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Spectroscopy by frequency-entangled photon pairs
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Quantum spectroscopy was performed using the frequency-entangled broadband photon pairs generated by
spontaneous parametric down-conversion. An absorptive sample was placed in front of the idler photon detec-
tor, and the frequency of signal photons was resolved by a diffraction grating. The absorption spectrum of the
sample was measured by counting the coincidences, and the result is in agreement with the one measured by
a conventional spectrophotometer with a classical light source.
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[. INTRODUCTION conventional VUV spectroscopy, and the spectrometer must
be aligned and controlled under the vacuum condition. How-
The polarization entanglement of spatially separated phoever, in case of spectroscopy using the frequency-entangled
ton pairs, generated by spontaneous parametric dowrphoton pair consists of a VUV photon and a longer wave-
conversion(SPDQ, has been used in a variety of quantumlength photor(like a visible photon, the VUV photon trans-
experiments to demonstrate quantum teleportationmitted thorough the sample is to be detected by the photode-
entanglement-based quantum cryptography, Bell-inequalityector without capability of energy resolution. Instead the
violations, and othergl]. visible photon is to be resolved by a spectrometer in the
These SPDC photon pairs are also entangled in their wavatmospheric pressure which is easily handled. This is one of
vectors. The entanglement in wave-vector space is used ime useful features of this method. The method is also useful
various experiments, such as quantum imadgig|, photo-  when the sample is in space and the photons transmitted
nic de Broglie wavelength measureméat-6], quantum in-  through the sample are not easy to be resolved by their en-
terference[7,8], and quantum lithography9—11. It was  ergy.
claimed and experimentally verified that they have higher Another situation is the case when the spectroscopic prop-
resolution than the classical limit, which will be used to vari- erty of a fragile sample is to be measured in infrared range.
ous applications. The power of the light source must be very low not to dam-
On the other hand, in the case of quantum imaging, thege the sample, and yet an infrared photodetector is usually
information about the shape of a spatial filter is transferredso noisy that a signal-to-noise ratio is very low in the mea-
by entangled photon pairs, therefore it is useful for secursurement using the classical light source. However, when the
two-dimensional information transfer. Compared with thefrequency-entangled photon pairs are used, the coincidence
case using the polarization entanglement, it can send muatounts are measured, then one of the photons of each photon
more information by the entanglement of the wave-vectompair works as a timing gate for the measurement of another
space taking an advantage of the continuity of the entanglephoton of the pair which is to be resolved by its energy, and
parameter. A protocol for quantum key distribution was pro-the signal-to-noise ratio is expected to be enhanced substan-
posed based on a system whose dimension is higher than 2ftilly. This is another advantage of this method.
Ref.[12]. The SPDC photon pairs are emitted conically from the
In this paper, a frequency entanglement was used to meg@oint where the pump light is focused on the beta-barium
sure the spectroscopic property of a sample, which can aldoorate (BBO) crystal. Using a parabolic mirror, all SPDC
be used for nonlocal pulse shapifig]. The state was maxi- photon pairs in the light cones are collimated without achro-
mally entangled by using a continuous-wa(@v) pump  matic aberration, and travel to a beam splitter without ex-
[14-16. Focusing the pump on a SPDC crystal by an objecpanding their beam diameters keeping their polarization en-
tive lens, the bandwidth of SPDC was extended. It enabletinglement. It is not aimed to use the polarization in this
us to measure the absorption spectrum of a sample in broaéxperiment, so signal and idler photons are separated from
band. Various types of spectroscopic measurements wekmach other by a polarizing beam splitter which destroys the
performed utilizing classical light source including sophisti- polarization entanglement. When a nonpolarizing beam split-
catedly constructed extremely short pul§€g]. However, in  ter is used in place of the polarizing beam splitter, the photon
the following situations, spectroscopy utilizing the frequencypairs detected at the photon counters have polarization en-
entanglement can be a powerful way to measure the spectrtanglement, which can be used for quantum cryptography
scopic properties of the sample. [18,19. Therefore using the polarization entanglement and
One of the situations is the case when it is difficult tothe frequency entanglement simultaneously, it will become
analyze frequency of photons transmitted through an absorgpossible to implement wavelength-division multiplexing
tive sample. For example, to measure the spectroscopic propA/DM), quantum cryptography, or WDM quantum key dis-
erty of a sample in vacuum ultravioléfUV) range, a spec- tribution, which can send much more information compared
trometer must be settled in a vacuum chamber in case of theith the case of polarization-only entanglement.
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photons by a nanosecond delay u@RTEC 425A, the
coincidences are counted by a time-to-amplitude converter/
single-channel analyzefORTEC 567 followed by a
FIG. 1. Experimental setup. Details are given in the text. ~ computer-controlled multichannel pulse-height analyzer
(MCA:ORTEC TRUMP-PCI-2k
II. EXPERIMENT

. . . . IIl. THEORY
The schematic drawing of our experimental setup is

shown in Fig. 1. Frequency-nondegenerate photon pairs are In this paper, we discuss the application of the frequency-
generated by SPDC in a 1-mm-thick type-ll BBO entanglement of SPDC photon pairs to absorption spectros-
(B-BaB,0,) crystal pumped by the second harmonic light copy. The state of generated SPDC photon pairs can be writ-
(1.5 mW) of a cw Ti:sapphire laser operated at 859.4 nm. Toten as[14-1§

generate photon pairs by bandwidth extended SPDC, the
pump light is focused on the BBO crystal by a microscope =

objective lens of 8-mm focal lengtf.1). Generated SPDC WWJ deJ doB(ost 0) P (0, 0)| g o)
photons diversing from the focal waist are collimated by an (2)
off-axis parabolic mirror(M) of 25.4-mm focal length. A ¥ . .

prism pair(P1,P2 is used to eliminate the remainder of the where|9>j=ajT(w)|Q> is a single-photon state whose fre-
pump light, which can be a noise source in the experiment<JUency isw. aj(w) is the photon creation operator for fre-
When the light beam passes through the prism pairs, th@U€Ncyw photons. Herg=p, s, andi indicate the pump,
beam height was lowered by a mirr@v3), and only the signal, and idler waves, respectively(w) is the Fourier
SPDC pairs are picked out by another mir(dt2). The sig-  transform of the classical field of pump laser, and

nal and idler photons were separated from each other by a ,

polarizing beam splitte(PBS). Vertically polarized photons P (w5, wi)*sind Ak(ws, 0;)L/2] 2)
(signa) are reflected by the PBS, and diffracted by a gratin : : . e

(G) (1400 grooves/mm Horizontally polarized photons gi/i t:vﬁhp&aesehrgzécm?sgmgjtgﬁl({Zg;n\ggrgxsgégeaség(x)
(idler) pass through the PBS and a partially absorptive™ P P P
sample. = () — :

A 2.5-mm-thick plate of N&"-doped glass was used as a Aklos, o) Zhs(ws) +hilw) kplwst wi). 3
sample. The main absorption transitions in°Ndiround the  As easily seen from Eq2), thinner crystals are preferable
visible spectral range are froffi g, to 2G(?Gspp), *F,,  for the generation of broadband SPDC photon pairs. Gener-
4F¢;n, and *F5,, of which peak wavelengths are located atally, in our quantum experiments using SPDC photon pairs,
about 580, 750, 810, and 870 nm, respectively. The spectrutthick crystals as thick as 5 mm are usually used to obtain
of signal light is centered at 840 nm, and it overlaps with thehigh SPDC conversion efficiency. However in this paper
absorption peaks at 810 and 870 iisee Fig. 2, of which  broadband SPDC photon pairs are indispensable for its spec-
transitions are studied in this paper. troscopic measurement, thin crystal of 1-mm thickness is

Both signal and idler photons are collimated into fibers byused.
lenses(L2,L3) and then detected by a set of two single- The wavelength resolution of this system is calculated as
photon counting module§SPCM: EG&G SPCM-AQR-14 4 nm usingdy¢/2F, wheredy, ¢;, andF are a gap of
Delaying the electric signal from the SPCM detecting signalgrating grooveg1/1400 mm), a fiber diameter (12mm),
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FIG. 4. Coincidence spectrum with the Nddoped glass
and a focal length of lens L211 mm), respectively. It is sample, accumulated scanning a grating arfigieid line) and one
much narrower than the full width of the parametric fluores-without a sampleédashed ling
cence spectrum.

Since a cw laser is being used as a pump, the pump banthe sum of coincidence counts at each stepincidence
width is also much narrower than the width of the parametricspectrum. The center wavelengths of the signal and idler are
fluorescence spectrum. It forces the sum of signal and idlecentered at 883 and 840 nm, respectively, and the full widths
frequency to be equal to the pump frequencywgs=ws  at half maximum(FWHMs) are 63 and 69 nm, respectively.
+ w;, and it entangles a SPDC photon pair in its frequency Then, rotating the grating, coincidence spectrum was
as a signal photon at frequeney/2— w is generated with an measured with the Nid -doped glass sample in the idler
idler photon at frequency,/2+ w. light path, accumulating for 120 s at each stepe Fig. 4.

The wavelength resolution of the system and the pumghe wavelength calibration is performed using a reflection,
bandwidth are so narrow that, using some approximationszeroth-order diffraction, from the grating. Beside the center
the absorption spectrum of the sample can be easily calcwavelength of the SPDC light, the glass sample has two

lated ag21,22 absorption peaks at about 810 and 870(see Fig. 2, so the
idler photons are absorbed and the coincidence counts are
Re(wp— ") reduced in the spectral ranges.
A(w')=—log;g 4 By dividing the coincidence spectrum without a sample

Rc,samplé Wp— o')

whereR; sampi{ @) is @ coincidence counting rate when the :
sample was placed in the idler path, aRgw) is the one 3k — C'a§3'03| i
without the sample. + coinc

IV. RESULTS AND DISCUSSION

Figure 3 shows coincidence counts accumulated for 30 s
without a sample when the grating angle is set to diffract the
center wavelength of signal light, and the coincidence counts
have a peak at the delay time of 18 ns determined by the
delay unit.

Coincidence counts averaged from 5 to 45 ns except be-
tween 14 and 22 ns delay is used for the calculation of a
background noise. In this paper, coincidence sum counts are
obtained by the integration of the coincidence counts during 0 850
the delay from 14 to 22 ns and by subtracting the background
noise.

Rotating the grating around the vertical axis crossing the FIG. 5. The absorption spectrum calculated by dividing the co-
incident point of the idler beam, coincidence counts are acincidence spectrum without a sample by one with the sample. The
cumulated for 120 s at each step without a sample. Theolid line shows the absorption spectrum measured by a ultraviolet—
dashed curve in Fig. 4 shows the wavelength dependence ofkible—near-infrareqUV-VIS-NIR) spectrophotometer.

absorbance

870 920

wavelength of idler photon (nm)
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by one with the sample, the absorption spectrum of thenfrared range. Not to damage fragile samples, the pump
sample is calculated, and compared with one measured bylight power must be very low, but the photodetector for a
ultraviolet—visible—near-infrare€UV-VIS-NIR) spectropho- infrared range is usually so noisy that it is difficult to mea-
tometer in Fig. 5. The absorption spectrum determined fron$ure the characteristics under such situation. However, using
the ratio of the coincidence counts fits fairly well with the the frequency-entangled photon pairs, one of the photons of

one measured by the conventional spectrophotometer excefc" Pair can be used as a timing gate for the other photon of
in the spectral range from 860 to 880 nm, where the sampl < par _resolved by its energy. It increases the S|gr_1al-to-
) ’ . fioise ratio, so the measurement becomes much easier than
absorbance is large and the amount of trans_mltted photons jga case using the classical spectroscopy apparatus.
so small that the error tends to be substantially large. A type-Il BBO crystal is used for production of SPDC
photon pairs entangled in polarization. All photon pairs in
the SPDC light cones are collimated by a parabolic mirror,
and travel to a beam splitter. In this experiment, a polarizing
beam splitter was used to separate signal and idler photons
In conclusion, the absorption spectrum of the’Naloped  from each other effectively. However it destroys the polar-
glass plate was measured using an frequency entangled twigation entanglement. Using a nonpolarizing beam splitter in
photon state generated by spontaneous parametric dowptace of the polarizing beam splitter, the SPDC photon pairs
conversion. This method is performed without resolving thedetected at photon counters have the polarization entangle-
frequency of idler photons which transmit through the ment besides the frequency entanglement, and it will enable
sample. It is greatly advantageous in the case when the trang/DM cryptography to be implemented which has an ability
mitted photons are not easy to be resolved by their energyp send much more information than the case not using the
like in vacuum ultraviolet range or in space. The methodfrequency entanglement.
using the frequency-entangled photon pairs has an advantage
over the one using classical method, when the spectroscopic ACKNOWLEDGMENTS

property of a fragile sample is analyzed in a spectral range We thank Dr. Haibo Wang and Tomoyuki Horikiri for

V. CONCLUSION

where any low-noise photodetector is not available, like intheir valuable discussion.
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