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Simultaneous measurement of group and phase delay between two photons
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We report on an experiment to determine both the group and phase delays experienced by orthogonally
polarized photon pairs traveling through a birefringent medium. Both types of delay are determined from the
same set of coincidence-counting data. The experiment is based on an interference technique using two-photon
multipath indistinguishability to produce an interference feature. Earlier work has shown that this interference
feature can be used to measure the group velocity of single-photon wave packets in dielectric media. In the
current work, the two-photon interferometer has been modified to produce an additional interference feature
that is sensitive to the phase velocity of the light. We have used this technique to simultaneously measure the
group delay in crystal quartz with a precision of 0.1 fs and the phase delay with a precision of 8 attoseconds.
Our analysis clarifies the effects of group and phase delays and shows the unexpected result that dispersive
temporal broadening, which is well known to be canceled for the original interferometer setup, is not canceled
for this type of “postponed compensation” interferometer.

PACS numbes): 42.50.Dv, 42.62.Eh, 07.60.Ly

INTRODUCTION termined by measuring the shift in this feature as that sample
is inserted into the common path. Here we report on a modi-
In the past two decades, the entangled photon pairs spofieation of this configuration that retains this high level of
taneously emitted from parametric down-convers{BDC)  accuracy for thegroup delay, while adding the capability to
sources have been used for tests of quantum mechdn®ls  simultaneously measure the relatieasedelay between the
for quantum information processirig], for metrological ap-  two photons. The modification consists of relocating the bi-
plications[4], and for measurement of the differential optical refringent delay line and the sample from the common path
group delays, or polarization-mode dispers{@®MD), in bi-  (pefore the beam splitteto a “postponed compensation”
refringent materiald5,6]. This last application, driven by position (after the beam splittgf8], and then observing the

increasing communication speeds, is becoming more impoigyift jn photh the dip and the interferometric fringes as the
tant as the chromatic dispersion of manufactured 0pt|ca§(,j“.np|e is inserted into the post-delay path

components(particularly communication components such Because the technique is based on HOM interference, we

as fiber$ is reduced to lower and lower levels. Becausebegin with a brief overview of that phenomenon and of the
type-ll phase-matched PDC sources can be arranged to prQ-

duce pairs of orthogonally polarized but collinearly propa_modification§ that produce sensitivity to both the group'and
gating photongwhich can become entangled in their polar- phase veloc_:lty. We then pres_ent the results of an experlmer_lt
izations, it readily lends itself to measurements of demonstrating that_the technique can measure group delay in
differential optical delays. High resolution is possible be-2 Sample to a precision of 0.1 fs and phase delay to a preci-
cause the photons of a down-converted pair are created sion of 8 attosecondéas. In the Appendix, we present a
multaneously, and because the common optical path taken B{gorous derivation of the two-photon interference pattern
both photons provides excellent interferometric stability. ~ and its dependence on both the group and phase velocities of
Thus far, it has been demonstrated that a common-pati€ photons in the post-delay material. We also note there
version of the Hong-Ou-MandéHOM) interferometef5,7] that the dispersion cancellation that usually occurs in two-
can be used to make PMD measurements to a precision ghoton interference from cw-pumped PDC sourf@s11]
~0.2 fs[6]. The uncertainty of that technique depends ondoes not occur in this new postponed configuration. This
how well one can find the center of an interference feature—dispersion cancellation is usually one of the main differences
the “dip” in coincidence count rate seen as a common-pattbetween the quantum-interferometric technique and classical
delay is scanne@see Fig. 1L The PMD of a sample is de- methods of determining PMD; the other differences, which
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FIG. 2. (a) The HOM interferometer(h) Feynman-like representations of the two ways to detect a pair of photons in coincit®idee
coincidence counting rate as a function of relative delay.

are retained here, are as follows: broadband light may be processes lead to measurably different time separations be-
conveniently produced with a cw source, whose bandwidthiween the photodetections. This time separation could, in
may be simply controlled by adjusting the crystal lendgth;  principle, be used to keep track of whether each coincidence
unlike a classical common-path interferometer, differentialevent was an R-R or a T-T event. Therefore, these processes
losses _fo_r .the two polarl_zat_lons will not _reduce th? Ir)_'t_erfer-are distinguishable and cannot interfere, and the overall co-
ence visibility in this coincidence-counting techniqué)  incidence counting rate is then just the sum of the individual
coincidence counting rejects many sources of backgrounghtes for each. However, as the path lengths are made more
noise and improves interference visibility, while for a classi- 304 more equal, the R-R and T-T processes lead to detection
ca! version the noise could only be somewhat overcome by, separations that are more and more alike; when the
using bright broadba}nd Sources S.UCh as uItra}short !asersz ative delay between the paths is zero, the time separations
fluorescence scattering would limit their maximum intensi- .t een the firings of detectors 1 and 2 for the R-R and T-T
ties. coincidence events become identical, making these two pos-
sible coincidence paths indistinguishable from one another.
HOM INTERFERENCE At this point, the destructive interference of the T-T and R-R
amplitudes is complete, and no coincidences will be ob-

In the classic experiment of Hong, Ou, and Mantidl  gerved. Thus, as the photon path defayis scanned from a
two photons from a PDC are brought together at a bear‘hrge negative value to a large positive value, the

splitter whose output ports are, monitored by two photon-qincidence-counting rate traces out a “dip” that can fall to
counting detectors as in Fig(@.” A “two-photon” is de- ;&g 4t the point of zero path delfsee Fig. 2c)]. Because
tected as a coincidence between the two detectors. There &gs complete destructive interference is in conflict with the
two ways to produce such a coincidence: either both phopegictions of classical optidd,12], the coincidence dip has
tons are reflecte(R-R) or both are transmittedl-T) by the  pacome a well-known signature of quantum interference be-
beam splitter. Because the two-photon amplitudes for doublgyeen two photons, or, more precisely, between alternate
reflection and double transmission are of opposite sign, theNNO-photon paths.
can canc_el each oth_er completely if a 50/50 beam splitter i; Hong et al. first applied this two-photon interference to
used. This cancellation means that the two p_hotons of a pajeasure very short time delays between two photons in air,
cannot both be ref!ected or both be transmitted; thus, the¥ffectively mapping out the temporal profile of the single-
cannot end up at different detectors. If the two detectors arBhoton wave packd?]. Later, Steinberg, Kwiat, and Chiao
monitored in coincidence, there will be a complete lack of ;seq HOM interference to measure the time delay experi-
coinciden.ce counts due to th.is.destructive interference. enced by single photons in glagd or in tunneling through
There is a caveat here: this interference can only occur if, yarrie13). They also discovered that the temporal broad-
the two coincidence pathways, T-T or R-R, cannot be distingping of the photon wave packets that would normally occur
guished from one another by any auxiliary measurementy e 1o group-velocity dispersid&VD) in the glass does not
such as the relative arrival time of the photons. Theynnearin the coincidence-count profile—the GVD is com-
Feynman-like diagramigFig. 2(b)] of Pittmanet al.[8] Show  pjetely canceled because the photons emerging from the
how the coincidence paths become more or less d'S““gu'S%arametric down-converter are entangled in frequency.
able as the relative delayp,) between the photons is varied. = ggyeral years ago, Pittman and co-authors used a modi-
For significantly unequal path lengtheelative to the coher-  fieq HOM interferometer to ask a provocative question:
ence time of the down-converted lighthe R-R and T-T  «can two-photon interference be considered the interference
of two photons?” Their answer was “no,” for their experi-
ment [8] showed that destructive two-photon interference
INote the separated path interferometer diagrams of Figsagd ~ can occur even if the single-photon wave packets do not
3(a) are, for our purposes, equivalent to the combined path setup gdverlap at the beam splitter, provided that the indistinguish-
Fig. 1. We use the separated path diagrams here as a conceptual adility of the R-R and T-T coincidence events is maintained
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FIG. 3. Postponed-compensation version of the HOM interferometer.

as detected. This was done in their experiment by means oflay the relative group delays between the signal and idler
“postponed compensation” delay line, which selectively re- photons. The fringes that arise, however, are sensitive only
tards one of the photorafter the beam splitter in order to to the relativephasedelay acquired at the central frequency
equalize the relative time delays for a doubly transmitted oof each photon’s spectrumThus, by monitoring a shift in
doubly reflected photon pair to reach the detecfeee Fig. the position of the envelope and in the position of the under-
3@]. lying fringes as an unknown sample of birefringent material
Though it was not important for their demonstration of is added to the interferometer, we can simultaneously mea-
what does and does not constitute “two-photon interfer-sure both the group delays and the phase delays imposed on
ence,” another feature of the scheme of Pittnadral. is a  the photons by the sample.
modulation between a constructive-interference “peak” and
a destructive-interference “dip” in the coincidence rates as
the amount of post-delay is vari¢dee Fig. &)] [14]. With
the help of the Feynman-like diagrams of Figb3 we can We constructed a common-path HOM interferometer to
see that indistinguishability now occurs for a specific, butinvestigate how precisely the group and phase delays of an
nonzero, separation between the detector firing times, anadnknown sample might be determined. The apparatus, shown
requires a postponed delay that is equal to twice the requireitd Fig. 4, measures coincidence counting rates as a function
delay before the beam splitter. Also note that in the postof birefringent delay, and produces different results when the
poned setup there is a delay , that occurs in only one of delay(and samplgis located either before or after the beam
the two coincidence types, while the delay before the beamsplitter. Our results show how well the system can be used to
splitter ¢, in both Figs. 2 and 3 is common to both of the simultaneously measure both group and phase delays of a
coincidence types. It is the fact that in the postponed setugample. To create the photon pairs, a 351.1-nm, 0.5-W Ar
¢, provides a differential delay between the two coinci-laser was used to pump a BEB-BaB,0O,) crystal, cut and
dence types that allows the fringes of Figc)3to arise. aligned to produce orthogonally polarized, collinearly propa-
In this postponed compensation scheme, the coincidenagating down-conversion photons at a center frequency of
dip envelope retains its characteristic shape, as determinetD2.2 nm.(There is of course nothing special about 702.2
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FIG. 4. PMD measurement scheme shown with two types of interference patterns. Theéupper pattern results when the variable
delay is placed aftetbefore the beam splitter.

2We derive this result in Appendix A. The absence of the usual dispersion cancellation is also presented there.
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nm; other wavelengths can be measured by selecting otheach detector were oriented@t= 6,= /4, to obtain count-
pump wavelengths.A prism before the BBO crystal was ing rate profiles of the forn{A31)—a triangular envelope
used to reject laser light other than the 351.1-nm beam. Ailled with sinusoidal fringes. This polarization orientation
high efficiency, narrow bandwidth 351-nm mirror after the allows photons of either polarization to be detected with
BBO crystal blocked the pump light from the rest of the equal probability.
system, while passing the longer wavelength down- We measured coincidence-counting rates as the delay
converted light. thickness was varied. For an actual optical delay measure-
The differential optical delay line used in our setup is ment, an unknown sample would also be inserted in the path,
essentially a continuous variable-thickness birefringent plateadjacent to the delay line wedges, and the shift in the inter-
It consists of a pair of identical quartz wedgesith their  ference pattern would then be observédliternatively, the
optic axes oriented out of the page in the perspective of Figsample could remain in the beam path but be rotated 90°,
4). One wedge is fixed, while the other can be translategproducing twice the shift, as we shall se®ur initial mea-
along its hypotenuse to produce different amounts of delagurements, obtained without such a sample, are used simply
without deviating the collinearly propagating beams. Theto determine how well the interference features can be
differential group and phase delays produced by thisnapped and their positions located using the delay-line tech-
variable-thickness quartz plate were calculated to be 32.198ique. This characterization is important in determining un-
and 29.981 fs/mm, respectively, at 702.2 nm as determinedertainty limits of the method and it is crucial in choosing the
from published index-of-refraction data5|. The delay line  optimum operating paramete(s.g., crystal length, measure-
could be placed either in the common péblefore the beam ment time, etg.for making actual group- and phase-velocity
splitter) or in one arm after the beam splitter, providing post-measurements of a sample.
poned compensation as shown in the figure. For the setup with the delay line before the beam splitter,
To prevent scattered pump light and ambient light fromwe have previously found the triangle-shaped dip of Eq.
reaching the detectors, spectral filters of various widths centA33), with its width proportional to the BBO crystal length
tered at 702 nm were placed in the common path just beforgg]. For the postponed delay configuratitthe major focus
the beam splitter. The beam splitter was designed to havef this pape), three lengths of BBO crystal§00, 100, and
equal reflectance and transmittan¢B|?=|T|2=0.5, with 50 um) were tested. The data for the three crystal lengths are
minimal polarization dependence. The polarizers in front ofshown in Fig. 5. In each case, sinusoidal fringes are observed

063808-4



SIMULTANEOUS MEASUREMENT OF GROUP AND PHASE . .. PESCAL REVIEW A 62 063808

TABLE I. Fit parameters and uncertainties for two measurements of the interference pattern.

BBO crystal length(xm)

Delay type Fit result 500 100 50

Group Envelope full widthW) (fs) 266.4 54.9 36.3
Envelope center fit uncertaintyDye) (fs) 0.4 0.2 0.1

Phase Fringe periotP) (fs) 2.358 2.305 2.387
Fringe phase fit uncertaintysQyy) (fs) 0.002 0.003 0.005

inside envelopes of finite width, and the peak fringe ampli-that is, by twice the group delay walkoff over the full length

tude is nearly 100% of the constant rate outside of the envd- of the down-conversion crystal. The factor of 2 arises here

lope. because the delay is postponed until after the beam splitter,
The spectral filters used for each of those measurements discussed earlier.

were broad to avoid affecting the coherence of the down-  The fitted values oP and W for our data are shown in

converted light and thereby broadening the width of the in-Table I. The fitted values for the fringe period given in Table

terference envelopes. This was most successfully achievddagree with the expected value of 2.342(falf the pump

for the 500um BBO measurement, where the triangular en-laser period to within 2%. The origin of the slight varia-

velope shape is strikingly clear. The 5@ BBO measure- tions, as well as the small systematic deviations between fit

ment exhibits some rounding of the triangular envelfpe  and data seen in Fig. 5, are not presently understood and will

In fact, it could be fit equally well with a Gaussian or trian- be investigated further.

gular envelope, although triangular fit functions were used There is a possible ambiguity that must be considered

for each data set to simplify the comparison. when determining the phase delay. The group delay is
The fit function, a sine wave with a triangular envelope,uniquely determined by the shift of the interference enve-
was of the form lope, but any observed shift in the phase of the fringes is

consistent with an infinite number of possible phase delays

. (D—Dys) D—Doe (because additional delays of any whole number of fringes
Re=Aj{1+Bsin 27 —73 A( 1 )] (1) will produce the same apparent phase ghiftherefore, it
W would seem that we can only determine the phase delay up to

_ . ~an additive constant—an integer multiple af.Zortunately,
where D is the length of post-delay quartz that is varied this ambiguity, which is common to all interferometric tech-
during a scan. This is the form of the coincidence rate preniques for determining phase delay, can be dealt with in this

dicted by Eq.(A32), with parameterA corresponding to a case by noting the following relation between the grong) (
“baseline” pair detection rate and parameallowing for  and phasén) indices of refraction:

imperfect visibility of the sine modulation. The fringe phase
and period are given bfy; and P, respectively. According dn
to Eq. (A32), the fringe period is given by Ng=N—Agy- (4)

p— ¢ @) Therefore, if a series of measurements of boghand n is
w[ng(w)—nHw)]’ made at different wavelengths, these quantities can be used
to approximatedn/d\. Then only one value of the afore-

where ng(w) and n{®) are the slow and fast indices of mentioned additive constant will provide consistency for
refraction in the post-delay material at the mean downpoth sets of measurements with &d).

conversion frequency. The triangle functiar{x) is defined Figure 6 shows an example of a shift due 1o a sample—a
by Eq. (A27); the center of the triangular envelopeT,,  (0-902£0.003)-mm quartz plafe-as it is rotated by 90°.
and W is its full width. Again according to Eq(A32), we Note that rotating the 0.902-mm sample is equivalent to in-

expect that the triangle full width should be given by serting a 1.804-mm sample. For this particular measurement,
the sample was actually located before the beam splitter,

dk,|  dk, while the delay line was after the beam splitter. This allows

W:zT_Ez(_ S ) ®) us to clearly see the factor of 2 difference in the effects of

do|, do| delays before and after the beam splitter, predicted by Eq.

(A31). In other words, after the beam splitter we should need
twice the delay length—3.608 mm of quartz—to compensate

3The filters’ spectral full widths at half maximum were 80 nm for
the 500um crystal and 174 nm for the 100- and &fa crystals.
The filters’ spectral shapes were roughly between Gaussian and*All uncertainties given in this paper refer to combined standard
Lorentzian(see Ref][6]). uncertainties, with coverage factlr 1.
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for the sample. The observed value was (3.6375cans of the interference shape for the 100-BBO crystal.
+0.006) mm, which is equivalent to (0.989.0015) mm of ~ The error bars are the uncertainty of the fit determination.
sample delay. This differs from the actual sample length bylhere is clearly an overall drift of the envelope center and
(0.007+0.003) mm or about (0:20.1) fs of sample delay. the fringe phase with time of-0.4 fs. We believe that this
Note that this technique, as implemented, yields optical desmall shift, equivalent te-0.1 um, may be due to tempera-
lays in terms of quartz length. Interpreting these delays a#re variation of some birefringent component, as there was
times depends on the prior knowledge of the dispersive prop?0 attempt made at temperature stabilization. It is a signifi-
erties of the quartz wedges and their geometry. Of course, @nt point that because of the common path arrangement of
system using a conventional air delay line would eliminatethis system, this low level of drift can be achieved without
this requirement. using any of the usual construction techniques required for
Ultimately, the uncertainty with which group and phaseinterferometric stability. Looking beyond this relatively
delay can be determined depends on how well the envelogévial drift, we have fit these two parameters to a low-order
center and fringe phase of the interference feature can HeolynomiaP to extract a true measure of the repeatability
located. To test the stability of the system, repeated scans @Pise. This can be found from the rms deviation of the points
the interference shape were takémithout moving any from the smooth fit curve as seen in Fig. 7. This analysis
sampl@. Figure 7 shows the resulting fit parameters for theyi€lds a scatter of 90 as for the envelope center and 8 as for

envelope center and the fringe phase of those successiVie fringe phase. Both of these values are consistent with the
error bars, and the envelope uncertainty is consistent with

100 pm BBO our previous work with the original honpostponed HOM
setup[6]. These results show that with this postponed delay
0.4 —Ak =174 nm . arrangement, phase delay can now be measured while retain-
ing the capability and accuracy of the group-delay measure-
ments.

In comparing this level of uncertainty for the differential
group delay with that of most existing PMD techniques, we
can see that this method offers the potential for significant
improvement. A summary of five PMD measurement meth-
1 ods by Namihira and Maedgl6] lists accuracies ranging
from 15 ps to 3 fs, while a more recent work claims an
i accuracy of 50 agl7]. In addition, a summary of dispersion
measurements by Knox lists accuracies as good-@4 fs
[18].

Fringe Phase
o, =8asec

|

Envelope Center |
c,= 90 asec

Optical Delay (fs)

DISCUSSION

L . L . L L . We first note that in traditional HOM interferometers
6 2 4 6 8 10 12 1 (without postponed compensatjoithe correlation envelope
Scan full widths expected for 500-, 100-, and 20w BBO crystals
) are 124, 24, and 12.4 fs, respectivgsl, while we observe
FIG. 7. Re_peated scans of the two-photon interference featur966, 55, and 36 fs, respectively. We expect a factor of 2
were taken with a 10@m BBO crystal and a 175-nm bandpass ;,rease in the observed dip widths because, as noted after

filter and fitted t_o Eq.(1). The parameters repr_esentlng e_nvelopeEq_ (A31), a delay before the beam splitter requires a com-
center and the fringe phase are shown. The optical delay times were

converted from quartz delay lengths using the appropriate quartz_______

delay data(i.e., 29.981 fs/mm for the fringe phase and 32.192

fsimm for the envelope cenerThese fit parameters were them- >The order of the polynomial was cut off at the point were no
selves fit to a low-order polynomial as indicated by the lines. Thefurther significant reduction in the reducgd was obtained. For
scatter(8 as and 90 asfrom those lines indicates the repeatability Fig. 7, this occurred fon=3. This is essentially the point at which
and noise of each determination. the uncertainties in the additional parameters exceed their values.
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pensating delay of twice that after the beam splitter to
achieve indistinguishability of the two types of coincidences
and produce an interference. That the &0- measurement
yields a factor significantly greater than 2 most likely results f?
from some spectral limiting of the down-converted light by
the spectral filter. While the 174-nm filter used is fairly , RT ,
broad, the slight rounding of the triangular envelope further PP¢ By Sow  VBe
indicates that some residual spectral limiting is occurring
that IS n'ot due to the BBO crystal length alone, adding addi- FIG. 8. Schematic of the collinear HOM interferometer with
tional width to the observed shapg,19]. postponed compensation.

It is also worth noting that the observed fringe phase un-

certgin';ies ofr(]).OOZ—r(]).OO?]fs are ext_remelyhshort tirlnes. .TheEaul Kwiat for helpful conversations. This work was sup-
are, in fact, shorter than the constraint on the simultaneity of,,te py the National Research Cour(@.B.), the United

the creation of a down-converted photon pair. The uncergatag Department of Commer¢a.M.), and the National
tainty relation between time and energy gives a maXim“m%cience FoundatiofA.V.S) R
o)

time that can elapse between the creation of two photons
a pair. This time At) between the creation of the two is
limited by the uncertainty relatioAEAt=%/2, whereAE is

the energy deficit when one down-converted photon makes
its appearance before its twin. This deficit would typlcally be We consider the collinear version of the HOM interfer-
about half the pump photon energy, so fgf=351nm,At  ometer, shown in Fig. 8, in which the signal and idler pho-
is limited to~0.2 fs. The fact that the fringe uncertainties aretons are orthogonally polarized along the extraordin@y
already much smaller than this value is not, however, a vioand ordinary(o) axes of the PDC source and propagate in the
lation of the uncertainty principle. The uncertainty principle same direction until reaching the beam splitter. Traditionally,
simply sets a limit on the minimum width of a distribution, delays between the two photons are imposed by placing vari-
not on how accurately its mean can be determined. ous amounts of birefringent material before the beam splitter.

Finally, we note that in this experiment, both the centralpostponed compensation is introduced by means of addi-
frequency and the full spectrum of the down-converted photional birefringent material placed after the beam splitter.
tons’ wavepackets play a role. That is, even though the lighfyhen the polarizers are oriented to transmit light polarized
is detected two photons at a time, each member of this emat 45° from thee or o axes, they destroy the distinguishing
semble registers as part of an interference pattern that manpolarization information that would otherwise reveal which
fests both single-frequencyphase-delay and broadband photon arrived at which detector. Because either photon may
(group-delay properties. In some sense, each photon carriepe transmitted through such a polarizer with equal probabil-
the full spectrum of the down-conversion, but, just like clas-ity, and because the polarization state of the photon after
sical light, can exhibit features that depend either on the fulkach polarizer cannot be used to reconstruct the original po-
spectrum or just on the central frequency. larization ~state, the double-reflection and double-

In conclusion, we have demonstrated a two-photon intertransmission processes are rendered indistinguishable, and
ferometer that can be used to simultaneously measure grouRerefore capable of interfering. The postponed compensa-
and phase delay with very high resolution and stability. Theijon performs a similar function, by equalizing the relative
switch to a postponed compensation configuration maintaingrrival times of the photons and ensuring that no distinguish-
the resolution of the previous method, while adding phaseing information could be retrieved by making such a mea-
delay measurement capability. We have also providad syrement.

Appendix A) a complete analysis of the effects of pre- and  The photon pair is generated by a cw-pumped type-Ii
post-beam splitter delays, clearly showing that envelopgarametric downconvertéPDC) of lengthL. We assign the
shifts are due to group delay while fringe shifts are due to“e” polarization label to the signal photon, and the™
phase delay. There we also derive the unexpected result thglel to the idler. The photons pass through a birefringent
GVD is not canceled in the postponed configuration, as it igjelay line of length, characterized by slow) and fast )

in the traditional nonpostponed case. indices of refractionig,,n ), for the e ando polarizations,

It appears that, with the current system configuration withrespectively. The photons then impinge onto a beam splitter
its inherent stability, resolutions of 0.002 fs are possible. A§BS) with reflectivity R and transmissivityT. The reflected
this is significantly below the time-energy uncertainty limit |ight passes through polarizé,, with its axis of transmis-
on the simultaneity of the creation of down-converted photorkjon rotated clockwise by an angly away from the ordi-
pairs, it will be interesting to see whether or how that limit nary polarization, and then impinges onto deteciy.
can be seen to manifest itself in the interference line shapavieanwhile, the transmitted light passes through the post-
poned compensation delay line of leng¥h characterized by
slow (S) and fast(F) indices of refractioniis,n ), and then
through a similar polarizeP, oriented at angled, before

We thank Gregg Jaeger and Antoine Muller for help withreaching detectoD,.
the data, and Todd Pittman, Warren Grice, Eric Dauler, and We work in the interaction picture, with the state vector

Beam
Splitter

Polarizer (6,)

APPENDIX A: CALCULATION OF THE
COINCIDENCE-COUNTING RATE
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evolving only according to the interaction Hamiltonian in the D (wg,w;)=siNg[Ke( wg) + Ko wg) — ke(wp)]L/Z}
PDC medium, while the field operators evolve according to
the free-space Hamiltonian and propagate from the PDC to

the detectors. In this picture, the state vector for a pair ofg the type-Il collinear phase-matching function for the sig-
signal and idler photons emerging from the PDG28] nal, idler, and pump beams in the P@ith wave numbers

_ (1) Ke, Ko, andk,, respectively.
|¥)=Mlvag+n|y™), (A1) Assuming the detectors are perfectly efficient, the prob-

where 7 is a down-conversion efficiency parametm'is a ab|||ty that deteCtODl registerS a phOton within a time in-
normalization constant, and tervaldt; centered at time¢; and that detectdD, registers a
photon withindt, centered at, is pq(t;,t;)dt;dt,. The
(I _ 5_(» D guantity p,, is an instantaneous probability density given by
|)= o P (ws, i) the normally ordered expectation value

Wg , Wj

X j Tidt’e’i("’p""S""i)t'|ws)olwi)e. (A2) Prats,t) = (¥ EL (1) ETV (1) ES () ES (1)1 |9),
0 (A4)

Herew,, is the frequency of the monochromatic pump, while . o _
ws,w; are the signal and idler frequencies, afd is the =~ WhereE; , are the operators for the electric fields reaching
spacing between frequency modes, to be taken to zero whehe detectors, dimensionalized so that the intensiﬁ‘s_»tgﬂ2
calculations are performed; is the interaction time, and the have units of photons per second. Each of these electric-field
notation|w), e refers to a single-photon Fock state in a modeoperators, in turn, may be written as a Fourier sum of inde-
of frequencyw and polarizatioro, e. The function pendent, monochromatic field modes labeled at the PDC:

. Sw |12 . ,
SWCHOTIE E) 2 [cog 1){Rag(w)e'Mt Lot T/, (w)e @11}

+5in(6;) {RBg(w) el Lol T8 (w)e ™ @4} (AS)

and

N Sw\ 12 . .
E5"(t2;0,,L.D) = 5) 2, [c08 0;){Tag(w)e k(@ kst IP ol 214 R gg, (w)e ™ ''2)

+5in(02){Tay(w)e' kA LHkAID 0= )l L R1g ) (w)e™ @'} ]. (AB)

In these expressions; , are the times required for the light to propagate through all of the free-space portions of the paths
from the PDC to detector®; andD,, respectively. Heré () andk (w) are the dispersion relations for the slow and fast
polarizations within the first delay line, whiles(w) andk { @) are the dispersion relations within the postponed compensation
delay line. Each electric-field operator also contains a vacuum compdangrir &,,, coupled in from the other side of the
beam splitter via the reflectivitiR’ or transmissivityT’, which will not contribute to the coincidence counting rate.

After inserting Eqs(A2), (A5), and(A6) into Eq.(A4) and letting the annihilation operators act on the state vector, we have

=] 0 Ti .
Plz(tlytzi91,92,5,9):’—(22)2 fo fo dwsdwiCD(ws,wi)fo dt’e'(p=@s @IRT

X [COS 01)S|n( ﬁz)ei{[k4<‘°s)+k/(“’i)]£+ kH0)) D— w4ty — 1) — 0j(t,— 72)}

2
+ Sln( 01) Cog 02) ei{k-;(‘”s> + k/(wi V1L +kg(wg) D= wj(ty— 1) — wg(tr— 7'2)}] (A?)

in the limit asSw—0.

Because the interaction time is already much longer than the inverse bandwidth of the light allowed by the phase-matching
function, we may extend the limits on the time integratte, so that this integral becomesrd(w,— ws— ;). This can be
used to eliminate one of the frequency integrals in &), so that
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/” o0
P1oty,ty;6041,60,,L,D)= > JO doP(ws,w,—0g)RT

< [COS 01)S|n( ez)ei{[k,'(ws)+k/(‘”p_“’s)]£+ ki wp—wg) D= wg(ty = 1) = (wp— wg)(ta— 72)}

2
+Sin( 01)005{ az)ei{kJ(wS)Jrk/(wpfws)]EJr ks(wS)Df(wpwa)(tlfTl)fws(’[zfrz)}] . (A8)

The total probability for a coincidence coumRy,, is the integral ofp;,(t;,t;) over all possible photon arrival times,t,

within the coincidence resolving time. However, most of this joint detection probability will accumulate over a much smaller
range of arrival times, namely, the mutual coherence time of the two-photon wave packet. Therefore, we can extend the limits
of the time integrations ta-oe, so that

P12(91,62,£,D)=f J dtldthlz(tl!tZ;011021£!D)' (Ag)

Inserting Eq.(A8) into Eqg.(A9), we obtain, after taking advantage of the Di@functions in frequency produced by the time
integrations,

RT?

PlZ( 911021‘612)): | 7’|2 2

{[1—cog26,)cog26,)|B+sin(20,)sin(20,)[F (L, D)+ G(L,D)]}, (A10)

where

BEJ dws|®(w31wp_ws)|2y (A11)
0

F(ﬁ,D)E J‘oodwscp(ws’wp_ ws)q)* (wp_ ws’ws)ei{[ky,(ws)*k_‘,(wp*a)s)+k/(cup*ws)*k/(u)s)],CJr[ks(ws)*kf(ws)]D}’ (A12)
0

and

G([:,D)E J dwsq)(ws 1wp_ ws)q)* (wp_ ws,ws)ei{k.;(ws)_ku(“’p_ws)+k/(‘”p_“’s)_k/(ws)]ﬁ"'[ks(“’p_ws)_kﬂwp_‘”s)]p}_
0

(A13)
|
The integrals in Eqs(A11)—(A13) may be performed with dk, dke
the help of a Taylor series expansion of the argument® of ™= ol do _) L (A16)
about the meaifor degenerajedown-conversion frequency, g @

. The pump frequency is fixed ate? To first order in u " i i
frequency, this produces is the “group delay walkoff,” or difference in group-delay

times for light traveling the length of the PDC medium with
ordinary or extraordinary polarization. We substitute Eq.
(A14) into Eq.(A11) and integrate to find

(I)(w51wp_ws)ESind% T_Vs), (A14)
B’:Vf dvssiné(3 7_vy)
where o
2
ve=(ws— w) (A15) = (A17)
and In the same fashion, E¢A12) may also be written as
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” ds sincz(% T Vs)ei{k_,,(m ve) —k(0—vg) Tk (0= vy =K (w+ vy L+ [ks(w+ve) —Kzs(w+ v9) 1D} (A18)

F(E,D)Ef

To perform this integration, we will make two more Taylor series expansions. First we expand the coefficigntseoferms
corresponding to propagation through the first delay line:

[kK(o+tvs) =K (w=ve)+KAw—vs) =K A0+ vs)]L

kbt e, Gk dkdi|dk
- u'|a) -;|a)+ /lw /|w+vsdw ;—’—Vsdw; Vsdw - Vsdw =
2K, 2k, d2k d2k
g —dig thiga —hvig tell (A19)

The first four terms, involving phase-velocity differences inthe GVD terms, and retain only the constant and first-order
the birefringent material, cancel completely. The last fourterms in the expansion, so that

terms, involving group-velocity dispersidGVD), also can-

cel each other completely—this is the dispersion cancellation
effect discovered by Steinbesy al. Like the phase-velocity
cancellation, it occurs because the frequencies of the two
photons are entangled so that if one has frequangyv,, tvs7s6(D), (A23)
the other must have frequenay— v. We can see from the where

form of Eq.(A19) that all subsequent terms carrying an even

D
[ks(@+ve) —kfw+ vy [D=w[ng(w) —NHw)] =

power of vg will be similarly canceled, leaving only the dks¢  dk4
terms with odd powers ofs. The lowest-order surviving s D)= Jol- do D (A24)
terms may be rewritten to give wly Yely

is the group-delay walkoff in the postponed delay line.

[k{otvs) —k(o=vd Tk A0=vs) =K (wtvs)]L With the approximations of Eqs(A20) and (A23) in

=2v7,/(L), (A20)  place, we may now rewrite E4A18) as
where |:(£,D):eia[ng(;)—nf(a)](D/C)joo dvg
dk dk, _
T ALD=| g0 ~gol_|L (A21) X Sin@(% 7_vg)eld2n A0+ 7sADI - (A25)

) ) ) The integral is an inverse Fourier transform which yields
is the group-delay walkoff in the delay line.

Now the terms in Eq(A18) corresponding to propagation T/(E)Jr% 7sHD)
through the postponed compensation delay line can be SimF(L,D):( & :
larly expanded, and it is at this point that the differences 3T
between predelaybefore the beam splitterand postdelay (A26)
(after the beam splittebecome apparent. The relative phase
accumulated in the postdelay is

2_7T> ol wlns()=nA@)1(Dle) A
.

where the triangle function is defined as

_ _ 1—(x|, —1sx=1
[ks(w+ve) —KA w+vs)]D A(x)=[ I . (A27)
0 otherwise.
dkd  dk
=|ksla— KAzt YSdo |- Sde | In a similar fashion, Eq(A13) may be evaluated to give
d2k d2k G(ﬁ,'D)
+%v§d—§ —%vg—; +---|D. (A22) .
w5 do®| 7,(L)+3 75H(D)

_ (2_77) e iolng(@) —nx@)1(Dlc) A

1
Note that no cancellations of any kind occur here, except in - 27-
the case of balanced dispersidri]. In particular, the GVD (A28)
is not canceled for the light which travels through the post-
poned delay line. For what follows, we will choose to ignore =F*(L,D).
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AR i M! TR ’ll il m )
Al , ! ” emitted, as a function of the lengths of quartz
0.05 delay lines placed beforel) and after(D) the

0 beam splitter.

Inserting Eqs(A28), (A26), and(Al7) into Eq.(A10), we is determined by the group-delay walkoff in the delay line,
have, for the total probability of a coincidence count, 7,,(L), as compared with the group-delay walkoff in the
PDC, r_. On the other hand, as the length of postponed

|RT? delay D is changed, two effects are at work: the triangular
P101,0,,L,D)=Pe——1 1~ c04260,)cod 26,) envelope is still traced out according to the group-delay
walkoff, 7, (D), but this envelope is modulated by a sinu-

soidal fringe pattern that oscillates according to the relative
+sin(201)sin(202)co{5[n5(@ phase delays for the two polarizations in the medium. Also,
as noted previously, the amount of postponed group delay
required to scan through the dip is exactly double the amount
required if it is placed before the beam splitf&r14].
If the interferometer contains only postponed deldy,
but no delays before the beam splitter, therfais scanned

L)+ 3 754(D)

1
2 T—

3

D
—”f(a)]g>/\

(A29) we will observe the cross section of this figure that displays
where the fringes: Eq(A31) becomes
Po=|nl2( VD 1
==l X1 ProA wl4,m14D) = = [1 cos(—[ns(—)
122 A30
=|ml" — (A30) D\ [ D)
—nf(a)]g Al ——] 1.

is the probability that a signal and idler photon pair is emit-
ted by the PDC within the interaction time. If the beam split- (A32)
ter is chosen to havdR| =|T|=0.5, and the polarizer settings
are chosen for maximum dip visibilityy, = 6,= w/4, then ~ Note that the half-width of the triangle function, in the de-
the probability of a coincidence count given that a photonnominator of the argument o, is now 7_ and notr_/2.
pair is generated is On the other hand, in the absence of any postponed com-
pensation, Eq(A31) reduces to
7)12(7T/4,’7T/4,[,,D)

_ Pu(ml4ml4.L,D) P wlb,wl4.L,0) = %{1—/\( Tl/ (E)> ] . (A33)
= PE 5 T—
1 _ D and we recover the usual triangle-shaped dip for type-II cw-
) 1—COS<5[n5(w—n;(5)]E) pumped HOM interferencgs]. In this expression, only the
group delays appear. However, at least one report seems to
T AL)+2 75HD) claim, erroneously, that the phase delays, and not the group
< Al -2 2 s ] (A31)  delays, govern the shape of the {ifi]. Therefore, we must
1T emphasize that for delays occurring before the beam splitter,

it is only the group delay that matters when tracing out the
This quantity is plotted in Fig. 9. As the length of predelay HOM coincidence dip. This is what one would expect based
material, £, is changed while the postdela, is kept fixed, on classical intuition, and based on the demonstration by
the coincidence-counting rate traces out a familiar triangleSteinberget al.[9] that identified the propagation velocity of
shaped dig5]. The value of the counting rate within this dip single-photon wave packets in media as the group velocity.
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