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We experimentally study optical homodyne and heterodyrectiens with the same setup, which is flexible to maniputhte
signal sideband modulation. When the modulation only geteera single signal sideband, the light field measurementixing
the single sideband aby + Q with a strong local oscillator at the carrier frequengy on a beam splitter becomes balanced
heterodyne detection. When two signal sidebands atQ are generated and the relative phase of the two sidebarmtked, this
measurement corresponds to optical balanced homodyngtidaté/Nith this setup, we may confirm directly that the sigtmanoise
ratio with heterodyne detection is two-fold worse than thidh homodyne detection. This work will have important apations

in quantum state measurement and quantum information.

homodyne detection, heterodyne detection, sideband modulation, the signal-to-noiseratio

PACS number(s): 01.50.Pa, 03.65.Ta, 42.50.Lc

Citation: Li W, Yu X D, Meng Z M, et al. Experimental study of balanced iopt homodyne and heterodyne detection by controllingtsde modulation. Sci
China-Phys Mech Astron, 2015, 58: 104201, doi: 10.160¥7433-015-5718-z

1 Introduction phase sensitive and has been intensively utilized to measur
non-classical states of light [6-10] and further in quan-

Optical homodyne and heterodyne detections are the extum information experiments [11-14]. Heterodyne detectio

tremely useful and flexible measuring methods and havenas been shown that its signal-to-noise ratio is two-foldsao

broad applications in optical communication [1,2], weak si  than that with homodyne detection [4,5,15,16].

nal detection [3]. In general, optical homodyne and hetero- |, ihis paper, we use sideband method [17,18] in quan-

dyne detections are defined as théetence of the optical  y,m gptics to investigate balanced homodyne and heterodyne

frequencies of the two mixed field is zero and nonzero re-ygtections in the same setup. When only mixing the single
spectively. When the signal is mixed with a relative strong ¢;qepand signal abo + Q with a strong LO at the carrier

local oscillator (LO) on a 5Q% beam splitter, the two output frequencywo on a 50% beam splitter, this measurement cor-
modes are detected by a pair of detectors and therénce of  o5n0nds to balanced heterodyne detection. When there are
two photocurrents can be measured, this scheme correspongﬁo signal sidebands abo + Q and the relative phase of

to balanced homodyne and heterodyne detections. Itis well,o yyq sidebands is locked, this measurement corresponds
known that ba_lanced detection can cancel the noise r_egu_ltlnto balanced homodyne detection. Although the frequencies
from local oscillator [4,5]. Balanced homodyne detect®ni ¢ g sidebands are fierent with that of LO, it still refers
*Corresponding author (email: jzhang74@sxu.edu.cn) as balanced homodyne detection since two sidebands locate
+Contributed by ZHANG Jing (Associated Editor) symmetrically at the two sides of the carrier frequency of

© Science China Press and Springer-Verlag Berlin Heidelberg 2015 phys.scichina.com link.springer.com
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LO, and at the same time the relative phase of two sidebandficiency of all AOMs are about 70%. The two-sideband field

is fixed. This balanced homodyne detection for two side-is coupled into a single-mode polarization-maintainingfib

bands has been exploited widely in quantum optics experiand then combined with a strong local oscillator on 50% BS2

ments [6-8,19,20]. We will demonstrate that this balancedwith the same polarization. The output fields of BS2 are de-

homodyne detection is also phase-sensitive and its sigrnal- tected by two balanced detectors, the substraction of whose

noise ratio is two-fold better than that with heterodyne de-photocurrents is measured by the spectrum analyzer. The sin

tection. This work gives the deeper understanding of opti-gle sideband can be obtained by blocking the incident beam

cal homodyne and heterodyne detections and the closely resf AOM2 (or AOM3). Here, an auxiliary beam without fre-

lationship between them. Moreover, the scheme of generatgquency shift is used to adjust the visibility of the intediece

ing two sidebands in this paper idfldirent from the general between the local and the signal. When the data is measured,

method of phase-modulation (or amplitude-modulation) bythe auxiliary beam will be blocked.

an electro-optic modulator (EOM). A laser with frequengy The diference photocurrent of the balanced detection can

is phase-modulated (or amplitude-modulated) by EOM withbe expressed as:

frequencyQ to generate two sidebandg + Q, hence, this

light includes a strong carrier field and two sidebands. The oi = i1 — iz = a yas + aLodl. 1)

signal field in this work only has two sidebands and the opti- . . 4

cal field at carrier frequenayo is vacuum, which will have 1€ LO field can be written a@ o = (ao)e“*"), and the

the special applications in quantum information and commu-Signal field asas = <a+>e'(w°+gf)t + <"’L>e'(‘_“°_g’)tv which in-

nication. cludes two sidebands. Herejs the relative phase between
the LO and signal field. Hence, the photocurrent of the signal

2 Experimental setup and results field is written as:

Figure 1 shows the experimental setup. A continuous-wave Os = Z@0)[(a:) cosQt—6) +(a)cosQ-t+6)]. (2)

single-frequency coherent laser at 1064 nm is split into two

arts. One passes throuah a mode clean cavity to be us I-Aere, two terms represent the two beatnotes of the two side-
parts. b 9 y . bands with LO, respectively. Case 1: When only one signal

for the LO in the balanced detection system. The other ISsideband is a liec( or a ), the signal strength becomes
sent through three acousto-optic modulators (AOMs, 3110- 5 bp ' g 9
. . . (2AaLo)(as))” at the frequency of)s, where(as) = (a.())
197, Crystal Technology) for generating signal sidebands. .
. . o andQs = Q. ). We can see that the signal strength becomes

The laser first is frequency down-shifted by the negativée firs - .

. . constant and is independent of the relative phtabetween

order difraction of AOMI with the frequency —110 MHz. the LO and signal field for single signal sideband, as shown
Then the downshifted laser is split into two beams, which. 9 9 g '

are frequency up-shifted by the positive first-orddfrdiction ;nrgégl:]ree (jze(treGC(jtiIc;rr]]e)b-;zs ;?S\/?/ﬁg:fvigo;di;? Sbigleag]::(;jshae:e
of AOM2 with +115 MHz and AOM3 with+105 MHz, re- y ' ' 9

. . . pplied at the same time and have the same amplitude with
spectively. The two frequency-shifted beams are combine Y = (a.) = (a), the diference of photocurrent can be
on 50% BS1 with the same polarization, so the two side- 8 = B ' P

bands atQ,, = 5 MHz is generated. Here, the sinu- "/ o 2%
soidal signals of AOMs are provided by three signal gener- . 5 Q. -Q. Q. +0Q.
ators (N9310A, Agilent) respectively and thefdiction ef- Sis = 2(@L0)(@s) COS| ———1 ~ f) cos{ ———t]. 3)

Local oscillator

Figure 1 (Color online) Schematic diagram of the experimental set@fi optical isolator; HW: half-wave plate; PBS: polarigitoeam splitter; AOM:
acousto-optic modulator; PM: single-mode polarizaticataining fiber; EOM: electro-optic modulator; SA: spectranalyzer.
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Figure2 (Color online) The measured noise spectra of the signal tisathe balanced detection system. The modulation frequeh&M1 and AOM2

is fixed at 110 and 115 MHz, respectively, which correspondspt sideband frequendy, =5 MHz. The frequency of AOM3 is changed to set the down
sideband frequenc®2_. The black line is the shot noise limit and the red line cqrogsls to the single sideband. The blue lines in (a—e) carresto the two
sidebands cases with theferent frequency dierence of up and down sideban®, = Q. — Q_: -10, -5, 0 Hz (withY = 0), +5, +10 Hz, respectively. The
center frequency of the spectrum analyzer is 5 MHz and the ispgero. RBW is 100 kHz, VBW is 300 Hz and the sweep time is 580Htere, the frequency
difference of up and down sidebang. is much less than the RBW and VBW.

The signal strength measured by spectrum analyzer becomeignal generator 2 (3) is also divided into two parts: one is
4(Xa o) as))? cof[(Q, — Q)t/2 — 4] at the frequency of used to drive the AOM2 (AOM3) and the other is to mix with
(Q++Q_)/2. Compared with the single signal sideband, therethe output of the signal generator 1. Two sinusoidal signals
are several new characteristics (blue line in Figures 263), from the signal generators 1 and 2 (1 and 3) are mixed down
(d) and (e). First, the signal strength has a periodical moduto generate about 5 MHz signal using a mixer (Mini-Circuits
lation with the frequencpQ. = Q. — Q_. Second, the max- ZAD-6+). The mixer's output signal of about5 MHz pass
imum signal strength for two signal sidebands is four-fold through a low-pass in order to filter the high frequency sig-
larger than that for single signal sideband. The minimum sig nals of the inputs of the mixer. Thus we obtain two ways of
nal strength reaches the shot noise limit. When tiffedince 5 MHz signal, which correspond to two sideband frequencies
of the frequencies of two signal sidebands is z&vQ (= 0), Q, andQ_ respectively. Two ways of 5 MHz signal are elec-
the signal strength becomes 442,)(as))? cog (). Here, the  tronically phase-locked to the same 5 MHz reference signal
relative phas@ may be the relative phase between up andby two phase locked loops (PLL). The output error signal of
down sidebands or between the LO and signal field. When
the relative phase between up and down sidebands is fixed,
this case corresponds to balanced homodyne detectiorh whic
is phase sensitive to the relative phaseetween the LO
and signal field. When the relative phasées zero, the sig-

nal strength reaches the maximum value (blue line in Figure
2(c)), which corresponds the constructive inference of two
sidebands. When the relative phase 7, the signal strength
becomes zero (shot noise level), which corresponds the de-
structive inference of two sidebands.

As above discussion, only when the two signal sideband
frequencieg), . are the same and the relative phase is fixed,
the measurement becomes the balanced homodyne detection.
Here we develop two methods to lock the relative phase be-
tween up and down sidebands.

Method 1. Figure 3 shows the schematic diagram of lock-
ing the relative phase between up and down sidebands. The
_smusmdal signal ou_tDUt of the §|gnal generator 1 is ditide Figure3 (Color online) The schematic diagram of the method 1 forilogk
into two parts: one is used to drive the AOM1 and the otherihe relative frequency and phase of the two sidebands. Sig8al genera-
is further divided into two parts to mix with the output of the tor; PS: power splitter; AOM: acousto-optic modulator; LRFv-pass filter;
signal generators 2 and 3. The sinusoidal signal outputeof th PLL: phase locked loop.
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the PLL contains the relevant information abut the freqyenc modyne and heterodyne detections by the sideband method.
and phase dierence between two input signals. Two ways The single sideband and two sidebands signals can be ob-
of the error signal, after the proportional-integral-gdative  tained easily in our experimental setup, therefore opbel

controller, are feedback into the signal generators 2 and 3anced homodyne and heterodyne detections can be investi-
respectively. When the frequency are same and the relativgated and compared simultaneously. We also develop two
phase between up and down sidebands is locked, the opticahethods to lock the relative phase between up and down side-
field with two signal sidebands can be phase-sensitively debands for realizing the balanced homodyne detection. We
tected by the balanced homodyne detection. confirm that this balanced homodyne detection scheme is

By controlling the phase of the LO, the relative phéde-  phase-sensitive and its signal-to-noise ratio is two-foéd-
tween the LO and signal field can be fixed with zero and the
signal strength reaches the maximum value (blue line in Fig- (@)
ure 4(a)). When the relative phags fixed atrt/2, the signal
strength becomes zero and reaches the shot noise level (pink
line in Figure 4(a)). This pink line presents the large flactu
tion due to imperfect locking. When we scan the phase of LO
field, the signal strength presents a periodical changeigre
line in Figure 4(a)).

Method 2. Here, in Figure 5 we present a simpler scheme
to make the frequencies and the relative phase of the up and 0 100 200 300 400
down sidebands locked by using the clock synchronization of Time (ms)
Agilent signal generators. The three signal generatordean
locked together in frequency and phase by using the same ref-
erence (clock) frequency. So the sinusoidal signal ougmats
generated from the same clock source. For instance, the sig-
nal generator 1 serves as the master reference, whose signal
first is locked with its internal reference. The reference ou
put of the signal generator 1 is connected with the external
reference input of the signal generators 2 and 3. The signals

Normalized noise
power (dB)

Normalized noise
power (dB)

of the signal generators 2 and 3 are locked with the exter- 0 100 200 300 400
nal reference. The result of the balanced homodyne detectio Time (ms)
is shown in Figure 4(b), which is better than that with the

Figure4 (Color online) The noise spectra measured after lockindrthe
method 1. _ _ quency and phase of the two sidebands with twftecént methods. (a) Use
We further measure the noise spectra with the frequencynethod 1; (b) use method 2. The red curve shows the noiseaméatingle

span of 3 MHz when locking the frequency and phase ofsideband. The blue and purple curves are for the relativegrhbetween
the two sidebands with method 2. The red line in Figure 6the LO and s'ignal field with zerq and/2, respgctively. 'The g.reen curve
presents the case of one signal sideband, which corr(.aspon(j%(;wt\zégﬁ N zizr;gogem?efffgﬁoﬁﬂf ff;:gg%t?_'mz’faswzzg
to balanced heterodyne detection. The signal-to-noise rat 4e-500 ms.

for one signal sideband is 12 dB, which is independent of the
relative phase® between the LO and signal field for single
signal sideband. When two signal sidebands are applied and
the phase of the two sidebands is locked, the signal-tcenois
ratio is sensitive to the relative phagéetween the LO and
signal field for two signal sidebands, which corresponds to
balanced homodyne detection. The maximum signal-to-noise
ratio for two signal sidebands is four-fold (6 dB) largerriha
that for single signal sideband when the relative pltase.
When consider the factor 2 of two sideband signals compared
with single sideband, we confirm that the signal-to-noise ra
tio with heterodyne detection is two-fold worse than thatwi
homodyne detection. The signal-to-noise ratio for two aign
sidebands reaches zero when the relative phase/2.

3 Conclusion Figure5 (Color online) The schematic diagram of the method 2 foritegk

. . . the relative frequency and phase of the two sidebands. SigBal source;
In conclusion, we experimentally study optical balanced ho pg. yower splitter; AOM: acousto-optic modulator.
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(Color online) The noise spectra with a certain span at tledyaad frequency when the relative frequency and phaseeofih sidebands are

locked. The red curves and the blue curves represent siitigleasd and the double sidebands cases, respectivelyp@ihesthe measured frequency is from

3.5 MHz to 6.5 MHz. RBW-100 kHz, VBW=30 Hz, Sweep time500 ms.

ter than that with heterodyne detection. The scheme of gener
ating single and two sideband signal in this work can be used
in the quantum information and quantum metrology [21-23].
Resently, we noticed an interesting work where the hetero-1!

dyne detection with a bichromatic local oscillator was theo

retically and experimentally studied [24].

This work was supported by the National Basic Research Program of China
(Grant No. 2011CB921601), the National Natural Science Foundation of
China (Grant Nos. 10725416 and 60821004).

1 Okoshi T, Kikuchi K. Coherent Optical Fiber Communicagoifokyo:
Dordrecht; Boston by KTK Scientific Publishers; Kluwer Aeadic
Publishers, 1988

2 Su X L. Applying Gaussian quantum discord to quantum keyibis
tion. Chin Sci Bull, 2014, 59: 1083-1090

3 Martellucci S, Chester A N, Mignani A G. Optical sensors anid
crosystems: New concepts, materials, technologies. Bosttuwer
Academic Publishers, 2002

Opt Lett, 1983, 8: 177-179
5 Collett M J, Loudon R, Gardiner C W. Quantum theory of optfoa
modyne and heterodyne detection. J Mod Opt, 1987, 34: 8&21-90
6 WulLA, Kimble HJ, Hall JL, et al. Generation of squeezedestdty
parametric down conversion. Phys Rev Lett, 1986, 57: 252032

7 Yu XD, LiW,JinY B, et al. Experimental measurement of cavar

ance matrix of two-mode entangled state. Sci China-PhyshMex
tron, 2014, 57: 875-879

8 Su XL, JiaXJ, Xie CD, et al. Preparation of multipartite aargled
states used for quantum information networks. Sci ChingsMiech
Astron, 2014, 57: 1210-1217

9 Breitenbach G, Schiller S, Mlynek J. Measurement of thengua
states of squeezed light. Nature, 1997, 387: 471-475

10 Su X L, Jia X J, Xie C D, et al. Generation of GHZ-like and tduis

Yuen H P, Chan V W S. Noise in homodyne and heterodyne detecti

12

13

14

15

16

17

18

22

23

24

like quadripartite entangled states for continuous végialsing a set
of quadrature squeezed states. Sci China-Phys Mech A2008, 51:
1-13

Furusawa A, Sgrensen J L, Braunstein S L, et al. Unconditiquan-
tum teleportation. Science, 1998, 282: 706—709

Grosshans F, Van Assche G, Wenger J, et al. Quantum kepdiisn
using gaussian-modulated coherent states. Nature, 2003238-241
Braunstein S L, Loock P van. Quantum information with gardus
variables. Rev Mod Phys, 2005, 77: 513-577

Xie D, Peng J Y. Accuracy for superposition of squeezemsia loss-
less and dissipative channel. Sci China-Phys Mech Astroh3256:
593-599; Dugi'M, Arsenijevic M, Jekn-Dugi¢ J. Quantum correla-
tions relativity for continuous variable systems. Sci Ghhys Mech
Astron, 2013, 56: 732736

Yamamoto Y, Haus H A. Preparation, measurement and irafiiom
capacity of optical qguantum states. Rev Mod Phys, 1986, 5811
1020

Caves C M, Drummond P D. Quantum limits on bosonic comnaunic
tion rates. Rev Mod Phys, 1994, 66: 481-537

Bachor H A. A Guide to Experiments in Quantum Optics. Weinh
Wiley/VCH, 1998

Zhang J. Einstein-Podolsky-Rosen sideband entangtemdsroad-
band squeezed light. Phys Rev A, 2003, 67: 054302

Di K, Yu X D, Zhang J. Experimental investigation of smsilted
squeezed vacuum light device. Acta Sin Quantum Opt, 201456~
246

Su XL, Hao S H, Deng X, et al. Gate sequence for continuorahla
one-way quantum computation. Nat Commun, 2013, 4: 2828
Wheatley T A, Berry D W, Yonezawa H, et al. Adaptive optiphhse
estimation using time-symmetric quantum smoothing. Phys Rett,
2010, 104: 093601

Yonezawa H, Nakane D, Wheatley T A, et al. Quantum-enttance
optical-phase tracking. Science, 2012, 337: 1514-1517

Zhai Z H, Gao J R. Low-frequency phase measurement with- hig
frequency squeezing. Opt Express, 2012, 20: 18173-18179

Fan H, He D, Feng S. Quantum noise in phase-sensitiveokgtes
detection with a bichromatic local oscillator. arXiv: 148602



Information for authors

SCIENCE CHINA Physics, Mechanics & Astronomy, a monthly
peer-reviewed academic journal cosponsored by the Chinese
Academy of Sciences and the National Natural Science Foun-
dation of China, and published by Science China Press and
Springer, is committed to publishing high-quality, innovative re-
sults of broad interests in both basic and applied research.
Categories of articles:

Reviews: summarize representative results and achievements
in a particular topic or an area, comment on the current state of
research, and advise on the research directions. The author’s
own opinion and related discussion are requested.

Articles: report on important original results in all areas of
physics, mechanics and astronomy.

Letters: present short reports in a timely manner of the latest
important results.

Research Highlights: are succinct summaries and comments
on a recent research achievement published in SCPMA and
other journals.

Authors are recommended to use the online submission ser-
vices. To submit a manuscript, please visit phys.scichina.com,
click the button “submission”, and use ScholarOne Manuscripts.
For a new user, please register an “Author Accoant”, and then
submite a manuscript following the guidance.

Authors should also submit such accompanying materials as
a short statement on the research background and significance
of the work, a brief introduction to the first and corresponding
authors including their mailing address, post code, telephone
number, fax number, and email address. Authors may suggest
several referees (please supply full names, addresses, phone, fax
and email), and/or request the exclusion of specific reviewers.

All submissions will be reviewed by referees selected by the
editorial board. The decision of acceptance or rejection of a
manuscript is made by the editorial board based on the referees’
reports. The entire review process may take 30 to 90 days, and
the editorial office will inform the author of the decision as soon
as the process is completed. If the editorial board fails to make a
decision within 90 days, please contact the editorial office.

Authors should guarantee that their submitted manuscript has
not been published before, and has not been submitted else-
where for print or electronic publication consideration.

Submission of a manuscript is taken to imply that all the
named authors are aware that they are listed as co-authors, and

they have seen and agreed to the submitted version of the paper.

No change in the order of listed authors can be made without an
agreement signed by all the authors.

Once a manuscript is accepted, the authors should send a
copyright transfer form signed by all authors to Science China
Press. Authors of each published paper will be presented one
sample copy. If more sample copies and offprints are required,
please contact the managing editor and pay the extra fee. The full
text in Chinese and in English opens free to the readers in China
at phys.scichina.com, and the full text in English is available to
overseas readers at link.springer.com.

Ethical responsibilities of authors: Authors should refrain from
misrepresenting research results which could damage the trust
in the journal and ultimately the entire scientific endeavour, and
follow the COPE guidelines on how to deal with potential acts of
misconduct.

Disclosure of potential conflict of interests: Authors must dis-

close all relationships or interests that could influence or bias the
work. The corresponding author will include a summary state-
ment in the text of the manuscript in a separate section before
the reference list.

Subscription information

ISSN print edition: 1674-7348

ISSN electronic edition: 1869-1927

Volume 58 (12 issues) will appear in 2015

Subscription rates

For information on subscription rates please contact:

Customer Service

China: sales@scichina.org

North and South America:

journals-ny@springer.com

Outside North and South America:
subscriptions@springer.com

Orders and inquiries:

China

Science China Press

16 Donghuangchenggen North Street, Beijing 100717, China
Tel: +86 10 64019709 or +86 10 64015835

Fax: +86 10 64016350

North and South America

Springer New York, Inc.

Journal Fulfillment, P.O. Box 2485

Secaucus, NJ 07096 USA

Tel: 1-800-SPRINGER or 1-201-348-4033

Fax: 1-201-348-4505

Email: journals-ny@springer.com

Outside North and South America:

Springer Distribution Center

Customer Service Journals

Haberstr. 7, 69126 Heidelberg, Germany

Tel: +49-6221-345-0, Fax: +49-6221-345-4229

Email: subscriptions@springer.com

Cancellations must be received by September 30 to take effect
at the end of the same year.

Changes of address: Allow for six weeks for all changes to
become effective. All communications should include both old
and new addresses (with postal codes) and should be accom-
panied by a mailing label from a recent issue. According to § 4
Sect. 3 of the German Postal Services Data Protection Regula-
tions, if a subscriber's address changes, the German Federal
Post Office can inform the publisher of the new address even if
the subscriber has not submitted a formal application for mail to
be forwarded. Subscribers not in agreement with this procedure
may send a written complaint to Customer Service Journals,
Karin Tiks, within 14 days of publication of this issue.

Microform editions are available from: ProQuest. Further in-
formation available at http://www.il.proquest.com/uni

Electronic edition

An electronic version is available at link.springer.com
Production

Science China Press

16 Donghuangchenggen North Street, Beijing 100717, China
Tel: +86 10 64019709 or +86 10 64015835

Fax: +86 10 64016350

Printed in the People’s Republic of China

Jointly published by

Science China Press and Springer



Physics, Mechanics
& Astronomy = .-

SCIENCE CHINA

Physics, Mechanics
& Astronomy

(Formerly Science in China Series G: Physics, Mechanics & Astronomy)

4

B ABOUT THE JOURNAL

SCIENCE CHINA Physics, Mechanics & Astronomy (Sci China-Phys Mech Astron) is a monthly peer-
reviewed research journal, founded in 2003, that is devoted to the publication of the basic and
innovative research results of high quality and broad interest in the fields of physics, mechanics
and astronomy.

NOW INDEXED IN
SCl, El, ADS, Google Scholar, INSPEC, etc.

SUBMISSION

Visit the website of http:/phys.scichina.com, click the button “submission and review”, and use “"ScholarOne Manuscripts”.

MANUSCRIPT TYPES

Reviews: summarize representative results and achievements in a particular topic or an area.
Articles: report on important original results in all areas of physics, mechanics and astronomy.
Letters: present short reports in a timely manner of the latest important results.

Research Highlights: are succinct summaries and comments on a recent research achievement published in SCPMA
and other journals.

ALL ARTICLES AVAILABLE ONLINE

All articles are available online through http://phys.scichina.com and http://www.springer.com/scp

FREE
Read freely for domestic users by http://phys.scichina.com

B ADVERTISING SERVICES

Institutional ads, Product ads, Information ads, Recruitment ads

Inside Front Inside Back Back Cover q
Position Cover (Cover 2) Cover (Cover 3) (Cover 4) After Cover 2 Before Cover 3 Inside Page
Price
i 10,000 8,000 12,000 8,000 6,000 5,000

Sponsored by

Chinese Academy of Sciences (CAS)
National Natural Science Foundation of China (NSFC)

Published by

Science China Press & Springer

ISSN 16747348

6?4 ?54






