. : independent over the bandwidth of the signal, idler, and
between thex- andy-polarized photons in the PD[See Eq. pump photons. We are restricting our calculations to the

(21)]; the additional birefringent material then imposes a.. . ; .
variable delaysr between the photons before they enter the nondepleted pump? regime, in which we assume

PBS. TheN/2 plate rotates both theandy polarizations by [ 9|2V Vy<1. (10

45°: each photon may then be either reflected or transmitted ) )

at the PBS, with equal probability. A coincidence count atThe spectrum of a single pump pulse is assumed to have a
the detectors could have come from transmission ofxthe Normalized Gaussian form with bandwidihicentered on the
and reflection of they-polarized photons, or vice versa. frequency 2,

These two coincidence processes interfere with each other 5

when they cannot be distinguished by auxiliary measure- a(wo+we)=—e*[(“’o“’e*za)"ﬂz, (11)
ments of frequency, polarization, or relative arrival time, so o
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while the phase-matching function follows from E411) in  andZ is defined as

Appendix A:
Z=0(7o+ 70)/V2. (19
. L
D(wq,we)= smc{ [Ko(@o) +Ke(we) —Kp(wo+ we) ] 5) : In this last definition,
12 ok kg -
HereL is the length of the PDC. o™ G0 o Jo|- (20
PREDICTED COUNTING RATES is the maximum difference between the group delays expe-

rienced by the pump pulse and thevave packetafter trav-

Our experiment measured both single-channel anq coinc'b”ng the entire length of the PDCr, is the analogous quan-
dence counts as the quartz detxyand phase were varied,; tity for the e wave packet, and

we begin by calculating the single-channel counting rate at
detectorD, as a function of these two parameters. For a T_=Te— T, (22)
single pump pulse, the probability that detediy registers
a photon within a time intervatt around the timet is is the maximum group delay between thande wave pack-
pa(t)dt, with the instantaneous probability density given by ets.
The counting rate dDg is computed in exactly the same
Pa(t; 57,0)=(YES (OEL (1) ). (13)  fashion, giving a result analogous to that in Ef6), with
twice the mean rate defined similarly as
Here |EL|? is in photons per second, and we are assuming
perfect detection efficiency fdD 4 .
We may rewrite the instantaneous field operator at the

detector as a Fourier decomposition of the polarization c:omACCOrdIng to Eq.(16), then, both of the single-channel de-

ponents of the signal and idler modes projected @oby tection rates will vary sinusoidally wr_[H. This phenomenon_,
the /2 plate and PBS: that the spontaneous downconversion process can be inter-

ferometrically enhanced or frustrated, was first demonstrated
PYREL: 1 _ _ by Herzoge‘g al. [27] with cw-pymped type-lI downconver- .
_) > [ (w)e@r T+ ay(w)le it sion, and it is to be expected in our scheme as well. But in
2@ w V2 our case, the degree of interference is determined by the
(14 product of the pump bandwidth and the crystal length in Eq.
) - (19); as either of these parameters is increased, the single-
The total photodetection probability accumulated over allchannel interference modulation decreases. This happens be-
times is cause the amplitudes that are being made to interferee—an
. ray and ano ray from each downconversion process—
PA(ST, 9):J' dt pa(t; 87, 6). (15)  become more distinguishable in the time-frequency domain
— as the crystal is lengthened or as the pump pulse is short-
o _ ened. One may think of this either as temporal distinguish-
After substitution of Eqs(14) and(9) into Eq.(13), we carry  apjlity, owing to different rates of walkoff of the signal and
out the integration in Eq(15) in the limit 5o—0. We then jgler photons away from their “parent” pump photon within
multiply the resulting detection probability by the pulse rep-the crystal, or as spectral distinguishability, owing to the fact
etition rate and detection efficiencies to obtain a countinghat as the pump bandwidth increases, the signal and idler

Rgo=4apBgRy| 7/°B. (22)

EL(t;87)=

rate: bandwidths do not increase by the same amoL8L
L [m . We now compute the expected coincidence counting rate.
_ ™ For a single pump pulse, the probability tHag registers a
Ra(0)=Rpo) = +| —=—|erfl —|cog6) ¢, 16 2 R .
Al0)=Rao| 5+ 7 (4) % )] (16 photon within a time intervadlt, centered at time, and that

Dy registers a photon withindtg centered attg is
where pag(ta.tg)dtadty. The instantaneous probability density
Pag IS given by the normally ordered expectation value
Rao=4apBaR,| 7|°B (17)

. — () =(+)
is twice the mean counting rate Bi, . Herea, is the quan- Pas(ta.ts:07,0)=(Y|:Ex '(ta)EL"(ta)

tum efficiency ofD,; Ba is the fraction of emitted light Y EC (1) EF) (1a): 23
transmitted through the optics @,; R, is the repetition o (t)Bs " (ta):]u). (29
rate of the pump pulses is given by We obtain the total probability for a coincidence count by
Lo e integratingpag over all possible photon arrival times within
BEJ f dwg dwg a(wy+ we) | P (wy,w )|2:4 2m the coincidence resolving time; because this time is already
0oJo O ETTOTE orre oT_ long compared to the coherence time of the light, the limits

(18  of these integrations can be extended+®:
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FIG. 3. (a) The coincidence counting rate
= Rag(d7,0) shows sinusoidal modulation asis
R varied, with a visibility that depends on the value

: of &7. For fixed values of), the variation withor

is a modified version of the familiar type-Il
Hong-Ou-Mandel “dip” structure. In particular,
the valued=0, which symmetrizes the joint am-
plitude emission spectrum for the photons, leads
to coincidence counts that dip all the way to zero
(b, solid line. The width of this dip is determined
by the pump bandwidth and the PDC crystal
length. For@= 7, the spectrum is antisymmetric

1 and results in an interference peak instead of a
R,; [ dip (b, dashed ling the peak does not reach unity
0.8} l|| because of a residual destructive HOM interfer-
"l ence effect in the trough region of width
0.6 ) —0.5ps<867<0.5 ps (determined only by the
_____ \ | A PDC crystal length Plots were made foRagg
0.4 e B et =1 using the parametersr=345ps?t, 7,
=0.38ps, andr,=1.33 ps corresponding to the
0.27 5-mm-long BBO downconverter in our experi-
(b) ment.
-0.5 0 0.5 1

o7 (ps)

w o HOM and Michelson interference, only two of the four pos-
Pag(07,0)= JlocfixthdthAB(tAth;5Ta #). (24)  sible outcomes at the beamsplitter can generate coincidence
counts.
After performing these integrations in a fashion analogous to A plot of .RAB(&T' 0) is ShOV_V” in Fig. 3?‘)’ with Rago .
=1. For the fixed valu@= 0, which symmetrizes the state in
the above, we obtafn Y :
Eqg. (9), we expect to see the modified HOM dip structure
1 Jr 7 shown in Fig. 8b) (solid line). The coincidence rate falls to
Rag(67,60)=Rago|= +c0g 6) —erf(—) zero asdT— 0, indicating full recovery of the quantum inter-
2 Z 4 ference of the photon pairs. For the valée 7, we expect

s , to observe a “peak” structure a87—0 [Fig. 3(b), dashed
- { cog 0)(—— —) g [Zorl7_] line]. As ¢ is varied whiledr is kept fixed, sinusoidal inter-
2 T ference fringes between the peak and dip values are ex-
\/; z(1 |57 pected. FosT=0, these fringes should have 100% visibility,
+—erf{—<—— —) } and should be 180° out of phase with the single-channel
Z 2\2 7 fringes predicted by Eq16). These fringes are generated by

(25)  the magnitude of this term rapidly diminishes due to its nar-
row Gaussian character, and the visibility of the fringes is
reduced; they remain out of phase with the single-channel

) the third term in Eq(25). As 67 is shifted away from zero,
2 2 ) '

—T_ T_
Xrecl 67, ——, =

where fringes until the crossing point whei@r satisfies
Rago=2 Ryl 7|°B 26
aBo=2aaasBaBeRy| 7| (26) (%_ @) o[ )5 gerf %) 27)
T_

is twice the mean coincidence counting rate fia#7|

> 712, averaged oved—this is the average rate at which A this point, the third term in Eq25) has diminished to the

our source produces photon pairs, multiplied by the collecyyme magnitude as the second term, which has a small value

tion and detection efficiencies. This corresponds to twice th‘?ﬂdependent ofr and gives rise to fringes that are in phase

observed “baseline” rate because, even in the absence Qfjih the single-channel counts. At the crossing point, these
two terms cancel each other and there are no fringes what-
soever. For largedr values up to|87|=7_/2, the second

The following equation corresponds to E(B) in Ref. [23],  term dominates to produce low-visibility fringes in phase
which contains a typographical error. with the single-channel counts; this regiondfcorresponds
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to the previously identified HOM interference “trough” most of the second-order dispersion experienced by the sig-
[22]—a truncated version of the usual type-1l HOM dip that nal and idler photons.
does not exhibit complete destructive interference because of The mirror M1 was mounted on a piezoelectric transducer
chronocyclic distinguishing information. But here the entire(PZT) and a motorized translation stage. The phase differ-
trough, and even the baseline rate fér|>r_/2, exhibits encef was varied by changing, with the PZT. An active
modulation as is varied; this coincidence modulation is an locking system ensured the stability of the Michelson inter-
artifact of the single-channel oscillations governed by Eqferometer by sending negative feedback to the PZT, sosthat
(16). could be held constant while the photons were counted. The
The HOM trough is the normal result of two-photon in- error signal for this negative feedback was derived from
terference with a pulse-pumped type-Il PDC. Figure 3 showghanges in the position of a set of interference fringes that
that over a small region of this trough, the dip visibility can were generated by injecting a HeNe laser beam into the
be completely restored. But our symmetrized source does ndlichelson interferometer. This locking system was able to
have the effect of restoring the complete triangular-shape#leepL, constant to withinAL~20 nm; from Eq.(B4) in
dip common to cw-pumped type-lIl HOM interfereng@6].  Appendix B, this implies a stability i of A (9~ 27/20.
The width of the central Gaussian dignd peakis governed The delay line for varyingdr consisted of a set of six
by the parameteZ defined in Eq(19); as the crystal length crystal quartz plates, four of thickness 1 mm and two of
or pump bandwidth increases, the width of this high-thickness 0.5 mm. The plates remained in the beam at all
visibility dip decreases. Whear exceeds the amount of de- times, and were oriented with their fast axes aligned either to
lay at the crossing poin27), only the normal HOM inter- thee or o polarization of the BBO crystal. Different combi-
ference for an unsymmetrized source is taking place—albeifyations of orientations for the plates resulted in different net
with a baseline rate that is modulated by the single-channelelays between the signal and idler photons. A fixed delay
interference in Eq(16). Evidently, there is only a small compensator plate was also inserted to cancel the average
range of polarization delay&r over which it is impossible to  temporal walkoff in the BBO crystak_/2, so that the pho-
determine not only which photofe or o) ends up at which  ton pairs would experience only the net delay specified by
detector, but also whether the photon pair originated in thesz. For a 5-mm piece of BBO, the appropriate delay com-
first or second pass of the pump pulse. Longer crystal lengthsensator was a 16.2-mm quartz plate with its fast axis ori-
imply larger amounts of temporal walkoff for the photons ented to theo axis of the BBO.
from each other and from their “parent” pump photon, mak-  The photodetectorsl, andDg) were avalanche photo-
ing it easier to identify from which process a given pair mustdiodes(APD’s) that generated electronic pulses whenever a
have originated in order to be consistent with their observeghoton was registered. These pulses were inverted and sent
relative arrival times: shorter pump pulses make this sort ofo discriminators that generated uniform pulses triggered on
timing distinction more precisésee Fig. 12 and the discus- the leading edge of each APD pulse. These pulses were then
sion at the end of Appendix)B fed to a coincidence counter that produced an output pulse
whenever the two inputs arrived within 200 ns of each other.
After aligning the system, we typically achieved coinci-
EXPERIMENTAL DETAILS dence count rates of around 4000/s with all apertures wide
The Ti:sapphire oscillator was tuned to operate at 810 nnmPPen. To compensate for poor mode matching of the two
This light was doubled to 405 nm with a 0.7-mm-long downconversion processes at the crystal, we closed aperture
B-barium-borate(BBO) crystal cut and aligned for type-I Ap t0 2-mm andAp to 1-mm diam, which improved the
phase matching. This delivered an average pump power dfterference. The mean single channel rates were then around
330 mW, with a pulse repetition rate of 80 MHz. The mea-3000/sec, while the mean coincidence rate was roughly 15/s.
sured bandwidth of the pump was\ ,~3 nm, implying o From these numbers and the relatida3), (22), and(26),
=34.5ps* and a coherence length,~50um. we find
The downconversion crystal was a 5-mm-long piece of
BBO, cut for collinear type-ll phase matching at 405 nm so apBa=agBe=0.01 (28
that its optic axis was at an angle of 41.8° to the normal of
the input face. The crystal was aligned by maximizing thegng withR.=8x 107
production of upconverted light when the 810-nm oscillator P ’
was sent backwards through the quartz delay and interferom-
eter. TheN/4 plate was a zero-order quartz waveplate, ap-
proximately 1.5 mm thick.
We attempted to balance the losses and dispersion for th&hich ensures that the nondepleted pump approximation
signal and idler arnisee Appendix Bby placing a compen- is well satisfied.
sator platgC) in the pump arm. This was a BK-7 glass slide
with a neutral-density gradient along its length. The slide EXPERIMENTAL RESULTS
was mounted on a translation stage, so that more or less
transmissive parts of the slide could be inserted into the We collected photocounts for 11 different values &f
pump beam until the intensities coming from the two armscovering the range-0.16< 67<0.16 ps. For each value of
were equalized. The 1.58-mm thickness also served to cancér, we recorded counts at 11 differeéitvalues, producing

| 7|?°B~10"3, (29
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interference fringes in both the single-channel and coinci- 6000 ‘

dence counts. The pump mirror was displaced while the in- 7 6x10°
terferometer remained actively stabilized, by translation of g 50 - '\‘\/\'\‘\4/'5/; -
the photodiodes that used the position of a separate fringe < e R}
pattern generated by a HeNe laser to generate an error signal. & 400 - "= """ |8
A translation of these diodes through 14580 um corre- g g
sponded to # radians of displacement ifi, as determined B 00 i 3
from sinusoidal fits to the single-channel fringes we ob- & " L e NP ”

S i

tained. Counts were collected for 200 s at edafalue. The Coincidences 4 2x10°
total time for all scans was 9 h. During that time, the laser
power dropped steadily from its initial value, and realign-
ment was forbidden once the data collection began. There- @
fore, the average pump power was measured during the '
course of each data-taking interval, so the drop in power
could be divided out. The data presented and analyzed here
have all been renormalized in this way. 6000 , *
Data for three particular values éf are shown in Fig. 4. T T e T e
The lines represent the best fits of the data to sinusoidal 3000 - Singles
curves. As predicted, the low-visibility(6%) coincidence
fringes for largesr are in phase with the low-visibility3%)
single-channel fringes, while the high-visibilit$4%) coin-
cidence fringe near the center is out of phase with the single-
channel fringes recorded there. This is in stark contrast to
earlier experiments that involved the coherent superposition
of two downconversion processgz7—29 but did not use
pulsed pumping or HOM interference. In those experiments,
the modulation of the coincidence rate was a direct conse- () .
quence of the modulation in the pair-creation rate, so that the 5000 6000 o0 0
coincidence and single-channel counts were always in phase Diode position (1m)
with each other ag was varied. In our case, the coincidence 6000 \ |

modulation occurs in spite of, and not because of, the single- e

channel modulation; it also has a higher visibility because Singles

the coincidence detection paths are much less spectrally dis-

tinguishable than either single-channel detection path alone. T e
All of the coincidence data are plotted in Figiabas a

function of 67 and 6. The data with positiveSr values were

renormalized to account for a systematic error related to the

orientation of a particular quartz plate. The resulting picture 2000 -

should be compared to the theoretical plot in Figp) 5which Coincidences

includes the effects of dispersion and path-length imbalance 1000 - e

in the experimen{see Appendix B © " A= 2m ‘\
A maximum fringe visibility of 64% was observed for the oL ; ! 0

scan ats7=0. There are several reasons why this visibility 5000 6000 7000

did not reach 100%. To begin with, the losses in the Mich- Diode position (um)

elson interferometer were not equal for the two arms, despite

our efforts to balance them with the compensator p{&e FIG. 4. Recorded coincidence and single-channel counts as a

Scans taken with each arm of the interferometer blocked refunction of the pump mirror displacement, for fixed values of the

vealed that the signal and idler arm contributed a mean indelay 7= —0.16 ps(a), 7=0 ps(b), and 57=+0.16 ps(c). The

tensity of 959 52 counts/200 s, while the pump arm contrib- Pump mirror was displaced by translating a pair of locking photo-

uted 1348 30 counts/200 &hese values were obtained from _diodes that prov_ide_d feed_back to the P_ZT; this produced variations

repeated measurements of each contribution, and the uncéli)_@ of the scale indicated in the lower right corner of each plot. The

tainties correspond to the standard deviation of these me&ounts have been renormalized to eliminate the effects of laser

surements Even so, the maximum possible interference vig-Power drifts. The interference visibility reached 64% for the case
' 87=0. Note that the coincidence fringe is almost completely out of

phase with the single-channel fringessat= 0, while the fringes for
S7=*16 ps are all in phase with one another. That the coincidence
3Unless otherwise noted in this paper, we use the term “visibil-and singles fringes atr=0 are not perfectly out of phase is due to
ity” in the way that is customary for sinusoidal interference pat- a —10-um error in the position of M1, which implies that the true
terns: the difference of the maximum and minimum count ratespoint of maximum HOM interference requires a slightly different
divided by their sum. quartz delay(see Appendix B

1000 4 1x10°
H Ag=2n H

1 1
0
5000 6000 7000

Diode position (um)

4 5x10°

4000 |
7 4x10°

3000 |
9 3x10°

Coincidences per 200 s
*
s 00g 1od so[Surg

2000 - 5
7 2x10

1000

[ Coincidences 4 1x10°

H Ap=2n F
I3

5000
15x10°

4000
1 4x10°

3000 -

s 00z Jod so[3urg

1 3x10°
'N. )

4 2x10°

Coincidences per 200 s

013814-8



INTERFEROMETRIC TECHNIQUE FOR ENGINEERING . .. PHYSICAL REVIEW 82 013814

3000 Coincidences

Diode position (um)
FIG. 5. (a) Compilation of all eleven renor-
malized coincidence fringes, recorded over the
range —0.16< §7<0.16 ps. Note the change in
the position of the maximum of each fringe with
respect to the diode positidi); the fringes ap-
pear to “drift” in their phase as more quartz de-

lay is added. The theoretical prediction h)
does not indicate this driffThe theory includes a
—10-um shift in the position of M.

W\
\

ibility allowed under these conditions iss®(1+¢)2=0.98,

where ? is the ratio of the two mean intensities. Further
degradation of the interference can be caused by dispersioz. 5000
in the interferometer, but calculations show that this effectg -

should be slight for our particular experimgsee Appendix g 4000 // \\
B). We believe that the main difficulty in achieving high & AL IR 2N
visibility arises from the distinguishability of the spatial 3 / \

modes associated with downconversion from the first and® 3900 | » \.\
second passes through the crystal. Because the two sourc g
contributing to the final events are actually at different opti- -
cal distances from the PBS, it is difficult to properly image
both for complete interference. This problem has been ana = gg0
lyzed for another two-source downconversion experiment™
[30]. |
Because the success of our symmetrization technique fo -0.128 -0.064 0 0.064 0.128
creating entanglement can be judged by improvement in the &7 (ps)
HOM interference nuII,'we .wiII now I(_)ok at th'e other_cross FIG. 6. Minimum and maximum coincidence counting rafar
section of the data _set_ in Fig. 5_: that '_S’ we _W'" exam_me the200 9 extracted from experimental data for 11 valuessgfcorre-
structure of the coincidence dip a& is varied, for fixed  g,onding to the central region of Fig(t8 (all points here are well
values of¢. The maxima and minima implied by the sinu- jyside the trough region of that figyréThe square is the incoherent
soidal fits for all 11 values obr are plotted in Fig. 6. The  sym of the rates for the two processes. The dot sizes correspond to
solid line is a plot of the counting rate predicted by Ed.one standard deviation of statistical uncertainty. Also shown are
(B11) that includes the appropriate amounts of dispersion, @eoretical curves fog=0 (solid), 6= (dashed} and for the un-
10-um error in the position of M1, and the unequal losses insymmeterized sourc@ot-dashed ling In these plots, as in Fig. 3,
the Michelson interferometdisee Appendix B The calcu-  the width of the central interference dip is determined by the pump
lation was scaled by setting the mean of all the maxima an@handwidth and the crystal length.

q
2000

coincidi

(
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minima, 2347 39 counts/200s, equal to théaveraged n
counting rate inside the trough as predicted by EBfl1);
the result is Ragg=(2347+£39)/(0.5-0.0428)=5134 no dispersion

+85 counts/200s. Though our observed visibilities do not< 0 | 1 |
reach the maximum allowed by the theory, it is still apparent 2 i N , -
that the HOM interference has been improved by our tech-&. ‘1‘ ; /
nique, because the minimum counting rate is significantly 2 oo
lower with the symmetrized sourdeircles than that of an
unsymmetrized sourcesquare.

Unfortunately, we did not have quartz plates with appro-
priate lengths to directly measure the baseline coincidence
counting rate outside the trough. We attempted to achieve _pg . N
the required delays af7>0.5 ps by using several additional -0.128  -0.064 0 0.064  0.128
thin plates, but the counting rates and visibilities were then 3t (ps)
reduced to intolerable levels by the cumulative losses and . . .
polarization errors introduced by each plate. This means that FIG. 7. The phase of the coincidence fringes relative to the

. PR single-channel fringes does not undergo a sharp transition as pre-
we do not have direct measurements of the dip VISIEIW dicted by the dispersionless theofgolid line), but instead varies

the symmetrized a.nd unsymmetrized cases. However, Wéamoothly with 67 over the range of our data. The uncertainty in
know that the baseline counting rate should be half the valu

- Bach observed relative phase was estimated by propagation of the
of Rago, or_256_7L_F 43counts/200s; the I(_)vyermost dat‘fi point uncertainties in the phases of the sinusoidal fits to the corresponding
on the plot in Fig. 6 corresponds to a minimum counting rat

X h R Single-channel and coincidence fringes. When realistic amounts of
of 817+ 53counts/200 S, which gives a dip visibility of (68 gispersion are includedong-dashed ling the theory predicts a
*3)% for our symmetrized source. In contrast, the observedmoother transition, but still does not reproduce the observed linear
counting rate for the unsymmetrized source is 2868, phase drift. With ten times the actual amount of dispersiort-

adians)

Relat
a
i/
i
I
|
\
\

T . i realistic dispersion
10x realistic dispersion

which corresponds to a dip visibility of only (104)%. dashed ling the transition is smoother but still does not agree with
our observations. The dashed line curves also include the effects of
DISCUSSION a —10-um shift in L, the pump mirror position. The two data

points até7=0, taken with different combinations of quartz plates,
The minimum and maximum count values plotted in Fig. differ by 0.008 radians and have uncertainties of 0.22 and 0.19
6 represent the condition=0 and #= , respectively, for radians.
values of 67 that lie between the crossing points satisfying

Eq. (27). Outside this range, the situation is reversed, with |t appears unlikely that this trend is the result of a system-
the minimum count values corresponding @e=7 and the  atic error. The interferometer remained locked at all times in
maxima corresponding t6=0. The theory predicts a sharp gach of these regions, and the single channel fringes reflect
transition between these two regiofsolid line, Fig. 7,  thjs in that their phases did not drift from scan to scan; there-
marked by an interference visibility of zero at the crossingfore, the systematic error would have to produce a drift only
point (where the solid and dashed lines meet in FigHbw- iy the phase of the coincidence counts. Additionally, the
ever, this sharp transition in the relative phases was not Otbhase drift never changed direction with regardtpdespite
served. Instead, our coincidence data displayed a smooffe fact that the time order of the scans fw<0 was op-
phase drift asr increasedsee Fig. %a)] while the phase of osite that of the scans fair>0; therefore, it seems more
the smgle—channel fringes rema}'ne.d constant. likely that any systematic effects would be tied to the quartz

_ The_ relat_|ve_ phase of_ the_ coincidence z_;md single channqjlates themselves. But since different sets of plates were
smusmdgl fits is p_Iotted in Fig. 7; the relative phas_e appearghanged each time to produce the various delays, one would
to vary linearly with 67, as shown by the dots. This phase expect a quartz-related effect to produce essentially random
drift is not predicted by o.urth.eo.ry. A close_mspectlpn of Eq-phase changes with respect @e. Instead, the phase drift
(B11) does reveal that, in principle, the fringe attributed to5hears insensitive to how specific plates were oriented, and
the third term of the counting rate will have an additional instead depends only on the total amount of quartz involved.
phase that depends @h. However, calculations showed that Indeed, when a second scan was takedzat 0 with a dif-

this phase shift is not appreciable even with 10 times th§erent combination of quartz plate orientations, the relative
amount of dispersion present in our interferometer. Furtherphase was nearly identical to that of the first scan

more, the magnitude of this term, which is generating thggee Fig. 7.

enhanced dip structure, falls to zero fairly quickly dsf We can only conclude that the phase drift between the
increases, whereas the observed phase shift persists over §ncidence and single-channel fringes is a genuine effect,
entire region of our data. sensitive todr, that is unaccounted for by the present theory.

A recent paper by Atate et al. [31] has called attention to
another HOM interference effect in ultrafast-pumped type-II
“The term “dip visibility” applies only to HOM interference pat- PDC that seemingly cannot be accounted for using the stan-
terns, and is here defined to be the difference of the minimum andard quantum description—namely, an asymmetry in the dip
baseline coincidence counting rates, divided by the baseline rate.structure that grows more pronounced with PDC length.
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Their solution is to add a “partial decoherence function” by . 6,6, |
hand into the evolution of the state, which represents the : 2 !
irreversible introduction of distinguishing information as the 5 i)“: - :x —~ >
photon pairs propagate away from the pump pulse in the ] * . N
dispersive PDC medium. This approach certainly offers an- ¢ n y L0 -
other perspective that might explain our observed phase drift, — pump 1 - pump 2 —

but our hopes are diminished for two reasons. First, the ef- I I
fects of dispersion in the PDC are already accounted for in %

the presgnt theory. Second, our central dip structure Is.m fact FIG. 8. Input and output modes for the two-stage interaction that
symmetric, so that any decoherence that occurred during thce;eates" a’ pair of signal and idler photons

first pass through the PDC would have to uneoneduring '

the secqnd pass. This appears problematic, since the pe_légﬁase structure. The pump beam is assumed to have a linear
crea.ted In the_ﬁrst process encountgr a larger amognt of di olarizatione, along the extraordinary axis of the crystal
persive material than those created in the second; it also a © '

; . X . ! w2 “Wwhile the signal and idler fields are assumed to have polar-
Sgg{;;gﬁgi'ihenr;i\ggh,the irreversible nature of the partlalizations along the ordinarfp or y) and extraordinarye or x)

axes, respectively, as demanded by the type-ll phase-

In conclusion, we have demonstrated the operation of g . . .
matching considerations.

source of frequency-entangled photon pairs that works by The downconverted fields are represented by Fourier

suppressing distinguishing information in the time-frequencysums of discrete-frequency field operators with orthogonal

domain. Our experiment shows that a high degree of inter: olarizations: the frequencies ate. «. and the polariza-
ference can be achieved even with a long type-1l PDC crystjﬁons arexl ’1 (see Fq| 5 After%éerotin the su?n of the
without postselection of the events with spectral filters, an ump. Si ngl and idlgr. fields into EQA%) and retainin
while retaining the synchronization benefits available withPUmP. stgna, . . 9
ultrafast pumping. The method is general enough to allo only those terms that give nonzero contributions for the ini-
the entanglement of both the space-time and polarizatio jal vacuum state, we have
components of the state vector, and is especially useful for 1 Sw

situations where the single-pass state is not highly entangled, f, == —> > VoxDeeek ek Ly
as is often the case in parametric downconversion. 227 5y “we
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The state after the initial pass of the pump pulse through
Initially, we consider the downconversion produced by athe PDC is calculated via the usual Taylor series approxima-
single pump pulse on its first pass through the crystal. Théon to the Schrdinger evolution over the interaction tinfe
interaction Hamiltonian is giving

e el Vold, (T &
M= B PEROERD, Dy 2]iy a2 S

I W We

where y? is the second-order electric susceptibility tensor _ _
for the medium. dez g (@p@omwellgi(kp—ko—kelZ}, (7 ct")
The pump pulse is considered to be an intense coherent z

field that it is not significantly affected by the occasional
annihilation of one photon. We therefore treat it classically, Xéil(wo)éll(we)Jr H.c.||vao, (A4)
with an electric field given by

Eﬁ)(t):Vov(z— ct)ee'thpl@p) T eptl, (A2) Wheregz")z(e%)eses’;s; and we have dropped terms of order

g? and higher that contain four or more photons. Next we let
Here V, represents the maximum amplitude of the pump
field, while v(z—ct) is a dimensionless “envelope” func- ct"=z—ct’ (A5)
tion that propagates in thedirection. The envelope function
may be complex, to reflect a “chirped” or other complicated so that
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_ gvolxly ow a(wo)= _é-yl(wo),
|¢1(T)>_ 1+ ih E% ;e R R (A12)
ay(we): ay1(we).
X f dz dllkp(op) ~ko(@o) ~ke(we) |~ (wp—wo—wec}z Thus, the state before the second pass of the pump pulse may
z be rewritten in terms of the final field modes as
zlc
" M\ al (0o + we)t” 3 at
X fz/c—Tdt W(Ct )e t ayl(wO)axj'(wE) |'/11>:|Va0>— 775(1)2 2
Wo We
+H.c.||vac (AB) ><a(“’o""“e)q)(wovwe)|‘”o>x|“’e>y! (A13)

where we have introduced the notatiofwge)x.y
with the full time dependence of the pump field represented= é]:,y(wo,e)|vac> for a Fock state with a single photon in the

by the complex amplitude signal or idler modes.
A The origins of the signal and idler modes for the second
w(t)=w(ct)e'“r". (A7) downconversion process, which are again taken to be at the

_ _ center of the PDC, have phas#g=Ks(ws)lsigna and o,
Becausav(t") is nonzero only for a small range of times, the = k;(w;)! ¢ relative to those of the first process; meanwhile,
limits of the time integral may be extended+ae, so that the the pump pu]se has acquired a phage kp(wp)l pumpduring

state is then given by its propagation to M1 and back. Helgyai, ligier, andl pymp
are the optical path lengths of the signal, idler, and pump
_ beams, as measured from the center of the PDC to the mir-
la)=| 1+ 7]5ww20 % (0ot 0e) P (0o, we) rors and back. The interaction Hamiltonian for the second
downconversion process is therefore given by
At at
X &)1(wo)a5(we) +H.c.||vac), (A8)
y1\ Wo)dx1\ We “ 1w .
fle=g 2 2 2 &% vy
where
% | dz e—i(wp+w0—we)tei(kp+k0—ke)zy 7—ct
gldyl Vo f 2 ( )
BT (A9
Xal(wy)a)(we) +H.C. (A14)
is a dimensionless creation efficiency parameter, Treating| ) as the initial state for the second process, the
1 (e state of the light after the second interaction is
a(w)Eﬁf dtw(t)e't (A10)

|‘//>:[1+ néw, 2, €U0 q(wo+ we) P(w,,we)

w w

is the Fourier transform of the temporal profile of the pump ° e

ulse, and A A

P X Al o)Al we) +H.C.|| ). (A15)
O (wo vwe):ei[kp(w0+we)7ks(wo)7ki(we)]ZOSinq%[kp(wo+we)

Letting the creation and annihilation operators act| ¢n)

—Ks(@o) —ki(we)JL} (A1l)  and keeping only the terms of lowest ordersjgives
is the phase-matching function produced by zhetegral in _
Eq. (A6) for a downconversion crystal of length centered | )=|vag— ’75“’0)20 % (0ot 0e) P(wo, we)
at positionz,. We will choose the origin for the depen- '
dence of the field operators to be at the center of the crystal, X[ oy we)y =€ U™ wo) |wedy]. (AL6)

so thatzo=0. We have dropped the dependenceTan the ) o )
notation for|,), with the understanding that the state is The minus sign in the brackets shows that our apparatus is
valid (up to a phasefor all times after the first interaction is Not adding the two processes together, as mandated by Eq.
completed and before the second one begins.

After passing through tha/4 plate twice and being re-
flected back into the downconversion crystal, the signal and Sthis does not imply that all of the photons are emitted from the
idler photons have their polarizations exchanged, while theigenter of the PDC. The phasés; , link the origins for the field
frequencies are preserved. As shown in Fig. 8, the field opmode operators from the first and second downconversion pro-
erators for the modes returning to the crystal are thereforeesses: these operators are then explicitly integrated over the PDC
related to the “process one” signal and idler modes by length for each interaction.
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(3), but is instead subtracting them. For consistency, we
therefore defined= 6+ 6,— 6,+m, so that =0 corre- Ml I

sponds to the symmetrized, and not the antisymmetrized, 1 ww L ,L
State: 1 — l l
c. g |7
(BK-7 Glass) p
[)=vag— 7602 X a(wgt we)®(wo,ve) : —
W e
1
i 1
X [|wo>x|we>y+ el 0|‘”o>y| we>x]- (A17) 1
' 7
EEEN 4
APPENDIX B: DISPERSION IN THE MICHELSON s /
INTERFEROMETER Z
) . ) ) PDC MD2 M4 M2
Underlying the calculatiof®)—(25) is the assumption that (BBO) (Fused Silica) (Quartz, negligible)

0, the relative phase between the origins for process 1 and ) ) .
process 2, is a frequency-independent quantity. However, FIG. 9. The signal and idler photon pairs accumulate a
this assumption is not strictly correct, as we can see by exirequency-dependent phase shift relative to the pump pulse as each

panding Eq.(8) in a Taylor series about the mean signal color travels differently through dispersive elements in the Michel-
idler. and pL.Jmp frequencies: "son interferometer. Free-space paths are indicated by thick, dashed

lines, and paths inside dispersive media are indicated by thin, solid

_ _ . , lines. Dark lines indicate the pump path; light lines indicate the
0(ws, wi) =[ks(@)ls+ki(@)li —kp(2w)lp ]+ [ (05— @)ksl s signal and idler paths. Optical elements and path lengths are not

+(wi— @)kl — (ws+ w;— 25)k,’3l o] drawn to scale.

[ (we— @)K+ 2 (w;— @) 2K, slide (1.58 mm).® The free-space propagation lengths for the
s e ' v o and e downconversion beams are labelegdandL,, and

—Hwst+ o — 2a)2kg| ol (B1)  areidentical and fixed; the free-space length for the pugp

depends on the position of the pump mirror M1. We see that
where k{;=dks, /doly, ki=dky/dw|sy, Ki;=d%s;/ Iif Lyischanged by alengthL, the resulting change i6©
dw?|;, andky= %k, /dw?|5; . The first bracketed term de- will be
pends only on the mean frequency of the downconversion,

and not on the particular signal and idler frequencies which AGO=AL 2_“’:27TA_L_ (B4)

are detected. The second and third terms, however, exhibit c N

linear and quadratic frequency dependence. Labeling these P

terms asf?, Y, and 6'*), respectively, we may write We therefore expect the interference fringes in the coinci-

L X dence and single-channel counting rates to be governed by
0(ws, ) =00+ 8 (ws,0) + 0% (ws,0).  (B2) the mean pump Wavelengﬁ,=405 nm.

) ) The first-order phase difference may be written as
To determine whether the frequency-independent phase ap-

proximationd= #©) is valid, we must investigate the relative 0V (0o, 0e) = (wo+ we—2w) 6, (B5)
magnitudes of these terms.
Starting from the center of the crystal, a phase differencavhered’ is not a phase, but is a frequency-independent co-
accumulates as the signal, idler, and pump beams traverséficient:
their respective paths in the two arms of the interferometer, 1
including propagation through dispersive me(ae Fig. 9. r_ L "o oLt - _
Due to the polarization rotation induced by thi plate, the 0"=2 (Kol ot kele= 2Kplp) + 2c (LotLe=2Ly), (BO)
signal and idler beams each spend half their time in the in-
terferometer witho polarization and half their time wite ~ Wherek; . , now refer to the inverse group velocities within
polarization. The zero-order phase difference for the beamall the various dispersive media in the interferometer. For an
returning to the center of the crystal is therefore appropriate choice of ,, ¢’ can become zero, eliminating
all of the first-order frequency dependence an This is
o equivalent to balancing the path lengths in the interferometer
00 =k, (w)l,+ Ke(w)le—Kp(2w)1 o+ E(L°+ Le—2L,). to within the coherence length of the pump. Averaged over
(83  the range of pump frequencies,+ we, the change ing™)
due to a change ih, by a lengthAL is

The first three terms in EqB3) represent the accumulated

phase difference within the various dispersive elements: the

BBO downconversion crystals mm), the fused silica di-  ®The M4 plate is expected to contribute a negligible amount of
chroic mirror (6.35 mm) at a 45° angle, and the BK-7 glass dispersion and is omitted from these calculations.
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<wo+we 20)y 40 AL sent the total group velocity dispersion for the downconver-
(A 6<1>>w ‘o, 5 2 eALzzwﬁ—, sion and pump pulses, respectively.
¢ P (B7) Unfortunately, no values ofg, and ¢, can be chosen that

will entirely eliminate 62 for all frequenues however, we
where £,=2m(c/o) is the coherence length of the pump can choose values that minimize EBS8) for the most likely

pulse(about 50um). downconversion frequencies in our experiment. To do this,
After similar simplifications, the second-order phase dif-we note that the most likely pairs of frequencies are those
ference may be written as which maximize® (w,,w.) by zeroing the argument of the
2 5?2 52 sinc function in Eq(13):
0wy, we) =[(wy— )*+ (we— )]0
(@g,0e) =L (e (e )]0 (ko= k) (@o— @)+ (ki — k) (we—@)=0.  (B10)
— (0ot we—20)* ) (B8) . . . .
This expression can be used to eliminaig or w, in EQ.
with (B8): it is then possible to choos#, and 6, such that the
Y1 , remaining frequency dependence is zero. For our
boe= 2 (KolotKele), interferometer, this calculation revealed that? could be
, (B9)  minimized by placing 2.04 mm of BK-7 glass into the pump
0,,:KL|p arm. The plateC had an actual thickness of 1.58 mm, which
P2 left some residual quadratic dispersion uncompensated in the
experiment.
where ki =%k, o/dw?|; and ky=d%k./dw?|,; are the To see the effects of any residual first-order dispersion

group velocity dispersions for each of the various media; thépath-length imbalangeand second-order dispersion, we
productsk”l are understood to be summed over the patmeed only replace our original parameteby its expansion
lengths traveled within these media. Again, the parameter@2) in the quantum stat(@) and recompute the quantities of
0o @nd 6, are not phases, but are coefficients which repreinterest. For coincidence counts, the result is

1 T i \12 i \12
Rag(67,60©,0",60., R — ‘(—) o+ +15+17 co%ﬁ(o)Jrarg{ —) g+ +1g+1] }
AB( oe ) ABO 2 2‘/—2 ( 0 1 0 l) Hoe ( 0 1 0 l)
i l2 co{ 09+ ar% 12
22w 22600 00) —4i] VO L a?(2607— 040 —4i]
Vo [z(1 |64 -7 T_
- erlz|5- —) rec( 01— 7 | (B11)
where
. 1526/ 79+ 70) ,(T X)2 |(To+ 7e)(1—X)£26|
lo= dxexp —i (B12)
0,1
\/—+2| (2605~ 65e)
and
2 2
T_ Tot T,
L —X— 071 0'( 02 ex—ﬁ'”
l,= dx(1- =i - B13
2 f_l X(A=phexp\ —1 o e gia%20, 0l (B13

’5-mm BBO crystal, 0.25-in. fused silica dichrdiariented at 45° for an effective length 7.27 mm
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FIG. 10. (a) With dispersion ind included, the

1 coincidence rateRag(57,6",6q,,06;) still dis-
\ plays sinusoidal variation with the zero order,
0.8 [’\ frequency-independent phagt?. (b) For the
;! symmetric cased©=0 (solid line), the dip is
R 0.6l ] ‘\ wider than before, and does not fall to zero.
AB — I S These plots were made with parameters corre-
o.af T T T Ne——— S sponding to a 5-mm-long BBO crystal and a
1.58-mm-thick BK-7 glass compensator plate
0.2l o C. 0=345ps?, 7,=0.38ps, 7,.=1.33ps, ¢’
®) Fealite dispetsicn =0, 0},=2.95<10*pg, and 6)=7.42
X104 ps. (c) The effects of dispersion in the
05 G et L PDC were exaggerated for this plot, by multiply-
57 (ps) ing the values oW, and ¢, by a factor of 10.
1
0.
o.
RAB
0.
0.
10x realistic dispersion
©
-0.5 0 0.5 1
ot (ps)
Rago remains as defined in ER6). The integralsla1 andl, Iy
must be evaluated numerically. A comparison with Exp) _ ar Jo 10220 —61)—ai]
reveals many similarities for the cases with and without dis- 0el & p Yoe

persion: the first and last terms in the expression are un-
changed, since they do not depend @nwhile the second
and third terms generate fringes@is varied. Recalling Egs.
(B4) and(B7), and assuming

then appear as fixed phase offsets for the new interference
fringes. The new expected coincidence rate is plotted in Fig.
10(a) as or and 6©) are varied. For these plots the integrals
(B12) and (B13) were computed numerically, with the as-
sumption that the interferometer was perfectly balanced so
that ¢’ =0, and with values ob, and 6, appropriate for the
dispersion introduced by the optical elements in the experi-
ment. Figure 1(b) is the same plot for only the valug’®

Loy, (B14)

we can regard small changeslig (on the order opr) as
affecting (%), but not¢’. The factors

| =0 and 9= 7; this is to be compared with Fig. @), in
ar{ 2 which the dispersion has been exaggerated by a factor of 10.
VOod 02(20)— 00) —4i] We should also note what happens to this structure if the
path lengths in the interferometer are out of balance by an
and amount comparable to the 0m coherence length of the
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FIG. 11. (a) A blowup of the central region of
the plot in Fig. 1@a); this is also Fig. B) seen
from a different perspective, and corresponds to
the region covered by our data s@) The effects
of a —10-um shift inL,. In this case, the Mich-
elson interferometer is not balanced, and the first-
order dispersion term(nominally zerg has a
value of #'=—0.033 ps. There is a shift in the
position of the dip away frond7=0, and a slight
reduction in visibility.

.
S
D
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N
] N
R
N

pump. In this situation, the first-order dispersion coefficientference; agé is increased from zero te_/2, this fraction

¢’ is no longer zero. In fact, the alignment procedure in thegrows linearly from zero to one, producing the familiar

actual experiment may have allowed the pump mirror M1 totriangle-shaped dip in the coincidence r&te

be offset from the optimal path length balancing condition by A pulsed-pump situation is shown in Fig. (b2 Once

as much as 1@um. The effect of such an error is shown in again, by the previous argument, the interfering photon pairs

Fig. 11: the net result is a translation of the central dip andnust have been born in two different regions of the crystal.

peak structures away frodir=0 and a slight reduction in But now, the two photons carry “spectral labelsg’and o,

the dip visibility. that render them somewhat distinguishable: in many cases it
We can understand these effects by considering the eventgll be possible to tell which process actually created the

shown in Fig. 12c), but this figure is clearer if we first con- detected photons by noting which frequency arrived at which

sider Fig. 12a) and 12b). Figure 12Za) depicts a cw-pumped detector. Alternatively, we can see that the pairs are distin-

collinear HOM interferometer, in which the top detector firesguishable in the time domain, because the pump pulse will

first and the bottom detector fires at a later time separated bipllow the first detected photon by different times for each,

At. In practice, we integrate over all possible separationsand couldin principle be registered at the same pair of de-

—7_[2<At<7_/2, to obtain the measured coincidence rate tectors after traveling through the same length of quartz de-

but in principle, each time separation constitutes a distinctay as the signal and idlefsin the top process, the first

joint detection event for which there are two possible causegphoton detected is the photon; the pump pulse will lag by

either ay photon follows anx photon (top line) or an x

photon follows ay photon(bottom line. Before the quartz

delay, which slows thg photon relative to the photon by a e _TeT- St n

time 7_/2+ &7, these two sets of photons must have had tee~lep=7—| 5+ OTHAL I+ Tp(57)

relative delaysr_/2+ 67+ At and 7_/2+ 67— At, respec-

tively. In order to have acquired thgs_e different relativeT de- —[To( 57)+ T;+ srll (B15)
lays, the photon pairs must have originated from two differ- 2

ent regions of the PDC crystal; however, they can still

interfere because the continuous-wave pump does not pro-

vide any distinguishing information as to the time of origin  erhe hump pulse could also be detected any number of other
for the photons. We can also see from Fig(alZhat for  \yays in principle, with or without having traveled through the

some of the possible separations, only one of the two  quartz delay. We choose this particular scheme as a matter of con-
processes can occur—&t is too large, the other creation venience. Of course arguments abdatprinciple information

point corresponds to a point outside the crystal. This meanshould not depend on this choice, and that is the case here: if any
that some fraction of the total detection evefitstegrated delay were added to the optical path of the pump pulse, it would be
over At) does not participate in the destructive HOM inter- subtracted out in Eq$B17) and (B20).
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LY @ the delay between the pump and tghghoton in the PDC; the
‘ &) & 72O+ : (1] cweump second term then subtracts from this the walkoff between the
4 3 ® | | 3 1@% e photon and the photon. The final two terms again repre-
: 1 3 <3 ! |r sent the delay accumulated in the quartz. The difference be-
K nped tjedi-n ' tween the arrival delay@B15) and(B16) is
|
| S f2 0 T f2 o To+ Te
w2 & (tPZ_teZ)_(tPl_tol)zAt( . >, (B17)
P te2 B
| BERL e ® which is independent ofr. When this quantity exceeds the
; = “A, o rSeeis PULSED PUMP temporal duration of the pump pulse, roughlyrlthe two
I I processes are distinguishable from each other and cannot in-
% 1 [T terfere. Therefore, for every setting of the quartz defay
"‘%‘ i e t{& only those photons that arrive at the detectors with relative
A S 7 delays on the order of
P1tol T2 13 T2
( |1
At< — (B19)
tp—le2 =tp—tel 7-0_|_ Te) O
) D A ©
, & ll_AL $ K i : | L, can participate in the destructive HOM interference. This
563 5O | 3 1@§> . represents a small fraction, on the order of (W, + ), of
: 3 :._ ; o L ley 0: i the total number of photon pairs collected over all possible
M?Jzﬁf T J2er-At S O:e ':ll’p delays— 7_/2<At<r_/2. Because the destructive interfer-
ol =7l ence only occurs for this small fraction of the events regard-
—7_75-'3— less of &7, a flattened “trough” structure emerges instead of

the usual triangular-shaped dip.

FIG. 12. (a) Collinear HOM interference with a cw pump. Two Our solution to this problem is depicted in Fig.(&g with
distinct pair-creation processes can give rise to photodetectionhe pair created on the bottom being reflected back into the
separated byt: these are displayed on the top and bottom hori-crystal, along with the pump pulse. Again, following the
zontal lines. From the amount of quartz delay present in the systenipgic of the first two figures, we see that the two photon pairs
we can infer where each pair must have been born in the PDC. Fatapable of registering with a final detection separatian
some values obr, one of the two sets of photons will be missing, must have originated at different points in the crystal. But
and this occurs for a greater fraction of all the possible delays agow, because the ando spectral labels have been switched
|67 is increased: the triangle-shaped dip is the resbitWith @ for the bottom process, it is impossible to use the frequencies
pulsed pump, the_ s|gna|.and |d|¢r photpns ca_rey and “ 0" spec- {5 determine whether the or y photon registered at either
tral labels, and it is possible to distinguish which process created thaetector. To maintain the indistinguishability of these two
pair by examining their frequencies, or by noting the lag in the rocesses, we must arrange for the pump pulse to lag the first

o e o e o e Letected(epolarized photon by the same amount n each
P g9 P ’ P case. For the top process, this lag is again given by Eq.

pump pulse from the first process are sent back through the PDC f -
a second pass. The spectral labels no longer convey any “whici:éls)' For the bottom process, the lag is

process” information, and withL, adjusted correctly, the pump

pulse Iggs the photqn by the same amount for bpth processes. The tpl_tel:E (T_—_ S+ At]+ Lp—Le 7
result is a restored interference dip, as shown in Fg) Bor Fig. T_\ 2
10(b) with dispersion includefd
+Tp(01)—Tyo(67). (B19)

The first term corresponds to delay accumulated inside the _ )

PDC. Tp(87) andT,(S7) are the propagation times for the The first term is the delay accumulated upon passing out of
pump and the photon through the quartz, and we must addthe PDC; the next term is the delay accumulated during free-
to this the delayr_/2+ 87 to get thee photon’s propagation SPace propagation through the Michelson interferometer; the
time through the quartz. In the bottom process, the first photNird term is the delay accumulated during the second pass

ton detected is the photon; the pump pulse will lag by through the length of the PD@vhere the ph(_)ton with the
e-spectral label now propagates with th@olarization; and

the final two terms represent the delay due to the quartz
plates. The difference between the delég$5) and(B19) is
(tpr—te1) = (tpa—ter) =

T—
o= 7)

The first two terms represent the delay between the pump
and theo photon accumulated in the PDC; the first term is (B20)

Te [ T-
=2 T -

T_
5 —+ 07— At

2

+Tp(87)—To(87). (B16) Lp—L,

Tet 7o
. .
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This quantity must be made zero for the two processefop and bottom processes become distinguishable when the
shown in Fig. 12c) to be indistinguishable; in the experi- quantity (B20) exceeds the duration of the pump pulse.1/

ment, this is achieved by positioning the pump mikb2 to  This accounts for the narrow width of the restored HOM dip
in our experiment. Conversely, if the pump mirror is dis-

select the correct value &f,. Because the quantiyg20) is
placed so that , is no longer the appropriate value fér

independent ofAt, the same fixed value df, serves to

maintain the indistinguishability for all of the various rela- =0, there will be some newr for which L, is, in fact, the
tive photodetection separations. However, we see that thigppropriate value to make E@20) equal zero: thus, a nar-
value of L, must be chosen for a particular value of the row dip will appear that is centered at this new valuesaf

quartz delay—ideally, fos7=0. As o7 is then varied, the

This is the shift that is illustrated in Fig. 14d).
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