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1. Background and Summary

Quantum information science based on the quantum entanglement between multiple parties is
fundamentally changing the way we view information and our physical world. Research in these
areas has made rapid progress in recent years, although many daunting tasks remain. In particular,
the practical success of many quantum communication and cryptography applications will require a

robust source of correlated photon pairs.

The main process used in generating photon-pairs is parametric down-conversion in »® materials. It
has been recently demonstrated that parametric amplification in fibers [1,2] using four-wave mixing
(4WM) in #® materials can be a source of correlated photons. Here, as shown in Fig.1a, two pump
photons are absorbed to generate a pair of Stokes and anti-Stokes photons. Such a process is also a
parametric process and owning to energy conservation, the pair of photons in the Stokes and the
anti-Stokes sidebands are correlated. Furthermore, it has been suggested that parametric generation [3]
can lead to generation of entangled photons with a proper choice of an anomalous dispersive fiber.

And we demonstrated this experimentally [4,5]

Microstructure fiber (MF), with its central silica core surrounded by patterned air holes, can have
very small effective mode diameters (~ 1 to 2 um) allowing for high field intensities and a wide
range of wavelengths (400 nm to 1500 nm) that can propagate as a single spatial mode. These effects
greatly increase optical nonlinearities in the fiber, and ease photon collection. Four-wave mixing
(FWM) in MF is starting to be considered as a correlated photon source [5-8] alternative to the

well-accepted method of parametric down conversion (PDC) [9-12].

Using parametric generation via 4WM, we efficiently generate correlated Stokes and Anti-Stokes
photons by tuning the laser wavelength slightly above the zero-dispersion point in order to compensate
for the self-phase modulation. The negative group dispersion in the near infrared is provided by the
use of a micro-structured fiber (see Fig.1b) with a micron-sized core and with the zero-GVD point just
below 830 nm. The small core allows us to achieve high irradiances at low input power, for high

efficiency generation of correlated sidebands.
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(a)

s

Fig. 1. (a) Schematic Energy diagram of the four-wave-mixing process used in the generation of
correlated photons (b) SEM image of the cross-section of the “photonic crystal fiber” used in the
experiments.
There are two key parameters in measuring the performance of a single photon source. These are the
Coincidence-to-accidental ratio, i.e., the C/A contrast, and the photon generation rate (photon flux).
Comparing to other previous experiments, we have achieved in this project a record in the photon

flux, at a relatively high C/A contrast.

For per mW pump power and per nm collection spectral bandwidth, the present result
(53.7 kHz/mW/nm) also exceeds coincidence rates by a PDC in bulk crystals (0.2 kHz/mW/nm) [13],
and it is comparable to the rates by PDC in poled crystal waveguide sources ( ~ 50 kHz/mW/nm)
[14-16]. In the opposite regime, where we maximize contrast at the expense of count rate, we

achieved a contrast of 300:1 at 50 uW with a coincidence rate of 45 Hz.

2. Annual Progress and Technical Development

There are a few stages during the course of the project. During the first half, we concentrated on
demonstration of the effect, and on solving all related technical issues. After the mid-term review, we
concentrated on developing a high-performance, robust, all-fiber source, and the study of other novel
effects, such as the fiber optical parametric amplifier (F-OPA), and the reverse four-wave-mixing
process. During the first stage, one key technical problem was the high Raman scattering noise level.
In order to solve this problem, we have made a large number of attempts, including cooling the fiber
to liquid Nitrogen temperature, etc. We eventually solved the problem by carefully tuning the
four-wave-mixing phase-matching, and go beyond the Raman scattering window. In addition, we
improved the single photon collection efficiency using a double reflection grating spectrometer setup
which we developed. These technical developments were unique in our group and enabled us to

achieve results better than all competitors.

3. Research Achievements and Comparison with Competing Groups
We have performed and published four experimental works. These are (1) the observation of
correlated photon generation, both in bright beam regime and at the single photon level, (2) the

observation of optical parametric amplification in a micro-structured fiber, (3) the observation of the
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reversed four-wave-mixing process and correlated photon generation with this method, and (4), the

highly efficient generation of correlated single photon pairs.

All four results compare favorably in terms of time of publication and quality of results, with those
achieved by a competing group funded by DARPA. In the following, we describe some of the results

more in detail.

3.1 Observation of correlated photon pair generation

Fig. 2 shows the experimental setup. The generation of correlated beam via 4WM takes place in the
1-meter long micro-structured fiber where we send 3ps pulses from a Ti-Sapphire oscillator. A grating
is used to separate the Stokes and Anti-Stokes beams. The beams are collimated, frequency filtered
using adjustable slits, and finally reflected back to the grating, but vertically shifted in order to permit
the separation of the beams. They are then combined with another pump beam and focused into a
second microstructured fiber, which provides the parametric amplification. The new Stokes and

Anti-Stokes beams are again separated using a grating.

Fig. 2. Experimental setup for 4WM
and parametric amplification in
microstructured fibers.

We reported single photon correlation measurements,[4,5] where we achieved significant quantum
correlation and generation of photon pairs. Here we achieved similar correlation measured classically,
by monitoring the noise fluctuations of the beams. The noise spectra and their fluctuations are
measured by mixing the signals from two amplified low-noise detectors into a phase-shifting mixer,
which provides the following signals N.:

N, =<IZ>+<Ii>42<1-1, >, (1)

where Is and 15 represent the Stokes and Anti-Stokes detector signals, respectively.
When we detect the beams generated via 4WM in the first fiber by monitoring the noise fluctuations

on the left side of Fig. 2, we observe strong classical correlation between the two beams. Fig. 3a shows

the quadratic dependence of the noise in the two beams with the optical input power in each detector.
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Because of the strong correlation between the beams, the circles showing N. given by Eq. (1) indicate

a much reduced signal.

In Fig. 3b we show the measured noise as function the wavelength mismatch between the beams. The
perfect matching situation is when the wavelengths of the detected beams conserve momentum in the
4WM mixing process when the pump photons have 834 nm. The maximum correlation is 60%, which

means more than half of the photons in the beams are correlated.
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Fig.3 a: Measured noise <ls?>+<lI,%> (squares) and N. (circles) at 20 MHz show quadratic

behavior as functions of the optical power in the balanced Stokes and anti-Stokes detectors. The

solid line shows the measured standard quantum limit (SQL), for reference. b: Normalized

correlation of the noise of I, and |5 as function of the mismatch between the probed beams. The

squares are calculated using Eq. (1) with the measured I, ,Is, and N_, while the circles show direct

measurement of N.. and N..
3.2 Observation of parametric amplification in a micro-structured fiber
We selected a narrow spectral portion of one of the beams generated via 4WM in the first fiber, and
used it as a seed for the parametric amplification process in the second fiber. In Fig. 4a we show the
spectra of the Stokes beam being amplified up to 40 dB in a 2 m micro-structured fiber by increasing
the 834 nm optical pumping. The inset in Fig. 4a shows the spectrum of the amplified Stokes beam at

864 nm.

The measured gain for the parametric amplification increases monotonically with peak pump power,
as shown in Fig. 4(b). The nonlinear coefficient y and the group velocity dispersion parameter D
used in the least-square fitting procedure are y=71/W/km and D=2.2ps/nm/km, respectively. It is
noticed from the fitting that there exists a critical peak pump power P, only above which
parametric amplification starts. For this specific 1.7m long microstructure fiber used in our
experiment, P, is approximately 15W. It is expected that the critical peak pump power drops when

increasing the length of the fiber, because the gain depends on the product of PL.
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The relative noise correlation is determined by . <'->=<!°> <2lils > Forequal
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detection efficiency, if the detected signal and idler pulses are fully correlated, I" approaches unity.
Without seeding of the signal pulse, the correlation between the signal and idler pulses is shown in
Fig. 5(a), with a maximum correlation at about 80% at relatively low power. This is consistent with
the earlier photon counting measurements [4,5]. With seeding of the signal pulse present, we
measure a higher correlation between the amplified signal and idler pulses, with T" approaches unity
as shown in Fig. 5(b).
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Fig. 4. (a) Measured spectral of the amplified signal pulse at different peak pump power.
Incident signal pulse: central wavelength 864.16nm, average power 0.75uW, FWHM bandwidth
0.7nm. Incident pump laser pulse: central wavelength 834.7nm, FWHM bandwidth 0.3nm. (b)
Measured gain of the amplified signal pulse versus peak pump power, filled dots: experimental
data; smooth line: fitting results with Eq.(1). Conditions are the same as in (a). (¢) Measured
parametric gain spectrum. The filled dots are the experimental measurements. The smooth line is
calculated using Eq.(1) and the fitting parameters in Fig. 2(b). (d) Measurement of spectral shift
and broadening as functions of the peak pump power. The filled dots and open dots are the central
wavelengths and the FWHM bandwidths of the amplified signal pulses, respectively, obtained by
fitting the measured spectra with Gaussian functions.
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Fig. 5. Intensity cross correlation measurement, (a) without the seeding of the signal pulse; (b)

with the seeding of the signal pulse, the seeding pulse is the same as used in Fig. 2(b).
In conclusion, we have built a fiber-based near-IR photon-pair source based on four-wave mixing in
a micro-structured fiber. We have significantly improved the correlation between the Stokes and
Anti-Stokes beams by using parametric amplification in a second fiber, using as seeds the beams
generated in the first fiber. This system proves to be a very efficient fiber-based optical
parametric amplifier pumped by a Ti:Sapphire oscillator. The signal and idler beams are strongly
correlated, and spectrally narrow. The conversion efficiency is on the order a few percent, allowing the
generation of several mW of average power; while the noise measurements indicate that the correlated

photons exceed by 2 orders of magnitude the uncorrelated ones, with a big C/A contrast.

3.3 Observation of the reversed four-wave-mixing process and correlated photon generation

As we have shown, the spontaneous four-wave-mixing process is sufficient to generate correlated
Stokes and anti-Stokes photons[6]. In these cases, two photons from the pump field (w) are
simultaneously absorbed in a nonlinear 3 medium to create a pair of signal (o) and idler (c)
photons at different wavelengths, under the condition o + @, = 2 . Of course, another possibility
exists. Here, a pair of signal and idler photons can be annihilated to create two “pump” photons of
the same color, 20 =w, +w, . This is the reversed process of the degenerate FWM process. These
two new photons are necessarily generated simultaneously and hence are correlated, owing to energy

conservation. The experimental setup is schematically shown in Fig. 6.
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Fig.6. Schematic experimental setup. FC: fiber coupler, BS: beam splitter, SMF: single mode fiber, A/2: half wave
plate. M1 and M2 are mirrors. The inset shows the normalized spectra. The dashed line is for the pulse exiting from
MF1. The solid line is for the selected signal (836.7nm) and idler (832.8nm) pulses.

A linearly polarized laser pulse of 3ps at 835nm drives the FWM process in a first 1m long
microstructure fiber MF1. The output of MF1 is collimated onto a high power diffraction grating
(2,200 lines/mm). Using two narrow slits, a pair of parallel polarized pulses at conjugate frequencies
(Asigna=837nm and Aiger=833nm) are selected and they are overlapped in the second 1.5m long fiber
MF2. MF1 and MF2 have zero dispersion wavelengths at 835nm. The spectra of the FWM output from

MF1 and the selected conjugate pulses are respectively normalized and plotted in the inset of Fig. 6.

Photons at the middle frequency (A=834.8nm) in the output light pulse from MF2 are selected and
directed to a 50/50 non-polarizing beam splitter, with an overall collection efficiency of
approximately p=0.7. The output photons from the beam splitter are coupled into two single mode
fibers and they are detected by photon counters with overall efficiencies of n;=0.06 and n,=0.09,
respectively. Photoelectric pulses from the two photon counters are analyzed by gated logic units for
coincidence measurements. In the experiment, the photon counting rate at each photon counter is
kept at such a level that, on average, less than 0.05 photon per pulse is emitted at the wavelength of
834.8nm from the nonlinear optical process in MF2.

The experimentally measured coincidence counting rate (the filled dots) as a function of peak pump
power P is plot in Fig. 7(a). The theoretical values (the solid line) contain both that calculated using a
simple theory and the calculated accidental coincidence counting rate. As can be seen in Fig. 7(a),

the experimental data qualitatively agree with the theoretical calculations, but are generally smaller.
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Fig. 7. (a) Coincidence rates versus peak pump power (P). The filled and open dots are
experimentally measured coincidence and accidental rates, respectively. The solid and dashed
lines are calculated coincidence and accidental rates, respectively. (b) Measured photon counting
rates (filled and dots) versus peak pump power (P) at two photon counters, fitted with a parabolic
function N=Ng+a;P+a,P? (solid and dashed lines), respectively. (c) Measured I'c;s versus peak
pump power (P). (d) Measured I'ca Versus wavelength mismatch. The signal pulse is fixed at the
wavelength of 836.7nm with P;=0.5W; the idler pulse is tuned at around the wavelength 832.8nm
(corresponding to 0 in wavelength mismatch). P, is kept at 0.06W. Filled dots: experimental
data, dashed line: Gaussian fitting. Each experimental point in (a)-(d) is taken as a 10-minute
average.

3.4 Highly efficient generation of correlated single photon pairs

For high-speed and high-fidelity quantum communication and cryptography applications, two basic
conditions are required for the correlated photon source - a high coincidence rate and a high C/A
contrast. Here, we report significant advances in each of these parameters using a fiber-based
correlated photon source and a degenerate FWM scheme. With signal and idler photons separated in
wavelength by 100 nm, we achieve a coincidence rate of 37.6 kHz with a C/A contrast of 10:1 with a
collection bandwidth AA= 0.7 nm in free space operation. This is the highest measured rate per

bandwidth in a fiber-based photon source to date.

As shown in Fig. 8, we couple linearly polarized laser pulses from a Ti:Sapphire oscillator into a 1.8
m MF, with polarization along one of the principal axes of the MF. The laser wavelength is 735.7 nm
(with AA= 0.1 nm), which is the zero dispersion wavelength of the MF. The broadband output from
the MF is directed to a high efficiency grating (1,800 lines/mm). A two-pass grating geometry is
used to spectrally spread, select, and then re-image the beam to achieve efficient single mode

collection. The selected signal and idler wavelengths are A;= 688.5 nm and 4; = 789.8 nm, each with
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AA= 0.7 nm set by an adjustable slit. Interference filters (AA= 10 nm) at the collection lenses
suppress scattered pump and stray light. The signal and idler photons are coupled into single mode
fibers and detected by photon counters and a coincidence circuit, with overall detection efficiencies
experimentally determined to be 7= 0.097 for signal photons and 7;= 0.076 for idler photons. In the
experiment, photon generation rates in the signal and the idler bandwidths are kept below 0.1

photons per pulse.
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Fig.8. Schematic experimental setup. PC: polarizer, FC: fiber coupler, BS: beam splitter, SMF:
single mode fiber, A/2: half wave plate, IF: interference filters. M1 and M2 are mirrors. MF:
microstructure fiber. The inset is a normalized spectrum of the output from the MF at an average
pump power of 12 mW.

Fig. 9(b) shows the signal and idler count rates as a function of P, both exhibiting strong quadratic
dependence with pump power. Because Raman scattering is the main noise source competing with
the two-photon process in fiber,"” and it is biased toward longer wavelengths,™ the idler rate exceeds
the signal rate even though 75 > 7. A maximum coincidence rate of 37.6 kHz with a C/A contrast of
10:1 with A2 =0.7 nm at P =1 mW is shown in Fig. 9(c). This exceeds the recent record rate of 6.8
kHz with AA=5 nm to 10 nm at P= 100 mW. This is the highest coincidence rate demonstrated to

date with a fiber-based correlated photon source.

We attribute this high coincidence and high contrast to several advantages of our scheme. First, it is
known that the gains of FWM and spontaneous Raman scattering are not uniform with wavelength,
so it is possible to optimize the FWM relative to the Raman signals. In our experiment, this
corresponds to placing the signal and idler wavelengths in the first-order FWM gain spectral regions
shown in the inset of Fig.8. This wavelength arrangement enables us to achieve a high photon pair
production rate with a relatively low noise level in the MF. This optimization method relies on the
spectral selectivity of the phase-matching feature of FWM, the Raman gain profile, and dispersion

property of the silica fiber. So, we expect to achieve a similar advantage in any silica-based high
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nonlinearity MF with similar Raman response and dispersion property. A second advantage comes
from higher nonlinearity due to both a higher nonlinear

coefficient (y = 110/km/W) and a higher intensity resulting from the small effective mode diameter
(1.2 um ) of the MF used in the experiment. Lastly, we retain single-mode collection with the
two-pass grating arrangement, which could be replaced by an all-fiber wavelength demultiplexer for
high efficiency and multichannel operation. These three advantages together make possible our
MF-based photon source’s high correlated pair detection rate and high C/A contrast relative to other
previous experiments.
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Fig. 9(a) Spectral scan of C/A (filled dots) and signal photon count rate (open dots) as the signal
channel is tuned around the central phase-matching wavelength ;= 688.5 nm (corresponding to
zero wavelength offset) with Ayymp = 735.7 nm and /; = 789.8 nm, with P = 0.5 mW. C/A is fitted to
a Gaussian function (line). (b) Signal (opened dots) and idler photon count rates (filled dots). (c)
Detected coincident rate (filled dots) and accidental coincidence rate (open dots). (d) Contrast
between the measured coincidence and accidentals. For (a) to (d), each data point is averaged over
30 s for P> 0.4 mW and 600 s for P < 0.4 mW.

For per mW pump power and per nm collection spectral bandwidth, the present result
(53.7 kHz/mW/nm) also exceeds coincidence rates by a PDC in bulk crystals (0.2 kHz/mW/nm) [13].
and it is comparable to the rates by PDC in poled crystal waveguide sources ( ~ 50 kHz/mW/nm)
[14-16]. In the opposite regime, where we maximize contrast at the expense of count rate, we
achieved a contrast of 300:1 at 50 uW with a coincidence rate of 45 Hz.

We have further examined the photon generation process. For a classical source, there is a

Zou-Wang-Mandel inequality V < 0. V is a Cauchy-Schwarz type quantity [17]. We showed that the

fiber photon source is highly nonclassical such that the above inequality is violated by the ratio of
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Vl/o ranging from 360 o to 1100 .

4. Self-evaluation of the Results and Future Development

In conclusion, we have experimentally demonstrated the efficient generation of correlated photons in
a micro-structured fiber. In a simple system, we have obtained a high twin photon coincidence rate
of 53.7 kHz/mW/nm with a contrast of 10:1. This is the highest detection rate of correlated photon
pairs in a single mode fiber-based photon source scheme. The classical limit is violated by up to
1100 o. We also show that a coincidence/accidental contrast, as high as, 300:1 can be achieved,
albeit at lower count rates. These high contrasts may be particularly useful in some fundamental tests
of quantum mechanics. Our experiment suggests a practical polarization-entangled correlated photon

source can be made with MF and that is being pursued.

Of the most relevant publications, there are the following few which | base the self-evaluations on.
Paper-1 received 10 citations in a 1.746 journal. Paper-2 received 1 citation in a 1.5 journal. Paper 5
received 5 citations in a 0.164 journal. And papers 7 and 9 were published in an IF 3.9 journal very
recently (June and December, 2005) and have received only 1 citation. Paper-8 was published in
November, 2005 in a 2.2 journal.

In general, the citations are relatively low. However, there are three main reasons. One, the field is
relatively new and there are rather few groups working in this. Second, our results are published
rather late, such as papers 7-9. Citations will grow in time. As an example, paper-5 received 5
citations, and this is way ahead of the average citation number of papers published in that journal
(IF~0.16).

Our study showed that the approach of generating correlated single photon-pairs in a single mode
optical fiber is a very promising approach. The results of the research represent the development of a
new tool in experimental quantum optics, as well as a new approach to quantum cryptography. Often,
providing a new research tool can bring major changes to the field. Much of today’s quantum
information research is based on “parametric down-conversion.” The original technical paper of
1969 by Burnham and Weinberg [9] is of very high importance for the development of the field. Of
course, it will take some time for the method to mature and become widely accepted. Judging from
the present status of the method, since our initial theoretical work [3] published in 2001, it has

rapidly developed into a promising new field in quantum optical sciences.
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FRr GEARE I 72\ & — R GRRBIBEN A H D) DOiE LT, L0 @muWE
REEZGEONDERDID,

Z 2 CRMREICHWIZ S HEENERIL, Fex DMRA L TW At & e 7 7 A
N—Z W THERET& 5, SPDC &2 HWARIE & L CRINHEZR S Z Lick b
J A RN BN D, ZD ) A R L > T, L—PF =Nk v BT
RS FIEEIC 72 %, AR ZIET D Z LIC KD 2N O OFEIC L b, B TH
& L COMAMREEEDER S Z A= L TR0 mWEFREA Y AT L%
WETHZ N TEHHEER LT,

(EB) L0 RIERECORELRMELARAER AL ZERT D722, SPDC 2 W&
F-HBOATER AT o 72, FPREEEMTIT SPDC KD 1|l (37 F L) ICEREEF
B E O CTRIEEF 2 N2 ZR72AERICKNE R 4 SORIEGIREE T > Z L
AN L7z, o AREEIL, PCNTT 07T AL > TAERS L, DA AR
— KRB ) L, 2 OEEITHIELRIC L - TEXOLFE Rz O 34 KB (300V)
F— =T E THIE S, BEROCTFERGICAN) L, Reffl (2 MER) %
MmEnicy 7 F MIZEL[IP 25 L, AEE M~ L E BTz, SIS T2
BN A I, 0~50km £ TONT 7 A N—HDREEZT I 2L — LT,
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Bob

_PC _Digital oscilloscope

Alice TePip | I I
; L 1
___Pg_,/ \ —
: Beo ’_"Jl _ synchro [ A et 2 3 4
Ldoub!er—”- N .».-.D}A - P
=Filter
Amp.
|
PBS B
INT ] u
'TSM VND

coincidence

B3 %R

ZEFMTIE, Eoniota Rt T 22 EEMLREGT= > FRRE SN TE
V., EOx=y NEEET HREFOHIERESDOREKEITo7c, ZD2=v |k
X, WREE =D AT Y v E— LR E—L AT Y v =K 4 D>DONF e T
RSN TRY, B LRSS T2 AV CZEE L R EFITBAEREZITH 20
IZZDREREIRET DHEN B D, ZO®RITHIMBE (LAN) 28 L TEERE
T2 PDAWIZIEERE 217 5 F TR 2R A 1T o 7o, ZEFM ORI &
OZEE Yy FORETSIIT VXA a 2 a—7TIT, & & ORIERRIT 4ns
LT, LERERKEDD ZEIZEOT — X 2 ZH8 M PC Ik EEFHM PC & D
WEEITo72, ZOWREEEDY KT Z &L TRWENSG DL, AREBRTIX 20 B0
MK L 21TV (80ms), R 1ICHD EBVMEMF L LT, 13kbits/s DE > k
L— IR 6NTz, X0/ I RNFERETOER LI I, FiRE 10%D5
A (10dB: Y& 7 7 A /N—iB(E P B4 1550nm (233 T 50km (Z4HY) 1kbits/s D Ew K
L— b5z, ZOMEITERESOEREHEIEL T, Ko7 L—F—DH I
MM XV BETHHENLTE D,

attenuation(dB) | sifted key (kbits/s) | error rate
0 13 0.031
1.5 4.7 0.053
10 1.0 0.073

(2) 15 B VT2 FERRAR ORI & VA B IIAF S 4 2 20 R

1.
2.

3.

4.

Observation of an oscillatory correlation function of multimode two-photon pairs
Two-photon interference of multimode two-photon pairs with an unbalanced
interferometer

Polarization-entangled mode-locked photons from cavity-enhanced spontaneous
parametric down-conversion

Quantum interference of a mode-locked two-photon state

ECFRS7IEA T Physical Review A FEIZHHicnTEBY, AT b7 77 X —I%
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2.902 TH D, E-5IHMHEHIL. T<E&EEMMENTZHDTH DD, £<1E7<
RIS THLN, TN LEESIHEIND LS D, LUT OSISARRIE oA
WD, MEIRNT A MY v 7 IRGEZBE T THWDEFIZLY, ZE—F 20730
AT EE 250 T 20> & HREh 9~ 2 AH B BA% & 41 TR L 7, BE3ke D 3 FR B B 2R D Ll ©
(IR R DOREF A MEREOHIFRIC L 0 | IREVZ BT 2 FIIARARECThH o7z, Ll
Fx THIBEREZRE WD F T, IRB AR T X 5 X 9 ICEE Lyl TELIMNIC
A LT, EEDHIRHREHNT, v oY = X —TWEHI X 5 &1 T OB
F OMRIEAE A A VIREBIZ B 2 Tt O AERRIC R LT,

EHERENTICBW TR, BRx edEd i 2T 2 R o 7o IR M E S TER Y,
AWFFENT IV THSE LIOIR & E 7o fRRANICR & <TEHT S TR & 5,

5. Four-photon entanglement from two-crystal geometry

6. Four-photon W state using two-crystal geometry parametric down-conversion

7. Generation of the four-photon W state and other multiphoton entangled states using
parametric down-conversion

8. Multi-photon entangled states from two-crystal geometry parametric down-conversion
and their application in quantum teleportation

5-7 I X Physical Review A GEIZHBEHE SN THEY A /7 v 7 7 7 X —(12.902 TH 5.
% 7= 8 1% Optics Communications (g X1 > /X7 v 7 7 7 % —[% 1.581 Th 5, 5]
MEEUTE 5 - Th 5 AT TIEZ A DL B VIRIBBD AL FIEDRE LT o712,
FEAEVIRIEIX E T EREINCB W TARAI R Y Y —ATHLN, ZNET2HFD
FEAEVVIRREAECERIT I <AThIL TR Y . ERPRELEEICESRL TE TS,
LU 5 361 LA ED#EHEVIRAEIZE L TIEEBROE B ARDBRIZT <2< A&
FENERIZEB L TIEFEFIT/ N S WD BUR TIEE A HF RO ORI THW L F
XREECH S, £ THRAIIWIREZFEL LT, 3T EOKEAEWIREED &R
ARTIEZMIE L, OO HEERE Uiz, KR E L THo AR CIIiaunas,
SR DIEHEVIREBAERRMIE~DBE LR HTHAHA I LEZBINLD,

9. Spectroscopy by frequency-entangled photon pairs

PBi#EE : Physical Review A, f > /37 N7 7 7 2 —2.902 Th 5, ABFFRIZEBWTIL,
TERBAT I TR STV A EGE B VAIRB 2 IR HF U ST, £ D AE VIR
ZHWTHZETS T TOFmRILTH 5,

10.Generation of a sub-Poissonian state with quantum high- and low-pass filters
P3G Physical Review A, A > /X7 N7 7 7 2—2.902. %7 RT Y I EAIEH
&WTE%@#%&%?%D\%%TM%E (IR 2 B & LT W DSARIFSE
IR T EHONTAKRTE L L E2R L, B3 Ba— X 2l sHi
%“ﬂ‘%%f% HEPRINT K DT, BADEFEHR T2 O D FITFOIERANE LA
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WAFEOTEXRWEIETIIBFE L LTHERITELETH D,

11. Security and gain improvement of a practical quantum key distribution using
a gated single-photon source and probabilistic photon-number resolution

JB#EE « Physical Review A. A > /37 7 7 7 #—2.902. E{#EAGIZH VT, B
—HTIUI LR EREA R E BRI O EOBICAR R ARERTH D, L LB
TIEAICHWDFEOTE LS FIRILELFELR N, ZZTHRAIIIT AN v
7RI RO & IR T & 26 FHGERRIER 2 I T ARt Bt & 2 gt R pR o
M EAERTEDE LR Lo, & FEAMIIEMEICE bW EFIFRE 7O 1578
A, BUIEE TEEMER SN2 AT A TIIZEORFEN TE 20, Fx OFE
FEMEPEFS TH Y, EFEEMPHERITERT 558FICET 5 L5 25,
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3. 5 HBEOMBEOBGHmIVEREZOHEBOSHELTD
RSO (EJXK; JEEZLV—)

(D) WFFERL R DA

BARDTFERE SIXL ORI E R RICE S AL LTHIES LWERE
FF TV D, FHREENZ ML RS SN D ERMIEZ PER T E iz EIROFE
ZEFOA L 2= THIEGTE R Il 4E" & D WNE HEZ AL AJREL
27 IS OREL T TERETHSL, TOHMOD, BEBEICBWNT, TOEE
F DY IR G % L RMEDORGEITAE 5 MBI 523 5 ) | B ZIEZUIB L TnD, B
IREGHEAT & U C ORI D EAKF 513 1984 420D C. H. Bennett & G. Brassard (2 X 5 K55
OHEDOELET 1 F a2/ BB-84)Th D, & FIEEOFIZIB W TIE BB-84 & X H 7e il
EOHB T PERDIE S D X 5 I EHNE 58E T 2 Ll 5 b BERZOX5 L2 b
B5, LhL, BT 2REETE Yy MZEDETHEREMN CIIBEdS o1 v
H—T x— AL A MIEKZMENS 5720, 56O 6E(E CHREATRE 2 EE AR 72
MRKRTTEFE Y b (b —L 2 MREE) I X D ERCRAIEMEAT OB NIE S
%o BEJRFIZN—T1L2 OFRITHOIZD | ZDATREMEDIER D T2 O DY EEH & I H R
A 72 D IREIPR AR EIC DWW TR I IE A FEE L T & 7o, £ O ERMSEEREIZLL T
DIEITELHDLZENTE D,

(i)  JEiBlE OBRFRHE O fEA

BAEDNBE IR R TOBRFIREZHWABEEZRTH Y . ZDEEDOHRRAZHS
I L, ZHUC Ko TRIAIEE OHANA FTREVEZ MRFET 5 L 3LiZ, L7 & L TER
D& HIFENHETe R E F M EernT 5,

(ii) ze—L > MREEIZ X 2 &I o LR
BETEROECHLIERIIEHRAY 2 — L MREEICIEEL. Z0ER2 o —1L v
MRBEIZ L o TERFHE., 815 K52 Ehad 2 HiEim & BRSO T 5,
(iii) J@fE (me—L > MREE) ICX D8 E K5 D%

A1 & 2 DRRICESN T, TRETER B D TEMICERANED® DR K5
ZBART D,

CRESTHZETrY 27 FORIC EFEFREIZOWTHIZE LIZRER, LT O X D ek
E/IZDTZ ZCHEDT D,

(i) JBEOWRBEEKERICET 2 ERAEH

JeIBRE D e 7B E R A EICE T 20F9E1X 1 9 6 0 4-{XIZ Gabor, EifEF512 . Gordon
IZ 8 > THEE S, Gabor & EiEH BRI FHIC L D815, Gordon [ L —V T L %18
ENRFRMHIITH D LHEm LTz, TALLLR. £ < OBFEM T AR 725 1350l £
TSN xo 7=, L2xL. FDOM. Glauber @b —L 2 MRBEHEEGAD Yuen D
AT A X RIRBEBEEG N BHFE S, & 51T Holevo DO— % H 7 R ARFEFRGG ASHESL ST,
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IO OB AZ AW TOLBEODEDMERA R L T4 EKT 5 6lE T NOB

KPR TRFET BT I — MIT, ENIRFIZN—7TEBIi, LFD X D 2R R
‘o,

OEEABHEE L RVWE EOH, HFHOLEE L L—FHBEIIFRI UBERAR L2 |
MOZENDRKNE L 72D,

QT xF —HEOE FOLMEE DMAET 2BEH TIEL L FEuE[EIRIT L A ETFRInz=
DOREAT2V, ZHUTR LT, =¥ REE ISR 6 OHB D70,

@ T RNF—HIOY ZNMEE NFET HBEKOEEE OWRERAE RO T 4
2k ->T1 99 9FICEH XL Holevo « 8IS « [NHDEF L FEENTWA[1],

[1] A.S. Holevo, M. Sohma, and O. Hirota. “Capacity of quantum gaussian channels”, Physical Review A
vol. 59, no.3, pp.1820-1828, 1999.

@z @io&@ Wy “BLEOSMIE TR UTH LWEIR A $RET 5227 &) Befiio k)
 BUIR O YEEAE A3 E ERNIE T TS IRICIT VO ERE A2 Rk L TR 0 | e )
%ﬁ%%%%@g%fiE%Mﬁ@ i OfE FUIBLERNIT AR TIE AW &0 D
N TRET 1T I — MIT, EJIRFEITN—FITL > ORI [2], é%i:ﬁ
[REGEOEFE Y MZE 2 EFHERIGROBRRIT, ARKTTOEFE Y M HWiE
I OIEE L0 bR E N fFI%&LTi%@T%é%@Ti&m*
EDBH LN T [2],
[2]JH, BT HEFOREE, AZeHil, 200 3.

OLLEDHmRAEZREBEIC, A7y NTERRITROEFHHREROKETH D
Holevo « FHJE + rﬁﬂ@ﬁf@ﬂ)b_fé N 3 el I IRE 235 b < Tl AV e = e bl e € [ DA R 2
L7ofbSs, Hiffdm e L CERMIZESRD & 5 D01, B tE2E Leidnide b
WHERBEBEOATHY , DL &, L—FHO 2EfF 5 & E TR (E OMHAE
P T Binary discretization), ERD T v / ViBEKRAEEDOE A EDOERGEDN
FHETH D Z L 2Rt L7 3], E7o. @Mes sl CIBEINEE R H v | fEx KE
FHIZ L > TREHIRN R ST s, L?L_ZPOVC NiCT 7% B3 8mMasieisxt42%
A S (5 O FERAO PR JE I VR F 1 81E 2 3 Lo Ll (s OB & L TR
TARBRETHLZ 2R L,

[3] M. Sohma and O. Hirota, “Binary discretization for quantum continuous channels”, Physical Review

A.vol.62, no.5,.052312, 2000
[4] M.Sohma and O.Hirota, “Information capacity formula of quantum optical channels” , Recent

research development in Optics | (2001), Research Signpost, Trivandrum, India
[5] A.S. Holevo, M. Sohma, and O. Hirota. “Error exponents for quantum channels with constrained
input”, Report on Mathematical Physics vol. 46, no.3, pp.343-358, 2000

-51-



(ii) =2e—v > MREOZ V¥ 7NV A v NG

HEEAREDO T Z TNV A L FORERRHEGRIL 2 T— N 27 4 X RREBIZET
5D ThH D, ZiUTEkEEROYIE ﬂbf%—%ﬁ’iy?yﬁwfy%ﬁ%éﬁ
LEGETHD, ZHITH LT, ARKIT M CERIK T OREEBCRE S O IFE AR E
ZUTNA L NBIRP DD ETHIL, ED XD R E o0 <T%T%otoé
%K\#ﬁﬁ%%@%émy5yﬁwx/%%%o_kﬁf%@wk%L%MT%ko
ZD XD 7 RIUTH - T, B ITERIOTOBERCR 2 b — L2 MREN ERET o Z
TNAY NERHLR DI EaHERLIZ6],

[6] O. Hirota, and M. Sasaki: “Entangled state based on non-orthogonal state,” Proc. of Quantum

Communication, Computing, and Measurement 3 pp359-366, (Kluwer academic/Plenum publishers, New
York 2001).

Dbl NREEDT L 7 L T A v F SRR E o T & A TS LR R
JCHT B EMARETH D, ZDIGHABIE LTake—L» MREEODZ X 7L A |
WHEZ AW B T T LR—T— v a VIEEBRE L. ZRbBT 2 — LU R CHLTE
D X5 7tk & 5 D E iR L7 [7, 81,

[7]1 S. J van Enk and O.Hirota, “Entangled coherent state: teleportation and decoherence”, Physical
Review A, vol.64, no-2, 022313 (2001).

[8] S.J.van Enk and O.Hirota, “Entangled states of light and their robustness against photon absorption”
Physical Review A, vol--71, 062322, 2005

~A 7RG OICAH E L THEITIR MO ae — L MREEDZ X TV A
IR HE @Em&%ﬁﬁbn)ik NEC DREIR L FECv A 7 nLIEBRANTHOa b —
Ly MREEODTFT b —L R« 7 —EEAE R R L7-[9],

[9] T.Hiroshima, and O.Hirota, “Continuous variable noise free states in correlated quantum noisy
channels,” Proc. of QCM&C, ed by S. M. Barnett, E. Andersson, J. Jeffers, P. Ohberg, and O. Hirota
(Eds.), American Institute of Physics, New York, (2004).

(iii) PEROABEIC L 2FRFHESORFE

IR AT HEH TR ORCR A2 b L ITHBEIC L D' OBFICHRI LIz T
Z DRI DM & LT ISR,
M

BUE, EBRICBEE L T 20EERT A ZXHBREMEIC R Z 508, 202 TOY
HOBRE CIEE RN RBIENEAE L TWD, MEFE LA A — R TRE LI L &3
ETDNEY gy MEFIIETNIFOREAMOBENRFEFETHY . TOETHR L
WIS HLE D WO TATTHRNBERETIHS TH D, A ONEE &1 538
Flit~ e kv (B-92) OEFME LT Yuen—Kim [Z X 28FET 2 b2/ ThHY
Z DOJFHERRIZNEC & EJIIRFAIC Lo TEMS NI, ZOHETHRDFEFHE TRV
FEDITEIH (M bps) THY ., EHREMOAEL TH D,

[10] A.Tomita and O. Hirota: “Security of classical noise-based cryptography”, J. Opt. B, vol.2, no.6,
705-710 (2000)
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—J7. BEMDBREFET 2 0 0 O FITMFHEA ATRE) Dl =l 7o Mo im st & - 5 2Ot
HE DA TEIT S Yuen 712 h /b (Y-00) NAFEK S4U, #EALE L One time pad 5%
A7 TH ORI GNAREL 72 o T2, BWBERIC L DS TH O 2086, b
23 OB CTIXERORENDa L Va—2 THIHE T2V o b a/LoB%EIT
EERIC BV TETH S =B Y-001ZFDE~DE — 2T v 7L LTSN TN S,
ZOXDITIEE OFIEE I L DB LEAMEE AT DR SN M A Y E(E &R &
O, FxPERITHROEELRETH D, FFZ, 2O Y-00 (ZLLTFO KL 9 22 5B THERL
Ihad,

B EE OO FHIC BV TEREHE RGO M CEE SR SN, £
DO H1C Helstrom « Holevo * Yuen * Hirota £ o THEN. S 372 FEEASIRREFR B IEA EFRIL
A B OE RO ORKEZH# < 72D OEEHRE 2 B2 L5, ZOEHEITE
WEBET DEFORINCE T HNFOFIIZL HHIRAH Y | 2 ORFIIBEFO%E %
HRTIZE ZAIMHET D 2 & &R T, ZORFUTMEITEZ 5 Z LD TERVETH Y |
DOIFEICHET 2 Z ENARETH D, ZNE TIEZORETRAZ ENT 2 & 1 iEE
DEBUENEBR Th o, ZOEHZICH L TUL T O X 9 22 SR B2 218 S
i,

(BALMEDORENLIRIR) - B2 HFH LD I WE O &7 il E OMEREZEIC L - TENL
PEDFENI DR E S AUL, [ HRIERRI L 2R SRR FRETH V| ZDEAIMEE IS
ZEIEFETFNFOEIEZRD Z EIZFLLY,

FROFEIZLEN > CTEEDOKBFIC LD EFREFOEMENL2002~200
3412 Northwestern K& EJIIRZFIC L » TEE SN2, BTN ABZE T 7
BEIDELEEELER S L TN, ZNENHBIC K > TEL R H 5, Northwestern
KRFETITEGREA D DARPA 7V ¥ = 7 & LT TIe Y%=z &L 5 650 Mbps, 200 Km
D7 4=V RT A NMIEH LTS, ENKFZL—FTIL200 34, HIANAT Y
v KXy NI =27 DWW IO T, MEEF D 5 Mbps, % Km OJFHFEZER, 2 0 0 54,
W FEZROW IO T, FBRTREZRSREE A 5D 1 Gbps, 20 Km DFREREE & O BH A8 2 it
FTHH TP LT,

[11] O.Hirota, K.Kato, M.Sohma, T.Usuda, and K.Harasawa, “Quantum stream cipher based on optical
communications, “ Proc. on Quantum Commun. and quantum Imaging, SPIE, vol-5551, 2004.

[12] O.Hirota, M.Sohma, M.Fuse, and K.Kato, “Quantum stream cipher by Yuen 2000 protocol: Design
and experiment by intensity modulation scheme.” Physical Review A, vol -72, 022335, 2005

Y-00 DR F@fE D L < A L FEFEEBRARE

KT 7B ARE~ORMEH - FEAEIHW, SisE AT TR EES< v-00 72 b
2V DORFFERRFE B AT o T2, WIRELAT R, K2 A M T A A &R CT& DR
PEIZINZ T, Ko REHHEEEEEA L, ERANREEX2 ) 7 ¢ - miflEEE%
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FEHRTHZENFRETH D, K112, Y-00 71 b 2/U2 K A 5illE 2 E O &
T HEEER (Alice EFESR) TlE, ANSNZ2MET —ZIZFIED T VX LGS E &
HiITEbt, SOICEER K ICERSEIREISELZMT = JH#R EMETHZ L
2k o T, B RZEES S 24T 5, Zhicky, 7—FEEA, L~lal &
bl, a2 & b2, a3 £ b3+ « - THREINIZ LA T VX LIy B T7T5, 2
DEENE 5 S & JCIREETE F IR L T 7 A Mk E~E T 5, 65 5% (Bob
ERES) X, HHREARE S E AR L CSEGE S 24T 5, S HIT, Alice &
HHLEZET = JHRRZEEE LTES S MBI L7k, 7 0 ¥ LG5 E 2807
BOETC2ET—F&E LT 5, —FH., WHEENZELR (Eve LFES) X, mtEREOL
FRHER 20 2. D OBEARR I RS & L OB ER N O EH SN 2NE N EZET
EHbDETH, BIZIE 1 TIE, Eve X, X7 7 A ~HEiEZE (EDFA) & pin 74 M4
A A — R THERMR S AL, Alice IZIEAE SNZIRBEZAE L T\ 5D, {H L., Eve I3#EEH Ki
TS T = THER 2 LWz, REENEL Uiz 2 l#BIC2<. Sl
MEATOID 23720, T2 T, TOSEBE TR RESHKE L, ZEE T DE 7 RIH
HHEE (10X, [al-a2]) &2, YEHBERETLETOOLEORE SHYITHET S
Z LK o T, ZERBAIRFOY A KRETE D, ZHUTEY ., Eve lZ X HHF5CDOHEL
BEELHIRL., MItiTa% RNAlRe s T 5,

e O, transmitter (AlICE) e — Opt. receiver#1l (Bob) =

Kil Ki*
M-ary M-ary

running key Opt. running key

generator fiber generator
RY < s R

A.‘.;A _jg-»p
E LD Opt. ATT pin-PD E

Opt. receiver#2 (EVe)

S
M-ary 1
#—D Decision r{Decrypt.
EDFA pin-PD

Bl Y-007 & b = /biC & % b5 28 R 5 5 A

IR T EARDOW 1215, JREAR RIS < Y-00 71 b 2L O 2 & MGk S
D12, EENREEE OB 21T\, OIEERHERHl 21T - 72, JEEERE (Alice)
(I, EAEETEADEIR E LT 1. 55um #F DFB L—W & L. SR 4 7 2 & : 15. 8mA
ZEANL CREPDEREE « +5dBn O 5 a4 R AE%, -12.3dBn E THE L, 7—F L —
k% 1.0625Gbps & L, ZMEIE 75 S DA 100—200 fELL EIZF%E L T DFB L —H(Z
ATT UTe, JIEEARD B S D LTG5 DI K/ T/ LR IX, 2 E41-9. 8dBm,
-18.5dBm THh 5, 725, HELRREOKBELMTET D720, ZHE B33 2 il
WAL L A T ABROKEFEZ1T > TWD, JEZ(EE Bob) X, X7 74 M
B ONIEELERE S CEEZEES : -16.3dBm, 1. 7X 10°photon/bit) Z & L T,
ST S & BAE%HEAT 5,
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V:arbitrary , H:200ps/div

V:arbitrary , H:200ps/div

B2 ZfE0e(E 580 (L : Bob, T : Eve)

an

4 212, Bob B KU Eve DHEZAGEHWIY (T A /38 —2) &Rt ARIMFTENT
Eve MBI 2 By & FRIL, ZAFLMEE 5 OIRE 5 MRt (5X10°hoton) & Foy
LD, 207, Bob DRAFEFRITHMERT ABHAZA L, 2 E#HNAES TH
HOIK LT, Eve DT A HIFFERICHAE L, SEMHI b THETH H 2 L2y
M%, BLEDOEBEERD B, Y-00 71 b =g, 100 fELL EOBESEIR 5 4 i A5
THOMRRIC LD 16bps ORI S ZRA 24kn (515 LI A TH, @VRaMEERFF
TEDIENRTND, 728, F3IT, P Lo @it ie@ oM 2 m T,

SE{E A - A

|
w
=)
7.{
3 ]
(@
4
3
<
3
fEm
._H
o
g
(&

(2) 13 B VT WFFERCR O RFAf M V4 2 17 S % 2h R

(1) (g DR AR

oL TRET T I— MIT, BIONFE TP =7 NOEIRFEZIL—T DI
L0 BRBOBEITFHEOBEIZCHO LN TWABRED L—FYIZ LA EEFATH
% Z EMRFE S, BURBEETIC BT 5 & T IEMEGRA R T R AN TH 50
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PRI STz, ZORER, 5% OB FIFROMEBITERKTOMEBR (FY L) &
RN ié%ﬁ&m®%%ﬂ%$&&0 DT DI & L CoEBEHER
DEBEIZR S, ERIICIE, BT, BN TE < OB FIHFHRER ORI ST
AYAN &kh&#%*t?%@@ﬁ@ﬁﬁg%ﬁyk’@?é%®f%@ GHEESZ A

BLEBTERWI ERHALNE R, FEDOTr Y =27 & LTEL OWEE S
>L%ﬁn&LT@E%%ﬁ_&Aéﬂfw6#\%%_%®ﬁﬁ%%E?A%T%6
ZEDHETH S,

FOWME LT, 200 5FFEDT L —L ¥ MREEFERAD /) — S UIBEE TN 2
T, &, 7YV VAR CRFEMTITEFOL—P8 (e —L v MREB) ICk2ET

W5 ~ DI 2 EF I, Holevo « 40 « IKHDE Z G~V F TV T 7 & Z@fE ~HLik
THEZ LTI L (OCR1 3), 2 DORCRIFTR % OB T 75 0 72 8O O F:MEHER O
WL R ' E R TS %O G ML ~ET 2 E Tl TEETH L,

[13] B.J.Yen, and J.H.Shapiro, Multiple access bosonic communications, Physical Review A, 72,
062312, 2005.( Holevo « ¥i}5 « [NHOTEH I 7 0n Y =7 MO ®, HOHAE : 51 HEIEKS,
IF=2.9)

S HIT, MIT @ RLE TIIAEFHBEN LR ELZ G ORKEE L LT ‘Mot
HE OMRBRELANT” 2Bk L TWD, 20 &5 2R oEm a2 R, BHERrIciEE oMk
BB VB RO EFHRBEVIEIT LERBRIER N2 L IFBATH Y,
INFETOENKRFZIZNVN—=TDFEREFREPHROFTENEL a6 — L MREEIZ XL S5
WE 7R EEE, B S, EFHHROE~mT I #LZIES>TWDLEERX D,
HEHFIC R o@mz — A SE L ETOMERREH T2 LIFTFHLIZL > THER
Th D, FriZ, LTFTOBRIT. ZhNSEBEOHICTKE - v 7 OBERFHEIZS LR
DR A fR i L E%LF@ AOERITIBNTREREIE 22D LHIET D,
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HPESER Y. 2003/9/8
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13.

14.

15.

16.

17.

18.

19.

20.
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23.

24.

25.

26.

T. Hiroshima, "Majorization Criterion for Distillability of a Bipartite Qauntum State",
QIT-EQIS (2003/9/2/-/3/, Kyoto)

O. Hirota, M. Sohma, and T. Hiroshima, "Is Additivity a Fundamental Requirement i Quantum
Information Theory?” QIT-EQIS (2003/9/2/-/3/, Kyoto)

A3 . ”Analytical formula connecting entangled states and the closest disentangled state”.
QIT-EQIS (2003/9/2-3, Kyoto)

JAWEEE | “Local Moment Formation in Quantum Point Contacts” APS March Meeting, Austin
(USA),3 H 5 H (2003).

Yoshihiro Nambu, Koji Usami, Akihisa Tomita, Satoshi Ishizaka, Tohya Hiroshima, Yoshiyuki
Tsuda, Keiji Matsumoto, and Kazuo Nakamura, “Experimental investigation of pulsed
entangled photons and photonic quantum channels,” Proc. SPIE Int. Soc. Opt. Eng. 4917, 13
(2002). (Invited)

A. Tomita, “Quantum information processing with fiber optics,” ERATO workshop on
Quantum Information science (EQIS2002), Sanjo-Conference Hall, University of Tokyo,
Tokyo, Japan (Sep. 7, 2002) (Invited)

S. Ishizaka: "Local properties of the closest disentangled and PPT states", ERATO Workshop on
Quantum Information Science 2002 (EQIS), Tokyo (Japan), Sep. 6-8, 2002.

Bao-Sen Shi and Akihisa Tomita: “A novel way for preparation of Bell state using femtosecond
pulse pumped spontaneous parametric down-conversion”, ERATO workshop on Quantum
Information science (EQIS2002), Sanjo-Conference Hall, University of Tokyo, Tokyo, Japan
(Sep.8, 2002).

T. Hiroshima: "Locally induced global disorder in quantum composite systems”, ERATO
Quantum Information Science 2002, Tokyo, Japan, September 6-8 (2002).

K. Hirose, Y. Meir, and N.S. Wingreen: “Instability to local moment formation in quantum
point contacts”, Int. Conf. on Quantum Transport and Quantum Coherence, Tokyo, Japan,
Aug.16-19 (2002)

K. Hirose and N.S, Wingreen: Stabilization of ground-state minimal spin in disordered quantum
dots”, The 23" Int. Conf. on Low Temperature Physics, Hiroshima, Japan, Aug.20-26 (2002)

A. Tomita, Y. Nambu, and K. Nakamura, "Quantum Information Processing with Photonic
Devices" ICFS 2002 --- The International Conference on Fundamentals of Electronics,
Communications and Computer Sciences, Waseda University, Tokyo, Japan. (Mar. 28. 2002).
(Invited)

Xiangbin Wang, K. Matsumoto, A. Tomita: “Detecting the Inseparability and Distillability of
Continuous Variable States in Fock Space”, The Fifth Workshop on Quantum Information
Processing (QIP 2002), IBM T.J. Watson Research Center, NY, USA. (Jan. 14-17, 2002)

Y. Nambu et.al.,, “Experimental Investigation of Pulsed Entangled Photons and Photonic
Quantum Channels, “Photonic Asia 2002, Shanghai, China Oct. 2002 (Invited)

Y. Nambu, K. Usami, A. Tomita, S. Ishizaka, T. Hiroshima, Y. Tsuda, K. Matsumoto and K.
Nakamura: “Evaluation of Pulsed Entangled States and Quantum Channels”, International
Symposium on Quantum Computation- Nano Science and Technology for Implementation
(1ISQC), Odaiba, Tokyo, Mar.12-14 (2002)

K. Usami, Y. Nambu, S. Ishizaka, T. Hiroshima, Y. Tsuda, K. Matsumoto, and K. Nakamura,
"Restoration of entanglement by spectral filters" ERATO workshop on Quantum Information
Science 2001 (EQIS2001) 9/6-9/8 (2001) Tokyo, Japan

T. Hiroshima, "Optimal Superdense Coding” EQIS(Erato Quantum Information Science)2001
(2001.9., Tokyo)

K. Nakamura: “Toward Practical Quantum Cryptography”, Hifif 7/ =L 7 fr=7 X
U —27 3 3 w7, Sweden, Jun. 13-15 (2001). (Invited)

K. Hirose and N.S. Wingreen: “Mechanisms for extra conductance plateaus in quantum wires”,
American Physical Society Meeting, Seattle, USA, Mar. 12-16 (2001).
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2005/5/12
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3 H, BEKRT
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MF9tE 2005/2/22

BHE/A, B Ak, ME ®EiE “High Speed/Long Distance Transmission for Quantum

Cryptography” K& LEHMEFx =2 U7 4 AR ¥ L (SCIS) 2005/1/25

A FnR - TEEREINTO @ EIZ M 72 IREE O I & FEM ] & IE WO
VRT T A, GRS, 12 A 20 H(2004) (FHFE).

AT FnfEr, ER R, BE EE &FB ORE, TR R, Bl A,

5ok, AR SRR A T AO RO EIEHREEFE BETIEREN
724> 2004/12/06

A Rk TEFRE SO E FOroMER) 5 42 BFa 77y LA, Bl Er
A ¥R T I, 8 A 23 H(2004) (H4%).

FAFIR  TEFa o —ZBFOBLIR) 2004 4 F 2 [BIH S F12  2004/06/23
(FR1F).

FES AL, “Trv A NES T T 40—k D BEFHBET v 2V ORHMEERR2)”, BT

TEHIE(E PR 10 B & FEREINITSES QIT2004-16, & PE kK-, 2004/05/24-25.
AR TEFIFOFIIC L 2 EROFEEHINOEH~mF <) F 2777
0 Y—A Y AR Y T A 2004/03/15 (FAFT).

BRI TR HZOFRENERET D 225 BB iggsg  Sur
Jeis4y 2004/03/08 (FAFE).

FA BRI B, “HERRE AT L DR384 & B BE ~ DR L — Y — 22 E S
55 24 BIFEIR RS THEit sy B 2 80 0 B < FERI P HIR OB L BE ) AR T T A
(iiEEESE & —), S-3(2004). (FFF)

AR TETR SO ST OERE] BARPNMRES Rk - /710 27
7 7 v Y—htgta 2004/01/29 (FR1F).

R Kl "7 atv A NS T T 44— LD BT v RV O ER” B s

1525 9 IR IFHREAFITZE4 QIT2003-85, NTT EA+® v % —, 2003/12/11-12
J&WE 1, "Majorization Criterion for Distillability of a Bipartite Qauntum State” H A4 ¥
4% 2003 AEFKZE RS (2003/9/20/-/23/, [ 111)
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JEIE %L, "Majorization Criterion for Distillability of a Bipartite Qauntum State” ; 8 [F] &
TAEHERF TR (2003/6/30/-/7/2/, FLIR)
A9 %, ”Normal vector on entangle-disentangle boundary surface” %5 8 [a] & 11 HEZ i
gt4y (2003/6/30-/7-2, FLI%)
A. Tomita and K. Nakamura: “A balanced gated-mode photon detector for qubit discrimination
in 1550 nm,” % 6 [El&E-IH Wi sEs  QIT2002-33 (2002)
BH, T T s AN T T 4 7 R DN REEA T — ) oW 7 B &R
HipFsE4  QIT2002-53 (2002)
FABRFA 5L, A% FUEE . FASFn R  “Experimental Study of Photonic Quantum Channel,” 7
TIFHBE TS BEFIHREIMIIEES, FEBORY: 2002/11/11
FRE TREFayCa—ZOEMERE] KR, 7unrT 47 Fnkt R 2002, 5,
7/26-27 (2002)
FEFBIT oL PP L AT RIS - THAE 4 KB 2 U /- BB84 &4 R AT 4,
55 6 A& ste . RORSEE 5/27-28 (2002)
FFLHE T (TR, CREST) ., #7594 (NEC, CREST) | [ 3E3E () K, ERATO)
AR (EARTO). HAffnk (NEC, H Tk, CREST) EfHRENES T T 1 —IC
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¥, 200245 A 27 H~28 H
IR %, "Coherent information and quantum entanglement”. % 6 o] & 7-1& M THF5E
2. AR, 5/27-28 (2002).
JEEWE 4, "Dense Coding BEREE T X 7L A L MU, HAYESE 2002
R RS, =, 9/6-9 (2002).
FAFBIFOA, FAERBE . HEHESE, AT, PR TR 7o mICIREERIENIC
EomT BT A Lk EPR VAT DR | AW E S 5 7 BFERKS,
SRR, 3/24-27 (2002)
FEAEE AL, FAHEREE =, ARk, B utvA /77 010X T ok
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fhr] SR wn (BERT), 29p-YM-7(2002). (FA4%)
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2 55 RIE I REATES, NTT JER 11/12-13 (2001)
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59.
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i) AAWBLES 2002 FRKFE RS, AT, 9/6-9 (2002) .

JRMEE ., K. Burke, Y. Meir, N.S. Wingreen, WK FHEEIBEBIEIC LS5 E&F Ry b
DAY FVEHR ), HAMBEIZRESKERS, FH A, 9/6-9 (2002).

FHERFE ZCRTKR), M5 5A, A, BREh, SHEA, iRk (NEC), &
T FET T 74— AW 2 RGIRIED = Z 2 7 A v b ORBREVFHTE . A
WBLE R0 56 [IAE RN, IRRZE, K 134 3 1 28 H
BHEA R FBEEOSLBE T+—TF 2 #&FEREE KK U11-14  (2001)
(1)

A. Tomita: “Implementation of two-qubit optical quantum gates”, Quantum computation
society in KANSAI, Kyoto, Japan (January 22, 2001).

BHEA BT SORMEEERE ISHYHEYS BfT L7 he=7 XS
1/25-1/27  (2001) (#37%).

PAFIR TR« EFlE~O/MMUREFFHEOISMIZ N T, FHIERFER
WEEFTIES TR E o Ea—XOFEBUCHITT) 9H 27 B (2001)
(7).

ARAE  IMEM RRED = Z 7V A v RElfE T 1 b av) 3%, HAMELS 2 2001
AR E, FEESCHEIK 9/17-20 (2001)

JRMAEE . N.S. Wingreen: &R A v har 7 NTOBEFMMEERR], BAR
W2y 2001 FERK RS, R SCEER 9/17-20 (2001)

JRMEE .. N.S.Wingreen: [ELN7=&7 Ry bR U REEFER . R E

PRFR : [Byarva—2 3?2 HBEESEMS, 87 24 B (2001) (#E4F).
PRFIR : TR ST A 2R IST Rblis, &K%, 8/4-6 (2001) (#
).

RIS - TR S OREM & 2 ORPREE ] L RFT/ V7%, 51 16 H
(2001) (¥R £F).

RS 5L, TR CRLR), A, FHigEth, SHEA, PRME: “&+ ME
777 4= AN 2 T RIIREED = > & 2 7L A v N OSBRI, B ARY
256 [FFER R, FIRRFLEESX ¥ /N A 3/27-30 (2001)

LR TBRATLAR—T—YaréTabe—L R [HE

Y : ”Entanglement and decoherence”, % 2 0] : B EHAI RIS —, KETY
A7 /L 3/12-15 (2001)

K. Usami, Y. Nambu, S. Ishizaka, T. Hiroshima, A. Tomita and K. Nakamura: “Evaluation of
Entanglement in Photon pairs by Quantum Tomography”, ibid.

BHEA BRSO EREE], THYHYYS Bfx L7 hon=7 A%Es
BEFR 1 H 25 H (2001) (#AFH) .

AR EA, WTEPEIE, T€y b2y M AV MARARREHEOE MmN, 24 Bl&E
T AN ZE S, BTK 11/29-30 (2000)

FRE, [BFF Y o ANVORFTT a2t —L A 4 RE - HFRENIgES, KL
K, 11/29-30 (2000)

EuEFE L, ”Optimal dense coding with mixed state entanglement”, Zf 4 [a] &1 {& i EL i
Zess. HTK, 11/29-30 (2000)

[Wang 7' /v —7°]

1.

2.

J. Fan, A. Migdall, and L. J. Wang, 2005 CLEO/IQEC, Conference on Lasers & Electro-Optics
Postdeadline Papers “Efficient generation of correlated photon pairs in a microstructure fiber”
J. Fan, A. Migdall, and L. J. Wang, 2005 CLEO/IQEC, Conference on Lasers & Electro-Optics
Technical Digest “Generation of Correlated Photons with Conjugate Pumps in a Microstructure
Fiber”
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. J. Fan, A. Migdall, and L. J. Wang, 2005 Proceedings of SPIE: Quantum Communications and

Quantum Imaging Il “A microstructure fiber two photon source with conjugate laser
pumps”(invited)

. A. Dogariu, J. Fan, L.J. Wang, G. Leuchs,2004 CLEO/IQEC, Conference on Lasers &

Electro-Optics Technical Digest, “Classical and Quantum Correlation of Four-wave Mixing in
Micro-Structured Fiber.”

. A. Dogariu, J. Fan, L.J. Wang, J.A. West, 2003 CLEO/IQEC, Conference on Lasers &

Electro-Optics Technical Digest, “Photon-pairs Generation in Micro-structured Fiber.”

. A. Dogariu, J. Fan, L.J. Wang, 2004 Conference on Physics of Quantum Electronics, Snowbird,

Utah, “Correlated photon generation in a photonic crystal fiber.”(invited)

[k 7 —7]
EES PR E

1.

10.

11.

12.

P. Kumbhakar, S. Chatterjee, and T. Kobayashi, “Some newly developed crystals for
measurement of ultrafast laser pulses by second harmonic generation”, UFO/HFSW2005, The
Joint Conference on Ultrafast Optics 5 and Applications of High Field and Shortwavelength
Sources 6, Nara, Japan, Sep. 25-30 (2005)

T. Kobayashi, H. Wang, Y. Li, and S. Odate, “Application of linear optical networks in quantum
optics”, ICAM'05, International Conference on Applied Mathematics, Bandung, Indonesia,
22-26, Aug. (2005)  (Invited)

T. Horikiri, “Quantum Key Distribution with a Heralded Single Photon Source”,
IQEC/CLEO-PR2005, Tokyo, Japan, 11-15, Jul (2005)

H. Wang, “Response Characteristic of a Quantum High-/Low-Pass Filter”, IQEC/CLEO-PR2005,
Tokyo, Japan, 11-15, Jul (2005)

H. Mikami, “New High-Efficiency Source of a Three-Photon W State and its Full
Characterization Using Quantum State Tomography”, 1QEC/CLEO-PR2005, Tokyo, Japan,
11-15, Jul (2005)

H. Mikami, Y. Li, K. Fukuoda and T. Kobayashi, “Efficient generation of a three-photon w
state”, CLEO/QLS '05, Baltimore, MA, USA, May 22-27 (2005)

J. Janszky, J. Asboth, A. Gabris, A. Vukics, M. Koniorczyk, and T. Kobayashi, “Two-mode
Schrdinger cats: entanglement and teleportation,” Wigner Centennial Conference, Pecs, Hungary,
Jul. 8-12, 2002 (Invited)

A. Vukics, J. Janszky, and T. Kobayashi, “Nonideal teleportation in coherent-state basis,”
Wigner Centennial Conference, Pecs, Hungary, Jul. 8-12, 2002

T. Ide, T. Kobayashi, and H. F. Hofmann, “Gain tuning and fidelity in continuous variable
guantum teleportation,” Wigner Centennial Conference, Pecs, Hungary, Jul. 8-12, 2002 (Invited)
T. Kobayashi and H. F. Hofmann, “Displacement operator representation of quantum
transportation”, In 2nd Winter Institute of FQTQO (Foundations of Quantum Theory and
Quantum Optics), Calcutta, India, Jan. 2-11 2002.  (Invited)

T. Ide, H. F. Hofmann, T. Kobayashi, and A. Furusawa, “Continuous variable teleportation of
single photon state”, In International Conference in Quatuntum Mechanics(ICQM), Saitama,
Japan, November 12-13 2001.

H. F. Hofmann, T. Ide, T. Kobayashi, and A. Furusawa, “Information extraction and quantum
state distortions in continuous variable teleportation”, In International Conference in Quatuntum
Mechanics(ICQM), Saitama, Japan, November 12-13 2001.
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PHEPMERS, TS, SBUVE 2, /RS, IR UR GRS BV R D AR, R A
B, MEEKS,9 H 7-11 H (2005)

UV 2, VTEPMERS, MEx KT, BN, FilEk. RFESE, “SPDC U — k16T
Iz I B8R, BRSNS, NTT JEANIZERS % —,5 1 12-13 H
(2005)

= bEFWE, KR, @RI, IRFESE, DR 6T WARRED AR, IS EL
2 By EKRE,3H 29 H-4 H 1 H (2005)

KREEWE, FWRH, IRFEZE, “ 3 2 HW e E TR COMAERE”, ISR Y, K
£R¥,3H29H-4H 1H (2005)

=EF e F KR, BRI, AR FEE, SRR =D WARBEBDAERL, BAR
Wl R RS, FULBERREE, Mar. 24-27, 2005

WUV .z, FMERE, IFESE T AN v 7 FHEBCE WSS — N LR
FEGHRANC X D A OLZEMES Ly b L— bom B, BAYETS Hik
K,9 A 12-15 H (2004)

= iR, KR, IFEZE, T A N w7 NS E TG WARRE D A=Ak,
HARME 2, H/HRKT, 9 H 12-15 H (2004)

g TR, IS, MRS EHE RS ERATOGIR O B K O ORI, B AR,
FHARKT, 9 H 12-15 H (2004)

= EFHR, BKRE, IFER, 3T X M) v 7R S RO B HIREBOMAT BAY)
ey, JUNRT:, 2004 453 H 27-30 H

KREGWE, Vox RF &, /IR ZF58, T 7 A4 N VTR E AR A2,
JUNKRZE, 2004 453 A 27-30 H

A. Yabushita, and T. Kobayashi, “Spectroscopy by frequency-entangled photon pairs,”
CLEO/Pacific Rim 2003 4+ 12 H 15-19 H

T. Kobayashi, H.Goto, H. Wang, T. Horikiri, and Y. Yanagihara, = “Energy-time correlated
photon from an OPO” H - X F-—Quantum Correlation and Coherence, /\ 7 &2 1 ¥ /L
ATV 200349 A 17-19 H (#34F)

INER, BT ULR—F—aroabt—Lr MUEIC K AT B AWBESS
BALKZE)PNFvyA 2, Mar. 28-31, 2003

%k BN, TR, UUREA, JREE L, /K FEEE, (2 — N 26t ok HAE R R
B RAMBEZ, RAERS: - )IINF v 73X, Mar. 28-31, 2003

Verx KF5e, /MR ZE5E,  TKerr BEE H OBHIC K 5 Schroedinger-cat-like state &4z O fi
Pri RAMBER 2, BRAERSE - JIINF v 73X, Mar. 28-31, 2003

H. F. Hofmann, FH:F248, IR, /IMAFZE, “Transfer operator description for continuous
variable quantum teleportation”. H AW P 2y, 85 (TR SCHKTESRL), 9 A 2001.
17pTB-10.

[[EmZv—7]

1.

2.

3.

O.Hirota, T.Usuda, and M.Fuse, “Quantum stream cipher Part I11”" International Conference on
guantum commun. and quantum imaging in San Diego, Aug. 2005.(Invited)

O.Hirota, K.Kato, M.Sohma, and M.Fuse, A quantum symmetric cipher (Y-00), The quantum
informatics, in Moscow, 2004.(Invited)

T. Tomari, S. Usami, and T. S. Usuda, “A study on optimum quantum decoding for binary linear
codes with mixed letter-states”, 2004 International Symposium on Information Theory and Its
Applications (ISITA2004), Parma, Italy, Proceedings of ISITA2002, pp.1429-1434, (2004.10).
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11.

12.

13.

14.

15.

16.

17.

18.

19.

N. Takatsu, T. S. Usuda, and I. Takumi, “Property of elementary gates for coherent-state qubits
and their applicability to quantum communications”, 2004 International Symposium on
Information Theory and Its Applications (ISITA2004), Parma, Italy, Proceedings of ISITA2002,
pp.1435-1439, (2004.10).

T.Hirotashima, and O.Hirota, Continuous variable noise free states in correlated noisy channel,
Conference on quantum communication, measurement and computing, in Glasgow, 2004.

T. Mizuno, T. S. Usuda, and I. Takumi, “Effect of entangled inputs on attenuated channel with
memory”, ERATO Conference on Quantum Information Science 2004 (EQI1S2004), Tokyo,
Japan, Proceedings of EQIS2004, pp.134-135, (2004.9).

N. Takatsu, T. S. Usuda, and I. Takumi, “Application of quantum gates for oherent-state qubits
to quantum communications”, ERATO Conference on Quantum Information Science 2004
(EQIS2004), Tokyo, Japan, Proceedings of EQIS2004, pp.179-180, (2004.9).

T. Tomari, S. Usami, and T. S. Usuda, “Relation between structure of codes and their optimum
quantum decoding”, ERATO Conference on Quantum Information Science 2004 (EQI1S2004),
Tokyo, Japan, Proceedings of EQIS2004, pp.185-186, (2004.9).

O.Hirota, K.Kato, M.Sohma, T.Usuda, and K,Harasawa, Quantum stream cipher based on
optical communications, International Conference on quantum commun. and quantum imaging
in Denver, Aug. 2004(Invited)

T.S. Usuda, T. Tomari, and S. Usami, ‘Pure’ square-root measurement and its optimality for
mixed-state signals, The Seventh International Conference on Quantum Communication,
Measurement and Computing (QCMCO04), Glasgow, UK, (2004.7).

S. Usami, H. Shiraki, T.S. Usuda, and I. Takumi, Construction of quantum error correcting
code for specific position errors, The Seventh International Conference on Quantum
Communication, Measurement and Computing (QCMCO04), Glasgow, UK, (2004.7).

Kentaro Kato, "A study on the secrity of Y-00 against collective attacks," Proceedings of the
2003 Workshop on Cryptography and Related Mathematics, Chuo University, 2003

K. Kato: Performance of classical binary codes for quantum channels: toward highly reliable
quantum communications”, Proc. of the 6™ Int. Confer. On Quantum Communication,
Measurement, and Computing, ed. By J.H. Shapiro and O. Hirota, pp. 496-499, Rinton, 2003
H. Shiraki, S. Usami, T. S. Usuda, and I. Takumi: “Quantum error correcting code for specific
position errors and its application”, ERATO Conference on Quantum Information Science
2003 (EQIS2003), Proceedings of EQIS2003, pp.111-112, (2003.9)

O.Hirota, “On irreversibility, dilation in conditional isometric process,” ERATO Quantum
Information Science, Sept. 2002.

O.Hirota, M.Sohma, and K.Kato, “Quasi Bell state; Generation and application to
entanglement assisted communication,” Proceedings of Photonics-2002, India, 2002.

S. Usami, T. S. Usuda, I. Takumi, and M. Hata, “Error Performance for Binary Code with
Mixed Letter States,” 2002 International Symposium on Information Theory and Its
Applications (ISITA2002), Xi‘an, China, Proceedings of ISITA2002, pp.339-342, (2002.10).
M. Osaki, M. Ban: “Unambiguous attack to the quantum key distribution system with
two-mode squeezed states”, International Symposium on Information Theory and Its
Applications (ISITA’02), Xi’an, PRC, October 7-11, 2002.

Y. Hayashi, S. Usami, T. S. Usuda, and I. Takumi, “Quantum coding gain with error probability
criterion for binary linear codes,” 2002 International Symposium on Information Theory and
Its Applications, (ISITA2002), Xi'an, China, Proceedings of ISITA2002, pp.475-478,
(2002.10).
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33.
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