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Introduction of the physics experiment teaching of
Stanford University and UC Berkeley

ZHU Wei
(School of Physical Sciences, University of Science and Technology of China, Hefei 230026, China)

Abstract. The situation of physics experiment teaching at Stanford University and UC Berkeley
was introduced based on the several months’ visiting and studying there. The physics experiment les-
sons’ curriculum, features and management of the lab were introduced. The gains from this visiting
were also reported.

Key words: physics experiment; teaching model; curriculum provision; lab management
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Modern physics experiment teaching with

free alternative, pleasure learning and inspired innovation

WANG He-ying, SUN Wen-bo, CHEN Yi-bao, ZHANG Liu-wan
(Department of Physics, Tsinghua University, Beijing 100084, China)

Abstract: This paper described the organization and implementation of modern physics experiment
teaching in Tsinghua University with several examples. The teaching process emphasized free alterna-
tive, pleasure learning and inspired innovation. The positive role of modern physics experiment teach-
ing on students’ quality training, ability improvement and character development was also discussed.

Key words: modern physics experiment; quality training; ability improvement; innovation
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Research on the experimental development of electrostatic
induction generator based on weak current sensor

MU Xiao-yan, YANG Xiao-mei
(School of Physics and Electronic-Electrical Engineering, Ningxia University, Yinchuan 750021, China)

Abstract. Based on the working principle of electro static induction generator, the reason why the
two electric brushes produced maximum electric quantity when they were mutually perpendicular was
analyzed. And a reasonable explanation was given. Using weak current sensor, the electric quantity
generated by the electro static induction generator was researched qualitatively and quantitatively.

Key words: electro static induction; generator; weak current sensor; electric quantity

[ : i

Analyzing photon flux distribution of type- [| SPDC for
adjustment of entangled twin-photon source

WANG Ziyi's, WANG He-ying”, SUN Wen-bo*
(1. High School Affiliated to Renmin University of China, Bejing 100080, China;
2. Department of Physics, Tsinghua University, Bejing 100084, China)

Abstract: The photon flux distribution near the entangled photons in type- [ SPDC was investiga-
ted to help the adjustment of entangled twin-photon source. The result of this article further decreases
the time needed for this teaching experiment and enhances students’ understanding for locating entan-
gled photons. And the result provides basis for the precise mapping of type-[I SPDC and automatical-
ly adjusting program for entangled twin-photon source.

Key words: quantum entanglement; spontaneous parametric down conversion; photon flux; en-

tangled twin-photon source
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Preparation of aluminum film by vacuum evaporation

ZHEN Cong-mian*", LI Zhuang-zhi**, HOU Deng-lu*"*, GUO Ge—xin"", LI Yu-xian®"
(a. College of Physics and Information Engineering; b. Hebei Advanced Thin Films Key Laboratory,
Hebei Normal University, Shijiazhuang 050024, China)

Abstract. The preparation of aluminum film by vacuum evaporation was introduced in detail. The
creation and detection of vacuum, the principle of evaporation and the important notes were presen-
ted. This work was a guidance for understanding and mastering vacuum system.

Key words: vacuum; evaporation film; mean free path

Art of “white space” in experimental physics teaching

WANG Heying, SUN Wen-bo, CHEN Yi-bao, ZHANG Liu-wan
(Department of Physics, Tsinghua University, Beijing 100084, China)

Abstract: This paper described the purpose, method, and effects of “white space” in the experi-
mental physics teaching process. Appropriate white space for students to fill in the teaching process
could stimulate students’ interests to do the experiments, activate their enthusiasm for independent
inquiry, cultivate their independent spirit and innovative thinking, and improve their comprehensive
quality.

Key words: experimental physics teaching; art of white space; talent training
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Innovative experiment project based on heat energy utilization

HUANG Lin, TANG Yi-wen, WANG Jian-zhong
(College of Physical Science and Technology, Central China Normal University, Wuhan 430079, China)

Abstract: A Li-ion battery charger was designed based on thermoelectric effect. The device used
hot water as heat source, F40550 as thermoelectric generation tables, LM1085 and SD8001 were cho-
sen as the voltage stablizing circuit and Li-ion battery charging protection circuit control chip, respec
tively. And the voltage output was USB interface. Small digital products with Li-ion battery could be
charged by the device.

Key words: heat energy; thermoelectric effect; Li-ion battery charger

( 9
Raman spectrometer control system based on microcontroller

BAO Yicheng, CHEN Yi-bao, SUN Wen-bo, WANG He-ying
(Department of Physics, Tsinghua University, Beijing 100084, China)

Abstract: The control system for a high resolution double Raman spectrometer was rebuilt based
on a STM32F303 microcontroller. This control system included all the function needed for Raman
spectrum measurement, guaranteeing high performance with programmable acceleration. The system
utilized USB VCP protocol through full-speed USB port to communicate with computer, making it
easy to develop software for host computer and extend the system for other experiments.

Key words: Raman spectrometer; control system; microcontroller; USB virtual COM port

L : ]

( 15 )
Improvement on apparatus of magneto-optic Kerr effect and

measurement of coercive force of non-standard soft magnetic materials

WANG Chun-mei, ZHAO Zhen-jie, RUAN Jian—zhong., LI He, SHEN Guo-tu
(School of Physics and Materials Science, East China Normal University, Shanghai 200241, China)

Abstract: The original magneto-optic Kerr effect experiment device in the lab, with a discrete
magnetic optical bench, was difficult to adjust and the precision was low, because of the complexity in
light path adjustment. Only standard samples could be measured with it. In this paper, an adjustable
optical guide rail was designed and a lens group was inserted to simplify the adjustment of the optical
path. Combining with the series resistance compensation method, the sensitivity was further im-
proved. The measurement of the coercive force of non-stranded soft magnetic materials was realized.

Key words: magneto-optic Kerr effect; soft magnetic materials; coercive force
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Formation mechanism and affecting factors of
delayed wave in ultrasonic experiments

MA Ling-yue', SUN Wen-bo*
(1. Attached High School of Tsinghua University, Beijing 100084, Chinaj;
2. Department of Physics, Tsinghua University, Beijing 100084, China)

Abstract: In ultrasonic experiment, there were a series of decaying wave packets with equal spac-
ing between the first and the second wave packets reflected by the bottom surface of the rectangular
block. Different types of longitudinal wave ultrasonic transducers and different materials with differ-
ent geometry sizes were used to measure the spread time of the decayed waves in the experiment. The
formation mechanism and influencing factors of these decayed waves were analyzed.

Key words: ultrasonic wave; delayed wave; waveform conversion

Discussion on the “MOOCs” and “micro class” model of
college physics experiment

Ni Yan-—ru

(Physics & Information Communication Academy, Quanzhou Normal University, Quanzhou 362000, China)

Abstract: In recent years, with the expansion of college enrollment, there emerged a lot of prob-
lems in the teaching of public physics experiment in local universities. By analyzing the shortage of
teaching hours of physics experiment in Quanzhou Normal University, the significance of introducing
“MOOCs” in the course of physics experiment was explained. The ways to overcome the deficiency of
the traditional teaching mode by introducing “MOQOCs” and “micro lesson” was discussed. This pres-
ented a certain reference for the study of the teaching reform of public course of college physics experi-
ment.

Key words: college physics experiment; MOOCs; micro lesson; teaching mode
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Application of information technology in college physics experimental teaching

Wang Heying, Chen Yibao, Sun Wenbo, Zhang Liuwan

(Department of Physics, Tsinghua University, Beijing 100084, China)

Abstract; This article introduces the application of modern information technology in physics experimental
teaching in Experiment Physical Teaching Center of Tsinghua University. discusses the problems when using
the information technology for the experiment teaching,and points out its prospect in the future development.
With the information technology. the Center has improved the experimental teaching organization and
management modes, promoted the reform of experimental teaching,enriched the teaching resources,changed the
experimental teaching mode and the communication means between teachers and students, and improved the
teaching effect. The application of information technology in the traditional physics experimental teaching made
it a new vitality. Teachers should adapt to the rapid development of information technology, be to learn
continuously, improve the level of using information technology. and let the modern information technology
play the positive role in physics experimental teaching and talent training.

Key words: information technology; physics experimental teaching; multimedia coursewares
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Quantum fluctuations and noise in parametric

Experimental teaching system of type- | quantum entanglement

SUN Wen-bo, WANG He-ying, CHEN Yi-bao, CHEN Hong
(Department of Physics, Tsinghua University, Beijing 100084, China)

Abstract: The experimental teaching system of type- | quantum entanglement was built in order
to make the experimental teaching of quantum entanglement more expansive for the undergraduates
and to improve the service quality for the experimental teaching. Two spliced thin pieces of BBO crys-
tals which had perpendicular optical axes were used in the new system. Entangled photon pairs in the
overlapped light cones which generated from the space near splicing area were obtained when a pump
laser having a polarization angle with their optical axes was incident. Because the polarizations of the
pairs were the same, the compensation system becomes unnecessary. Furthermore, the requirement
for the spatial precision and the operation difficulty could be reduced. Thus, we could offer a simpli-
fied experimental setup for which the core principles and operational training requirements were main-
tained. The undergraduates could achieve the teaching goals in 1 or 2 afternoons of experiments.

Key words: quantum entanglement; type- | entanglement source; CHSH inequality; coincidence

measurement [ : ]
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Microstructure and optoelectronic properties of monolayer
and multilayer graphene films
Chen Yibao®, Ma Lingyue'

(1. Department of Physics , Tsinghua University, Beijing 100084, China;
2. Attached High School of Tsinghua University, Beijing 100084, China)

Abstract; This paper studies the microstructure, Raman spectrum, transmittance and conductivity of graphene
thin films with different layers grown on Cu and Ni substrates by CVD method. The results show that the
single layer graphene film grown on Cu substrate exhibits better quality and better optical properties, and the
multilayer graphene film grown on Ni substrate is a single crystal thin film with excellent electrical properties.
Different growth mechanism makes the two substrates have the advantage in the preparation of graphene thin
films with different layer thickness. Grain boundaries and defects in the film are the main reasons of affecting
the quality and performance of graphene films.

Key words: graphene; CVD; Raman spectrum; transmittance; sheet resistance
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Study of experimental teaching based on comparison between
Type I and Type II polarization entangled twinrphoton sources

Sun Wenbo, Wang Heying

(Department of Physics, Tsinghua University ,Beijing 100084, China)

Abstract; In order to address the differences between these two experiments and highlight the importance of their
combination, this paper tries to provide a brief introduction to those who (teachers and students) are interested in these
experiments, focusing on the experimental setup, the teaching manner, the role of these two experiments in teaching,
and the effects of stimulating learning interests and innovative thinking of students.

Key words: experimental teaching; quantum entanglement; photon entanglement source

o b b Y
. 2015 [ « 1l ,
[2] 9« 2 [3] CHSH
, 2015 2 4 SPDC ,
. 2014 s
. I [5] s
. Il ,
2009 o
(43 , R
, , 1 |
:2016-06-24 :2016-06-30 ’ ’
(J1210018) s ,
(20160204 ) ;
(110007019,53100700116) 1
(1980—), . . )
, BBO(
’ (5]
E-mail ;. swb@ tsinghua. edu. cn ) (SPDC)



76

SPDC 1 m . 1 Il 0
e 51 e—>o+to
et fEh
[7] s 1 .
At £ iy Jy 1h)
=S a0
250 77 1]
BBO g
> o FE A
3 I (e>e+o)
1 2 5 mmX5
mmX0.2mm [ BBO , 0=29°,
1 1 (e —o0o o )
. 405 nm 810 nm R
1 BBO 11 1 7mmX7mmX2mm [[ BBO
, , 2 1 , 42.6°, 405 nm
BBO s 810 nm .
45° , °
’ 9 2 s ° °
, SPDC R
A AR R
AR5 2
i-b;-gﬁﬁmm;.rm
Fd ) ’ ’
/1
KL ’ ’
24~ 125 BRO SR s 4 o
B A R R
2 1
, I o
e = (L Vo, | V), HD, | HD ) (D)
ﬂ 0—405 nm @ | REEEL 2 BBO G,
I—R NG 4—BREER S —PROCLTHEL 8
AV THY , 6—R10nm REDRST; 7T YOETH B 8 REIHERS:
1 9 9 G— Ll AL BRI 10 R EE .
e 11 4
e—>e+to,
’ 3 ° [$] ( 405 nm ’
), o ( ), BBO , SPDC
II . 10710 [9] s
( ) ,

| o) :%ﬂ Vy, | Hy, 4+ HY, VYL ()

I ,



77
BBO SPDC o , I ,
( , BBO ,
[3] > . o :[ b b
R BBO 45° o
(Perkinelmer = APCM-AQRH-13), BBO
R [1o] R BBO
| 3
. 1 BBO ( ,
) 2.5% 1 3°, N )
4 4( ) 5( o 5 6 1
) , I , 0—10 4
( ).

U—R A8 12—Jer; 13—iBE N 4—BIR&E: 15—LH:

16— f .
5 1 ( )
1 )
) 8
14 1718 |a 4
s ot Hg
] Ll
12

LI—R A0 12—k s 13—IBIA s 1 4—Refdhs 15—kh: 17— T8k 18— BBO&IE-



78

, 405 nm

, . BBO
[4]

, BBO , 8§10 nm

1 , 5 , 16(

b

| :%q oy | Hy, e [ V), [ VD) (3)

16 : R
1l , 6 R 17
BBO 18 . ,
, e—~>e+o,
: E D :
K S )
e 0
0 e
2]

ol




79

5
5 6
o 9 10
1 Il .9
1 (5],
120° 60°
.150° s
210° C 90°, ),
60° , ,
150° , .
’ , 1
o CHSH , S=2.252
>2,
o iy T 1207
e —RM{RIFET 2100
5 s IMF S RIS
90 — & 5 sF A PO g
801
= 704
& 60
% 501 4
3"; 401
W 1]
201 4

. T L) L b4 L) L] z LI T b T . 1
200 0 200 40 60 80 100 120 140 160 180 200
53— AR )

—e——HE IR L HOT ) A
e — BRI T V(907 M)

HFEE GRSt

-100 0 100 200 300
by AR L/ )

10 1
10, )
I , CHSH
S=2.299>2, .1
55 100, 205 I
4 000 o



93

(References)

[1] Kentfiled ] A C,Claelle E J. The flow physics of the Gmney flaps
devices for improving turbine blade ferformance [J]. Wind Engi-
neering, 1993.,19(1) .24-34.

[2] Qian Weigqi,Cai Jinshi. Numerical simulation of turbulent flow past
airfoil at low mach number[ J]. Acta Aeronautica Et Astronuatica

Sinica,1999,20(3) : 261-264.

[37] Jesse Little, Munetake Nishihara, Igor Adamovich, et al. Separa-
tion control from the flap of a high-lift airfoil using DBD plasma ac-
tuators[ R]. ATAA 2009.145.

[4] Corke T C, Post M L, Orlov D M. Single-dielectric barrier dis-
charge plasma enhanced aerodynamics: concepts, optimization, and

applications [J]. Journal of Propulsion and Power, 2008, 24(5):

935-945.
[5] ; ) ,
LIl ,2008,19(11) :1437-1441.
[6] ; . [Jl.
.1999.13(3) :75-79.
[7] , . . [Jl.
.2007,39(1) :84-87.
8] , . (. ,1999,20
(3):261-264.
[9] . [M]. .2000:19-80.
[10] ) ) . Lyl
.2008(8) :8-10.
[11] . [rl.
.2007(23) :1297-1299.
[12] ) ) ,
Lyl ,2008,26(3) :372-377.

( 79 )

(References)

[1] Tushna. Double quantum-teleportation milestome is physics world
2015 Breakthrough of the Year[ EB/OLJ. [2016-06-20]. http://
physicsworld.  com/cws/article/news/2015/dec/11/double-quan-
tum-teleportation-milestone-is-physics-world-2015-breakthrough-
of-the-year.

[2] Wang Xili, Cai Xindong, Su Zuen, et al. Quantum teleportation of
multiple degrees of freedom of a single photon[]J]. Nature, 2015,
518(7540) :516-519.

[3] Hensen B, Bernien H, Dreau A E, et al. Loophole-free Bell ine-
quality violation using electron spins separated by 1. 3 kilometers

[J]. Nature,2015,526(7575) :682-686.

[4] , . .o Bell (1.
,2010(12) ;1-5.
[5] . , .1 L1l

,2016(6) :1-5.

[6] Burnham D C, Weinberg D L. Observation of simultaneity in para-

metric production of optical photon pairs [J]. Phys Rev Lett,1970,
25:84-87.

[7] Yanhua Shih. Entangled biphoton source—property and prepara-
tion[ J]. Rep Prog Phys,2003,66:1009-1044.

[8] Dehlinger D, Mitchell M W. Entangled photons, nonlocality, and
Bell inequalities in the the undergraduate laboratory[J]. Am ]
Phys,2002,70(9):903-910.

[9] Hsu Fengkuo, Lai Chihwei. Absolute instrument spectral response
measurements using angle-resolved parametric fluorescence [ ] ].
OPTICS EXPRESS,2013,21(15) :18538-18552.

[10] Kwiat P G, Waks E, White A G, et al. Ultra bright source of po-
larization—entangled photons[J]. Phys Rev A,1999,60:773.

[11] Galvez E J, Holbrow C H, Pysher M J, et al. Interference with corre-
lated photons: Five quantum mechanics experiments for undergraduates
[J]. American Journal of Physics,2005,73(2) :127-140.

[12] Kwiat P G, Mattle K, Weinfurter H, et al. New High-Intensity
Source of Polarization-Entangled Photon Pairs[]J]. Phys Rev Lett,

1995,75:4337-4341.



IT % 108
WISE 0 A

B M %
PHYSICS TEACHING

" Vol 37 He 140
Oer, 2015

M E Gao, s My os As ﬁﬂiﬁ'ﬂ'

—ETEFTELHBEREABEALFHE

B
(1. RELFPEX

HEE 2RI
JEE 100684;

ARlg’ HEs

LHEARAFRATE LLE 100080

LATRERAAFHRR LXE

1001913

WME HARTEFRERPRELTREL ENEET - ETRAHEREEARS ST EAR. R DAE
TREH 200m 8 G oy M o As FEABHETY, 2 FRBELRETHA-PRBEAETHA BAFLASHAEAE
RESHELMNFLARE S HAGHASEEAGHNFRRT AL AL,

XEE FFHRAKETY WHBELERE GapMnuAs B EXER8E BALRKE

TSR 1002 - 0748(2015310 - 002

—. 5=

BHFEH(Ga, MDA R -FHBREMNE
GHRERLTEHN, 8 1906 SRR EEE
B THRFAFSENEREMRAKETR N
Wzt K0, A4 TH(Ga, Mn) As BB R
HE.RE AR RREELIEERTF T H{I
(SQUIDEEE T EBEAMBABMNEEE
ATAATOREN. ERHPERETREN R
MR A B SHA ARG HMEERE,
HEAABAHNEERER CEERIALRN
A, ERIFBLEFRAANNETERETSH
MR ARTEX. FHBENREUAERS
B 10 R R . :

ETLEAEZR RMNAMAA(Ga, M) As ¥
PR RN 2R P R ek R e s
1E R4 400 01 B W AR B CAHED HIBE X R
BMOKE)HET ELREZX.HIAEATE
BEX 20 nm 19 Gay s Mno s As REAFRBEFH
ﬁﬁlﬂﬁsﬁﬁﬂﬁ-ﬁﬂ:? Gag o5 Mng os As ﬁﬁﬁﬂ:

BENRBEMESERT Y, S0 .RNEE
- 2.

thR 438 G537

XREFERTA A

& T AHE %@ f8 m SMOKE frli g &5 2,
ARTAAMBRTHEMNREB. BB RS
EEHERRETAHENEE, 5. RIEERY
R-AFENETRER. FEEFER TR NEE
TRBFPER R TRERRFERUFHBRRY
BN WA FENYE LR T MANE,

. ERNE

EMIKEMTHEVEBREMEEHEETF
B R TR, T R W R E M
Fik bR G R A0 B HE; T e B R R RUR
BEEEHBFEESHNBEAEERLEL. 5#
HBERR LS. MEMHEE B RN R
Y DA O R B AR PR, R
BEYC SR BN (SMOKE)Y B ih B 5 5] E X B @
BETH—MBE, EEEAEEED 1 A RF
ERE. EHREEHESERAEE R,

. EEERAS

2EWMBEFRMAR(A IL Hall, 1855—1938)
FISTO S EMREMAHFRNPN EH T RAAK
AtE, Mech HME TR B, R
HE YL TR 35 0 6 e 0 R 1 D 0 2 ) <2 1 TR



3T W 10 W

W B B ¥

2015, 10

2 X —HRWRR RN, X REDBERY
Pk dhas, 1880 4F, IR E DR B0 & W A9 98 /R
N I} B o B A 2 8 s T LA 3 9 AR R
RE 337 95 B 35 b A9 98 ORI R R B R R R R R
( Anomalous Hall Effect) (B 1), /K H ]
VLS R 8 % R0 0 T R R AR A 2 e

0oy = RoB+ 4xRsM @

B
Uy

(b 9 W
M1 R R

(a) fRIRER

HP R, AW/RAMRs AREBREFZH MK
WAL, R el P AR Rl 5 AR e e R AN 2 By
71~ o BB H AT DU 88 R e B R R S 04 7 et s
R RIS R B R,

.,

4xRM
P =R B+4nRM

0 B
B 2 R ok e (R

R T MR A B, TR R B Ry 2 -

R R
Rya= ';-EB_i_?SM_L @

Jrp d o R BE . M R 3R BT R R T (R
FRUESN") A BEAL 50 BE 4 it . b — 30O IE W W
RIS 2 N 5, 5 AR R B IE e S Tl
BB BT RBT ARE-HENE, SRUTHSR
T B REAL SR BE AL IE e . 7EMEIR A ERESH A W oy,
TE W 8 AR 3B o A 28 g A i, R B R RO T
B ORAONE . M@ n] ELA H , 3 i 75 B R K
PO E s — MR R AR S mBER LR,
BIVAT LS 2 B 5 f i A REAL R A it M, SRS H
f9 36 A o B 7S BRE & 00 w21 REHF 2% .

2. MAALRE B

B 5T R R W John Kerr #E 1877 4F U0 30 0@
tE e M Rl R ST R B, 1985 4F
Moog 1 Bader i 17 &k &6 48 1 B i) 58 5% 57 4 26 R
it AL Th M A T 1 A IR U2 R R
[ 2k, 3 #  3 i% H £ R SMOKE ( Surface
Magneto-Optic Kerr Effect), M it i b #5 i Jf 5t 8§
HEf R AR I A TR p A8 B KRR R .

24— FER 1 R 4R O A BT R oF 0 B g e,
SSR o R % 1) A D o BT O A A R 0 AR O
H AR () 2 2 A R . o SR e e R A S R R
A i 2 S BB B 648 I T R T A8 O A (R B B
WD L — N A BE A/ fl BE R Oh S R BE B A
O BN P K RS Rhm o e/, @ 3 iR, [
i, 1 TRE N p IRIREFN s R 4R 60 MR R,
F 53 S o 40 O 0t B A A XA RO TR
WD e BDBE I B 2Z e .

e
il
O sp45 At g
38
e

B3 e o e O AR 0 SR P

e BERE it R e 5 Ak A X R (5 28 T ANAL B T B9 S
RS AR, e TR 6 FRBRE AT B4 3 R

Ca) 1 [a] 3 AR B RE « FF i B 4k 7 1) 3 T F ol
FemH BT T AR

(b) & 1w) 5 2K %R - B 5 B Ak O ] S 47 T A
2% T8 A i

Cc) 4 1) B 28 R « B 5 B K 07 0] F 47 F i AR
FmiHHERT AL,

AT B A B 7 5 ob el B OBE -
HHEFRECNBIEME FRAREEBSER
FEAERE RO . 2R IR AR O 7E % ) R A b 5 4
e, W L4 43 fi P 1 DB 4 Y A A, E B 35 9 4 R
T 22 BE U AW 4% 6 F0 A7 T (9 8 3 O A9 1% 35 i 1 oK [9)
fsf 32K 9 P 0 i 4 DG B 7 A R B B A D L 5 R
G B D IR T 7 A2 — A~ AR o fiy BE 69 5% 3h, BD Ok ROk
BORE . 55 oy B 22 E I OR B % 0 4 BE 4R 3R %
LT O ENDE LS AR R S iR G
— 3 XIMEKRt e kER HP i j=1, 2, 3,

. 3.



3T 100

H B N ¥

2015. 10

1 i, —iQ,
— 30, 1 Q.
i, —d0, 1
2 HE DR e K e —e(1—Q = k), 45 HEM
fRIRERR N ea=e(14+Q+ b) X E Al 19 1E
WHIEE Q=(Q., Q» Q.), & Voigt Ktk B
g E k. AR eI BT
1l 4 e A 4 e o M L B 0 109 52 9 R ORI L
M T TRV, R R 28 R A R B
8L i BB K SE AR A o H BB R K B /R M
e FL Vo 30 ot R ol 204 A o A L
Pl HE B R O IR R A e e 3
e 1 St 82 2 7R A 7 — B fBLF YRR B A
0 0 DR A 9 R M G BRI 2 B
S 38 61 70 Ak B T U A R o A RO [ £

@

=R
AN AR GE A IRCHAE PR AL PR ot R R GEan A 4

(b) SR E
M4 LRRK

fim, FE GBS MREE RS R R R
Wi R = A

1. FEkpFeil B 45 R 4R

(1) [ P, 60 B e, o %

SR A BESS iy U JE dl R 4R L . Bl R el L4 R
Ay —5 A~-+5 A, 7] L1l i i 8 20 i B ek
FHGFE RS AR, CRREMH T
e Bk 1 A7 A ) s AR MR B R, A T ARk
i o BB T R D R T O S5 Y

(2) fHEAE S S RRE L

{E 8 &% 2 E Janis # CCS - 3008/204N
e R RS, A CM A h S R,
ST R4S TR A . 2 B 56 G0 0% 19 B A9, HORAGIR
AR 0K RSO EEEO.HTX
SRk, IR A g e e 1E IR R P BY A
2o 8 A FER 0 B . AT LA o 0 4 180 3 3 F e o
e B RE{.

2. LERMEAR

(1) 8 3 0 R %

B i (v 78 % B0 Gk 0 o A B 2 0 R B Hall d
B B bR SR 100 pm BB ME
5| B & R AR A ) A B 4 Cad DT HE B8 BT AR, B
(e 4 3 L 4 A L 4 ] Keeithley2410 %Y 35 %
i 3 U R E R 10 A B AR T L L A ) R
P40 15 1A e ARk, 3 T el 3T A 1 i 7R R o R AR
JRHLBH R, A7 o 7 1 9 el 4l 0 A R S Y B )
M K., /Kd EF M Keithley2001 7 81 4it, i
it GPIB # O3 A 3L

(2) AR ES

2 400 BF ] ( Ga, Mn) As JERK 04 2 HL 38 A5
ANF 200 K, [ 7 o 2 0 0k ek 8 op s 700 £ IE 76 IR
BAFTOaROA LT T, 4558
#8590, 1 mm R, M AR MEI & S5H
ST, MR ZEAEE R 1.5 mm, S
AT R ARSI
M s,




ITHMI0M

B M %

2015. 10

3. A¥REAK

(1) REREL

e R G5 b 4 A B R B O B AL R I
— 2R i He - Ne BOE 28,2138 % 1.5 mW, 808
25 3 W i 30 ok A O A B B R e

S 5GBTS O 0 R B B R A 22 -1 W b
BB, T AETET 360 FEI T 00 ROLBESR L ol i BUAE
W 383k T LA e B A D 4R 7 1) AT B

(2) K20 FE S5

S50 3R S 1 % S R W 3R il 36 B Newport #§ 2
A PIN R FEME M REFSHRKEEA
Keithley200]1 RIS F i E#. ARG GPIB #0O
HE AL, 6B S o, AT LU i e e A4 4R R
HEHERE.

4. BEEAE AR

BEREKGRACHIBERS  WrFhERR
i e A 5 B B IR 4 O i 3 £ 5l ik GPIB
AfA ARSI, e n
AR W, EW SRR MW, 5T W%
F ROH & R BN MR e 5T 2K BN Y R AR 1] £k
.

P 6 i WO R A B 0 3 5 T, 7 £ MR L b
LR TR B, 55 .

P 6 o M A i

5. ZEH&

7AW FE b BT A ot B 1K R 6 kR A F R A EE
{MBE:F&*E'EH{J Gay, g5 Mng, o5 As ﬁgﬁﬂ!ﬂ#
anSEH NP 7 B . b GaAs 91002 B T B
sy A0+ 1 Ing 2 Gao s As 28 B 22 ] F #2 € o ) 3K RiE
F1 AT Gay os Mng o As il L () 5 8% 1k 5 3E 4 F
RS

Gay g Mn o As(20 nm)

Iny s Gay  As(500 nm)

GaAs buffer(100 nm)

5i GaAs(001)

BT Gao,gs Mng, os As TR EE 5 7R 821

M, MRER5WE

l. A ERamnEFE8RX

256 T S 9 R o . e o, BEL R 80 X o B ) Bl R
BEM AL R R [P 8Ca) 1, B g L T 9 L 9 . 90 20
10 A, H B J 0/ A B 4 5 BORE il J2) 8 iR BE 89
Ft. BB rp A 8 B 0 YA e B R B IR BE 69 T
WA W7 L 7 76 100 K BRHE B — P 5, 0 2 HfE
42 B 6 B9 8 HLIRLBE O 100 K 2,

26t 240
235

%130 T-100 K
525 | In=10 A

24t
12

% 20} 20
.3 B0 90 100 110 120
18 7K
16
14}
0 50 100 150 200 250 300
K
(a)
1.2
i = 0.6
1.0 - .E .
Z 08F = T-97K
s 06 s % )
= 0.0
x 80 90 100110120
5 04 K
02
0.0
D S50 100 150 200 250 300

Tk
(b}

BHE L R R AR e R o) 0 B M- T I ER (B

Y7 % e, Fet H SQUID 247 55 9% it 14 Bl
BE S M BE HE A R C R B 8(b) s, B
T, KA7E 97 K e i BRFE A 4,

AT AR R 0 A, 2 ) S R el E 9 A
e B G B 0 GE b 7 4 X (9 9 el 3 i L L R JH R R 45
fia) 649 2 T B A 1) o LAY R, 1 BI TR R O R Y
P FL B R 7 Ak oty 2% OB 9) . T BAAR B, BE 4
9 B2 R T8 AR 20 0 Rl R @9 T 3 R /D, 100 K
EAEFESEFABRWKMWKBA. 7 105 K%L
Wo, MM EAESAm B R, SAMESEER
RESE R, ME AT LI R 5 Rk
BhaE TR A, 5 2 B S R A

« 5 =



37T #% 10 M % B M ¥ 2015. 10

L i i S S ¢ R Tl R BT R R R A E A 1]
it Bk FRERT AR B 8 F ROEAY 5 91 5, B2 18
JEE B TH 16 » W A 5 e R B BRSO B T i
50 + B.89T BKEL . EEMBERES.
%u- |- 1'0r""""'—-—2n|<.
=Ar J{ ) J 0 E 0.6
~ f ; ——05 K I
_100k ;i . -:_-lmx ] 04
4 -~ K g G2
~150 bbb E 00
~1.00 —0.75 ~0.50 ~025 0.00 025 050 075 1.00 =02l
HikOe il
B AR LR A R a6l
ik e "0-33::1 2:5- 1:0- ;5 110--{;5 u|0 ﬁij llﬂ lij '*Iu ';5 ;n
AW B T RR S B9 ) A e O R il R, IR T e =
A 1) T 2% S 1 ik 7 3 B 5 R (5 5 T 3R BEE E 1k i ith
gRE10, NEDTHUEFERA HMFREMN A, B 06t =03 K|
i B BE A S 0 e R S , BT i e B A 00 B b B ——08 K 4
S E T 90 K., £ 2 34 R B RE 5 09 BE e 1 i
8T. 02
S ———— E 0.0
Lot —— 20K |1 <
0.8 _. -0.2
0.6 1 04
0.4 1
'E 0.2 : 06+
£ 00 - . i A i
=-0.2 ] -0.4 -0.3 —0.2 —0.1 0.0 0.1 0.2 0.3 0.4
—0.4 . HkOe
0.6} P11 e B R AR
0.8
Lok . 3. EEREr ki Bk 447
_]L:.I.D--U.E‘—G.ﬁl—ﬂ.ill—ﬂ.i.U,Olﬂ.zhﬂ,-i.ﬂ,é.n.a‘I.ﬂ HRLE Ok 740 380 6% O ) O R i ) R 2
HkDe ] LTS R & e B R R AR R (E 12),
1.2 e s o S 2.0 ———————— -~ T
1.0 F —=— 50 K| 1.8 ., = Polar Kerr i
0.8 - e ) K| ] 1.6 .. :llvﬁ? itudinal Kerr||
0.6 ; b o 1.4 e
0.4" .: ': -1 Il ‘.
0.2F ' 1 .
—_ 5 S 1.0 .
E 00} ettt ettt gassm— - .
£ 02} | 1 . o8 .
= 04 } ' 0.6 .
0.6 F 1 p 0.4 A EEa oag . -
~08 L e 3 02 '-,.'-.r
~1.0F . 0.0 # asa
_lfl,oh—u,a‘—u.ﬁl—o.qh—ﬂ.zdr:m'o.zt::-.4.0.(:‘(:.3‘|.o 'Mu 1'u 20 30 40 50 60 70 80 90 100 110
HikOe

B 10 8 e AR S el A E oy 4K

K
W12 M. B EEES T



AT ARWE 10 4

A

215, 10

MEPT LB, AR AR ERRR ERMNRES
FM H -8 . FoBF XEAXXAHNE
FETHRAETH#EL. H¥TT AR
REARANE G ) PAT T RE, HE878 H
HEATRBETEAEMAWNAOSAS ERER
HERRE, 2R A, WEHBAGH . RARKET H.
BASRA-—THENE. KAEBRH & XE
.

B A NER I M EAEANE Y RE/FAEE
REENEAE AEFTEH R . 6 R
EHEER R D3, R E RSN,
EEBEE AETRE —rRESE. FBT.HUM
REAAHEEINRAN R AEARE B .
HEEMAR, RSEARA MM ER A K
EAABBRA REAEMRBENA BN E
EREREATHEXER, KRR RAFER
BEOLAMTRE . B D HEAEAMNKR. Ro. &
BiyE 100 K Z268 R0 0,5 B b tont 5 BE 3K Bl
B ERRE K aa ST e,

140 P X |

= Polar Kerr 1.8

10 f % a i (» Longitudinal Kerr| | *

N~ 16

100 " {1.4
~ 80 s 12
= " -h.ﬂ =
& 60 S dagin e
g, Mmyg % " 0

40 " = ol 10.6

=S l0.4

20 b I. b

| - " 10.2

0 |- = «* 0.0

0 10 20 30 40 iE]?_KE:ﬂ 70 B0 90 100 110

H 12 Rya . ox BEEELAR S

., & i

BT 57 8 AR S I ATRE 3% 3 AR R 8 2 e
FRfX® s RIS HEERTTOMERE,
HETHETEENRyLREE, AHAXERS.
RIVHEEMEXFER R E T KE Y 20 om BY
WM ¥ Sk (Ga, Mn)As MKTET R EET a0 &5
E&,+ERBIET(Ga, Mo)As BB ENR
RGO, FHBERA— MR
0.

(I ERBREANETRESHE . HALR
RN . IEEEEREERE SR E TR H

ABLAAR. HEBHROMERRESEAE.
B A —E AR, T & K2 BRI .
) BARABNET MR, KIKE 2
FREARGETERFREATRAYAEF
AWMBEERE BRI 5. WA AR R
ERES TUNRESBERERNAR S’ K
HERFWILHER, Y RBRE MEKRBRS: 5
B THREREERETHAMNES . BR
BRSSO ATERT,

5T W

{1] H. Obhno, A. Shen, F. Matsukure et =], {Ga, Mn) Az A
new diluted magnctic semicsaductor bazed om GeAs [T
Appl. Phys. Leit. 199€,60(33 ;361 - 365

[2] Matsukurs Fo Ohno H. A Shen et al. Tranapert propertics
end origin of ferrimagnetism in (Ga, Mn)As [J]. Phys Rev
B, 1998 ,57(4) (2037 — 2044

Eﬂ] 0. Chiba, M. Akiba, F, Matsukura et al. Magnetoresistance
ellect and interlayer coupling of ¢ Gz, Mn) As irleyer
structares [J). Appl Phys Lew, 2000,77¢12):1873 - 1875

[4] L. Chen. S5 Yan, P. F. Xu et 8l Low-temperature magne-
totrAnspert behaviors of heavily Mn-doped(Ga, Mn} As films
with high (erromagnetic trsnsition temperature [J]1. Appl
Phya Lett, 2009,95018)+ 18250541} - 1ERFOS(3}

[5] &EE.THF S0 Wik RHaFa R0 nAle
HE 2007, 27(2) + 109— 144

(6] FHE.ME (Go Mo AsHbEERFHWXEZR]]. B9
S A W 2014 ,28(3) 17

[7) IME. SN RSEXHANER] SR TEBFEN
4. 2001,19¢3) ,00—02

TE] MAfe RudE.EM%. & T R 3T IR I 67 &) JE M 3 0 B iR
MESEARESEH(]) AR RS, 2011, 4202
43—52

f92] ER Moog, 5 T, Bader, Swmoke signala from ferroroagnetic
manclayers: p{1% 1] FefAu{ 100}, Soperlattices Microstruct
1933, 1,543 - 552

[10] QiuZ Q , Bader 5 D, Surdzce magnetooptic Kerr effect
(SMOKEY [T, _l'c;urn.al of Magnetiam and Magnetic
Matarialy, 1999,200(] ~3) 664 - 675

[11] WFE, TE.-BRHIE HENELET AN ITRAENE
PR R e ] ] IR0, 2006, 26(H), 36

[12] HallE B. Or s new action of the magner on slectric corrents
[1). Am ] Meth, 1879,2.287 - 282

[13] Chien € L. Westgnte & R, The Hall Effect and It
Applicetions [M]. New York; Flenum, 1880, 55-T8

[14] Ean. Eld: BR R YR CAHNAEREE(]]
ALK 2H05,.25(102:3 6

[15] BNR.(X.EFHS. ERAE RN e E T EMI]
W, 2007, 60500 3RS—A50



34 4 Vol. 34 No. 4
2014 4 PHYSICS EXPERIMENTATION Apr. ,2014
LN, ETFR, TR EAR
CGhAe X3 H3 A4 100084)
SPDC - N - s
) ) BCH )
:0413 A :1005-4642(2014)04-0005-06
1 b .
N ’ 1965 D) BGH
L] Bell tel,
. 2009 “
N ” 1) . Bell
CHSH s
(2] , CHSH SR
S= ‘E(gSAd)B ) _E<¢A¢B,)+E(¢/\ /¢l$ )+E($, /9513/) ‘ <2,
s \ (D
’ ’ E(‘){’/\‘ﬁs y= N¢’A¢BL +N¢AL 2 _N¢A¢Is _N¢AL f) ,
‘ N"‘A’{’u 1 +N $a1 P8 + N¢A¢B + N’{’A 1%
, (2)
) :N’[’A¢B AB ¢A (}SB(
)
2 Bell
., 3 sepC
2 2 ('spontaneous parametric
, , down-conversion, SPDC)
s 2 . SPDC N
:2014-01-17; :2014-01-24

(1980—)>, ,



. 806 nm
, . 20 .
,Louisell  Klyshko SP- ,
DC (5971970  Burnham  Weinberg L,
SPDC Lot
4 SPDC
, 2
s 2 5
| 5
3 :
\xp>z%<|H>l|V>2+e'¢\V>I|H>2>, b « 3 5
: (3) ’
1) = H)\ [ HY,+e V), V), ’ P
vz DC : :
[11712]’ 1
403 nm, 2 mm BBO , SPDC
0=42.8",$=0. ; . ,
. nm. 806 nm
SPDC
(1075 ) ,
1
) s, 1 2,3. 4
5. BBO 6 7.8
z ’ 9.10. 11,12 13,14,
e o € 15. ( )
o e 3 SPDC



2) ’ b
3) , 4 ;
Bell CHSH ;
[2]
1 2,3 4. 5
BBO 6. 7,8. 9,
10. 11,12. BBO 13, 14.
15,16. 17.18.
19. 20. 21.
4
i) 403 nm, 0.7 nm,
18 mW.
2) 90 %.
3) 500 mm.
4) BBO 7 mmX7 mmX2 mm,
( YO=42.6°,
xy x é =30°,
810 nm/405 nm.
5) 95%.

7
6) BBO 7 mmX7 mmXxX1 mm,
0=142.6°,$=130°, 810 nm/
810 nm.
7) 100 000 = 1.
8) ( ) 92% ,
87%.
9) 400~1 000 nm,
0.7 nm, 100 s7* .
10) 80%.
1D 0.1 mm,
150 mm.
6
3 s
806 nm 5
806 nm
. SPDC ,
5 806 nm
4 s
6
( 1 400).
0. 2 mm X
0.2 mm.
A 6.9X10"s7 1, B 7.2X10's7!,
1.27X10* s 1, s
1( H
. Vv , 45°  “47



34

8
(a)
H V
(b)
6
8 + -
1 8, . 2
)“\],//S ! D) 2
H/+ V/—
H/+ 202/491 4210/3 711 21:1/8:1 2
V/— 4 195/4 096 108/421 39:1/10: 1
’ ’
’
HqV’ 9 1 s y
7
+ s s . Bell
8 2
7 8
’ , Bell
s 3 N/s™!
VA . = S .
7, H, ¢p=122.5" ¢p=112.5" ¢y =067.5"¢y=—22.5
0° ( H 0 7947 36 988 36 424 8 126
o 5 :
) , 90 ( ) 90 37 105 7 806 9425 31 228
v 45 11 003 33 101 11 047 31 998
’ . ’ —45 34 771 9633 33 987 9 294
90 ( ) s




(1 (2),
3.
3 E
/() E AE
0,22.5 0. 649 0.003
0,67.5 —0. 588 0.003
45,22.5 —0.534 0.003
45,67.5 —0.529 0.003
S=2.30040. 006,50 Bell
. CHSH i
S<2, S<<242,
S=2.300+0.006>2, Bell
SPDC
7
Sp-
DC . . SPDC

[1] . . ,

(7. ,2009,29(3) ;1-5.
[2] , . .
Bell [l

[3] Schrodinger E. Die gegenwartige situation in der

,2010,30(12) : 1-5.

quantenmechanik [ J]. Naturwissenschaften, 1935,
23(48) :807-812.

[4] Schrodinger E. Discussion of probability relations
between separated systems [J]. Mathematical Pro-
ceedings of the Cambridge Philosophical Society,
1935,31(4) :555-563.

[5] Bohm D. A suggested interpretation of the quantum
theory in terms of hidden variables, 1 and II [J].
Phys. Rev., 1952,85(2):166-179,180-193.

[6] Bell J S. Speakable and unspeakable in quantum me-
chanics [ M .
Press, 1987.

[7] Clauser ] F, Horne M A, Shimony A, et al. Pro-
posed experiment to test local hidden-variable theo-
ries [J]. Phys. Rev. Lett., 1969,23(15) :880-884.

[8] Klyshko D N. Utilization of vacuum fluctuations as

London; Cambridge University

an optical brightness standard [J]. Sov. J. Quan-
tum Electron. , 1977,7(5) ;591-595.
[9] Louisell W H, Yariv A, Siegman A E. Quantum
fluctuations and noise in parametric processes [ ] ].
Phys. Rev., 1961,124(6):1646-1654.
[10] Burnham D C, Weinberg D L. Observation of sim-
ultaneity in parametric production of optical photon
pairs [J]. Phys. Rev. Lett., 1970,25(2) :84-87.

[11] Scully M O, Zubairy M S. Quantum optics [ M ].
New York: Cambridge University Press. 19974~
7.

[12] Rubin M H. Transverse correlation in optical
spontaneous parametric down-conversion [ J .
Phys. Rev. A, 1996,54(6):5349-5360.

[13] Kwiat P G, Mattle K, Weinfurter H, et al. New
high-intensity source of polarization-entangled pho-
ton pairs [J]. Phys. Rev. Lett., 1995,75(24);
4337-4341.

[14] , , ’

SPDC 7.
,2008,14(2) :109-113.



10 34

Building entanglement source by analyzing spontaneous
parametric down-conversion light field structure

SUN Wen-bo, WANG Ziyi, WANG He-ying, CHEN Yi-bao
(Department of Physics, Tsinghua University, Beijing 100084, China)

Abstract: A quantum entanglement source was built by analyzing spontaneous parametric down
conversion (SPDC) light field though point location technique, which employed a high sensitivity
spectrograph as a pre-detector to measure the wavelength-space and intensity-space relations. Using
this technique, a high-quality bt-photon polarization entanglement source was obtained. The Bell ine-
quality was calculated by measuring the coincidence contrast in different conditions, and the complete-
ness of quantum mechanics was verified. Consequently, this made the traditional quantum entangle-
ment experiment easier and efficient, and it was possible to get more students involved in.

Key words: quantum entanglement; entanglement source; spontaneous parametric down-conver-
sion light field
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Experimental study of the electro-optic effect in liquid crystal

YUAN Shun-dong, WANG Shiyan, WANG Dian-sheng
(Key Labratory of New Energy Physics & Materials Science in Universities of Shandong,
College of Science, China University of Petroleum, Qingdao 266580, China)

Abstract: The electro-optic effect of twist nematic liquid crystal was studied experimentally. The
transmission characteristics of liquid crystal for different light sources were obtained under different
voltages. The response time and viewing angle of the liquid crystal were also measured and analyzed.

Key words: twist nematic liquid crystal; electro-optic effect; transmission; response curve; vie-

wing angle characteristic
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I.-B characteristics of high-temperature superconducting wires

SONG Peng. WANG He ying, CHEN Yi-bao
(Department of Physics, Tsinghua University, Beijing 100084, China)

Abstract: The dependence of critical current on magnetic field in high-temperature superconductor
Bi-2223/Ag was measured. The experimental results indicated that the critical current of Bi-2223/Ag
wire depended on both magnitude and orientation of the applied magnetic field. This comprehensive
testing experiment was combined with the critical temperature test of high-temperature superconduc-
tor to make more space for students to explore.

Key words: high-temperature superconductor; critical current; magnetic field; Bi-2223/Ag
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Experimental teaching of low temperature plasma physics

WANG He-ying'*, CHEN Guo-xu*, GE Nan?®,
LI Heping', ZHANG Hutryun'", BAO Cheng-yu'
(la. Experimental Physics Teaching Center; 1b. Department of Engineering Physics,
Tsinghua University, Beijing 100089, China;
2. Beijing Superjet Technology Co. , Ltd. , Beijing 100089, China)

Abstract: The SJ-1 type low temperature plasma physics experimental teaching was designed, and
the V-I and P-V curves of the atmospheric pressure dielectric barrier discharge plasma were obtained.
The curves of voltage and current were got for continuous atmospheric plasma discharge. Based on the
much exploitation of gas charge plasma experiments, the understanding of gas discharge process and
the characteristic of plasmas produced by atmospheric gas discharges in different condition were en-
hanced.

Key words: plasmas; atmospheric gas discharges; low temperature
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Experimental verification of the Bell inequality
using two-photon entanglement source

SUN Wen-bo, WANG Heying, CHEN Yi-bao, HE Yuan-jin
(Department of Physics, Tsinghua University, Beijing 100084, China)

Abstract: Entanglement is prepared based on the CHSH inequality, the extended form of Bell ine-

quality and a self-made system of two-photon entanglement source. The Bell inequality is calculated by

measuring the coincidence contrast in different conditions. Thus the completeness of quantum mechan-

ics is verified.

Key words: completeness of quantum mechanics; Bell inequality; CHSH inequality; entanglement

source
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Saturated Absorption Spectrum and MOT Experimental Report

GAO Maodong' , MIAO Wentao!
(1. Department of physics, Beijing, 100084,China)

Abstract: The saturated absorption spectrum of Rb can show the ultrafine structure whose ordinary spectrum can not
be displayed. If the saturation absorption method is first used to measure the fine structure position of Rb, the laser is
locked to fix the light emitted by the laser at a specific frequency , You can fine-tune the atoms through this particular
frequency of light. For example, a magneto-optical trap (referred to as MOT) method to trap atoms in a particular location,
and laser cooling to achieve the purpose of capturing atoms.

Keywords: Saturation absorption spectrum; MOT,laser cooling; trapping atoms.
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| Radiative
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___________________ I __’_‘_j_‘:_?_\_\__l_E____________ O,
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N\ ) 2 3AZ'ms =0
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Bl 4: NVEOHIEWRISCHLHIREE .. B StERERmMERIT (H “ Radiative” briEHJE TARHERIT), RIH
—MNT BERERIRAERESERE (] “Strong” B “Weak” FriEHmE) . BT “Triplet” F1 “Singlet”
KWW ERALET AR -ESEZARES, XEATIHEW, B2 m, = 0flm, = L10EFTELT
EAWRE. FHELTEFRRSE=ZHEHRAS CE), THERLTEFNESLEZERES CAy. FHLERE
CCA R E) .

NV EORIIME 3 ZARR T RGP AR ) — Fh AR ST WL, #RONISC (Intersystem Crossing) E#2. m, =
RS LUERIERES, HATREREIm, = 0ES L, XMEEFRAREET (BHREN “Strong”,
REZXNEFRR ) o X Tm, = OB SWAAEMBEIRERE, LREWREL, BHE2Em, = 210HEE E, G
BN AT, HR2RE NSRRI EIK T m, = 1RERE (BIRFREN “Weak”, RE
XA AR5 T /0 AR o AT ORI X AN HLHEAT a4 FRATA W AL T B8 NV a0 0GR B
KA, MWEm A, Ko R0 BRES, BUHET RREIN RIS, m A%, HEA NV EL (FEH
em, = 1IHEKD) SBEETISCERER RS, m RKETN. B2l TRMEEREREEm, = F1IRNVEK
&L, L, m, = £10EOLSEETRD, AWHEE ISCEREA Ams = 0NV Bl . mAWIHMAE ARG, JL
TNV ELELTm, = 0BE F. BR[| RISLIRE R, Hull] T L WIELEm, = £1i8Em, = 0, &5t
— BB IRTAR A, BT O ER I 2 fEm, = 0.
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Bl 5: RGN AN RIS TR 2O AT BIRLZ R RGE—ITHRBHI & Em, = 0, BHFKLZ
ARG IR & Em, = —1, PHRMKZRE —FHKNZE. AE: MRRGIm, = —UTRENL, RESLERERE
CBIAEES R FEREm, =0 (&),

2.3 NV&LRSERN IR

LAMEIHNFERS, NVEOFESHE ST Bm, = IRBEFOR RN B THOCEMFFSIT S, R4E bim—
W, 2 BN Reie 2 5, JLFITA R EOEEm, = OREESMEAKS ZAREIKE, BN SR
BRAE MR REZUIN U 2L i) 9 e FRATTBX I AMIn— M7, WRBMBSB RN m, = 05m, = £1Z[AJRES
ZRILECK, XA —HaNVELR S ENEERm, = 08BRIEESNm, = +1, ZJERHOLRBRIEK S
fm, = 1o MRS KIm, = £1HE] DOEE AR e T R7 AR BERS . PAERSREZ, SRS
BERZEAILE, LR RNV R R SRR # 2 RN 0; IRIM SRR 5Red 2L, e
A NVIEE AU 5OEH 7 e 25, R RETOCRH R GRED TR, REGEEARELIOLT
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]
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1
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1
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1
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Bl 6: A ) RGO R E R AR SRR BB R KN, REZM3A,m, = OBOGIEK
FPE,m, = 0, BJGHKRBEHHECTEREPA, m, = 0o SR SREFBERILR, REEM3 Ay, m, = OB
OB R BB Ay, my = £1, FHHEOCMEIPE, mg = +1. MM A5, my = OPOLEBEE K FPE, m, = 00,
ZHEB I (O A LRSS G T B 22 Ay, my = £0, MM RBOHEEIEA — TR
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HEAVG NV O BN, HILSRFCRE FARE I AIm, = 1822 N RN TS, W
BITHTR . QKB NI — N0, MBS RRE M, = 05m, = —18im, = 05m, = 1ZKRES 2 AL
(1, [FFER, XRAT — 8 NVELH R e NEESm, = OBBIRFIRERIm, = +1, ZJE#0eRIMEBMA S
fim, = £1, 1] LB ARESOE TR AR, Xl REOOCHTHCR GRED & EAMA TS, W
REBRERGAEEH (= R-% B e A AN ILAERD , SR T Lot — DB, IR FEIRE B, gtn] DRSO
WM BN TS, R, XHEWE A AR PR . RGN RGO Bl s BT, AL
F4 H BRI SRAT A0 B T T s R 7 '

Zeeman effect Hyperfine
3 seszEzEiiii
E,m =41 ¥
L T / -
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| I
| 1
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1 I i J 1 |
L |nn{' m
3 R |'| ‘ I
A,m ==1 , ,
A N
AT L
3 _ | 1
Ay, m, =0 v v o lv

B 7 NSNS I R G RO R B . EAMIIA T, RESRE— B RIS . AR SAE— N EE 2 RE
IR, RGEMN3 Ay, me = OBPBIBR 2P Ay, m = 183 Ay, me = =1, FEBOLEKEPE, m, = 188E, m, = —1.
MM Ay, m, = OWOCEIEBREPE, m, = 090, XD 0T DIAESE T B 2P Ay, my = £0, AIMTSET
HRIEAMAD TS Chb). QURDHREW R, TR, RSB R, AT DAE T8 thoul
HEIHANDTREE CHTD.

3.1 SLIGNES
3.1.1 532nmiEHaE

HARERRFZEHPIER  Botay R, EEJEREFEMS L, BNV G0 M RBEHERIT 2 fe
RIS 2SO CCDAPICER, 7T AT R 2 0 A 15 L LK R f A

RED . [FIIHAE A

HARBRESE

1) TP, SERAOESIT.

2) IIIFBIRITR, SRS SIT 55k, 10085, ot ITaniaE TIF.
3) RHHRLIT R

4) FRATHYFIT K.
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HARREEEM
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2) WEAIHOE R B0 R, AT BRI EOEAS .

3) KEFEAEG, EEOCHRIREBIE35E, RGOS .

3.1.2 JEERPlan Apo Lamdaf$5

JeERPlan Apo Lamda#$E7E AR LI RAMER KOO ERIREG L, RNV ELRBITOE, MRy
BEnT MBS AT B TE Z BT

FBEPlan Apo Lamdafl$SiR{E LB

1) Wi

2) RSB ERmAE, IR FNGCCDRYE, 181810 T HEF .

BERPlan Apo Lamda¥)i5F EEIN

1) Bl — B AT, RRNS ST A SR EDERALEN R, B REA G

2) EHIE, PTG —iR, T R R i, &5 40—
3) T e PR RN AR SR B

3.1.3 CCD#E#l
CCDHENERRLIEFRIER  CCODAMLN RS ST S5 I ZRG, AT DU SR e X 1 DA S AL B

CCDHENIRIES R
1) $TFFCCDREEEH M Toupview I A .
2) AR TR OB UG R . RS

CCDfEREREI ANEHRCIRS CCDITl:, Ju e S ROt EENL .

3.1.4 FMiIRE

FIRBAEARIIE PER RS F, FFIREH TS NS CEREM i L .
FEIRERGEN  S2i b A R B AN B A A TR RS, SEEL T OCIRERE P R E R s,
o E s

1) BRI ADREERTTAANSS, AR EIRGL L, RE1RITER AT, SEIDCLRAE RS 1 A B 1) 1525
[A] R T

2) WNJEe B PRGN BIIREE2 1, IRBE2AI A B IR T
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1) RIEAMLe, AEEREY, HERRIFAEE75V, —BETVELT

2) F KN TAESIZ1000Hz

3) AN B HFHAhE T im i 2k

FRRRE BT ANBOCH &S BRGNS FLR S A —E 20, FATH3D B i Inventor e it 1
—ANAHIRGUR EEA AR IR G, ARSI IR BT DAL 3 07 B I 5 A T B AR L

B 9: FRIRGUREE RN . R 7 B DU 8 FL A T4 o e ] 7 2 T ELAR L, 107 B A R o iR X B IR AR A
FLFs L e A L
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3.1.5 fUKIR

WORREARZW FIIER kRIS NV &0 BB MR, FRE S 19250 i@ i Labview & Hl 4350, 5
LRI AN RG-SR

WO BRI EARIT S LEHEAT BRI R A S04 R USRI, R B I R U B A TR AT B A, AR R
I, TR L), BARPIRR .

1) FeA 4, EBHERF ON, R

2) #%SWEEPHZ4 .

3) BEaA M ThaeteH, & #Esweep (frequency).

4) sweep typeifiFfsteptHiz.

5) sweep repeatfR#i 1%Lk FEsingleBcont (HZNEH) .

6) configureb ] A B LA Tha, Kl s A4, 75 fSimored 15 B MBS [A] [A] [ 55 . % Eistep spac-
ing Mlin, BHATLMEFFE, LIN Freq Stepiidf 75 2% & .

7) midrreturn B B ) S
8) riiisingle sweep DI REFEXS M I HZ 48, FFURTIMI

WURREEED  {fAHATRERE PULSER E Jon, ¥4 tH D R B 3 5

3.1.6 BXTFit#=s
BRFIHESBERARTERIER e T BER ARSI R E NV A OIEROE TR IIE, EAFE M
TR AR % e i B AR T DAL ER BNV O R 128 e 26 .

BNFIHEEREN PO AR 2o REIN RS, MY sH AR, ARk BRI,
DN EREN e

3.2 SIURK

3.2.1 B

BARETRE  20mWHIEOEE532nm FEOE (BZR1) i a] 248 d i 235 B B /320 R SRR N i
VRESG P HIERRSET RAS, & H50mmA150mm B EMR. PiEE 2 B Nd, = 200mm, [

PAAE SO I AR B VA RO 345 o DGRE R RS MY R R S8, H75mm AN 150mm P @ S s, B8 W
BNdy = 225mm. S HAG (ERS) KRB KBOCKIRE, (AR BMECDN, BTG -PAT 1.

TEERFG TENER ARG (Br4), RE IR PG A0 72 = i L 87y, SO0 mE 3 B L8 7
Ie PR AT b AT AR 29 2

RFM_EER HEDEE (ER6) KIEIEEDER ST, HFREEOROERER D, el —m Gs
(BIR7, “RGHERSELIE, AREEEE0 .
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5175 e F
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REREMN L. S DA RS2 NS, sl e S TR b A R hn— VST R BE T EC B ST -

3.2.2 tHRmRHEE

BRIGRGE  FEfS2BEUR B IR OG5 RS R SO ey RO BR Ml RS fa . Hodh— 3078 o i Ak S5
KR FANCCD LG R4 (KRS .

01 c<6 2056 o R - o o S 72 vV 7 2 587 = W 1 S 5 ) 51 P 3 e 1 L 28 A L B A
FERER IO o i TR EBRDOR R RN, @ EEES (BR1D RBE, BLA650nmA550nm f
WP T (ER12) BEATHUSUENR S, MEIANZEOLL (BIR13, ZEOLL I —MNERA STt s B,
TROFE AR 2O6AE 5D

3.3 THIES

3.3.1 HiRGEIES

S SR S T B R R B VI oy = AN ROR, e — ANl el 20 B s se B, & R
FURGS WIAE PR, FLATTRIAR LA RE A B i B s s
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FIRERR T H TR M, B ECEMNVE AL B e P . BT DAQY H 1) o RS FE 8%
s 0 H AR DAR S5 moks BEOA RS, DRIt w] DUl N IR 6 S R BU &, A E il AR P DAQ H 3 34K .
3.3.2  UKIRIEH

AR YRS H s ) YR 2 Keysight FIMXG Vector Signal Generator N5182B, %l FBU2LANHE(E, %
ALabview4i—#5Hill.  Labview ' #2HILAN L@ /E 10 /7752 VISA (Virtual Instrument Software Architecture, kg
AR EERDD s ARSI NS AP R AR @ E SRt 7 92, AEDR AR A 7% 22 e {4 FINTA 7] INT MAXEA K
W &ER. ZVID N=ER50:

1) EeHEZ—MaNEUE, 8@ Labview P B 15 e G5/ O 277 8

2) SRJE I Keysight 24w F2 BEH BB FILAN HHB(EEVE,  FH Labview A B 545 B 3% 52 08 #0 T DUREHT 9
P a7 A

3) MBI Labview  IVISAVERFERI, 5 Lt Ui 4 FILAN LB AL 02 s 8.

] e 0 T ) PR R AR e S, iR : FREQuency @ MHZ, HHafoR—/MNME s, K5
IFREQ# st AT LU 46 5 FREQA i R A ) 1 X
3.3.3 BT AR
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WMEERSE Y HAG USSR AR G HE SR P ' bR B 52 BB B B B R . Bl e i
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Bl EEOLE —MAGE eGSR E BEE S B, PR RO — MO B RS 3h B0
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[¢] main.cpp X
#include "mbed.h"
Znalogln analog_wvalue (A3);
Serial pc{SERIAL TX, SERIAL RX};
DigitalCut led(LED1);
int main() |
float meas;

po.princf("\nAnalogIn example\nir");
while{l) {
meas = analog va

/f Converts and read the analog input wvalue (value from 0.0 to 1.0)

meas = MEaES he walue to be in the 0 to 3300 range

pc.printf{"m VI

if (meas = 3300) { // IL the value is greater than 3.3V then switch the LED on
led = 1;

, meas);

wait({l): // 1s3
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% 2: EFOLERRT BBO340° £5-4 h 28 il & H R

degree2 degreel countl count2 corelatedl corelated2 corelatedd — average
0 204 23103 37096 16 20 21 19
20 23107 35580 11 4 10 8.333333
40 23072 37371 4 4 6 4.666667
60 23085 39965 24 19 11 18
80 22835 43148 30 28 31 29.66667
100 22855 49985 41 40 41  40.66667
120 22682 53982 53 49 47  49.66667
140 22833 52601 55 47 36 46
160 22802 50468 39 38 32 36.33333
180 23568 44007 24 32 15 23.66667
200 22583 40216 10 8.333333
220 22737 40498 9 8.666667
240 23052 42829 16 16 23 18.33333
260 22727 48179 33 23 18  24.66667
280 23037 49528 45 45 63 51
300 22604 47782 44 60 49 51
320 22665 45279 58 54 54 55.33333
340 22005 43024 32 33 33 32.66667
360 22027 41047 18 20 12 16.66667
0 114 14409 40830 35 29 38 34
20 14390 39319 35 44 32 37
40 14429 40021 31 41 38 36.66667
60 14363 43339 55 40 43 46
80 14278 44986 26 22 25 24.33333
100 14456 52892 12 10 12 11.33333
120 14289 54293 1 3
140 14275 55286 12 6 8.666667
160 14193 50469 19 19 14 17.33333
180 14607 44506 38 43 27 36
200 14152 40082 40 42 45 42.33333
220 14199 39767 40 48 51 46.33333
240 14417 41284 41 38 43 40.66667
260 14203 45840 24 22 25 23.66667
280 14356 46455 12 11 13 12
300 14128 42804 6 2 5.666667
320 14142 40256 4 10 5.666667
340 14073 38966 13 16 14 14.33333
360 14207 37967 24 38 45  35.66667
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2 3: EILEEHT BBO320° &4 £l EE0E 1

degree2 degreel countl count2 corelatedl corelated2 corelated3 corelated4 corelatedb average

120 204 34823 92629 94 85 95 99 73 89.2
110 33445 99381 103 121 100 104 120 109.6
100 33079 103158 125 111 112 88 114 110
90 33380 102224 107 113 111 107 114 110.4
80 33029 82116 95 89 88 112 99 96.6
70 33208 73471 78 74 75 74 73 74.8
60 33226 64514 51 52 62 61 49 95
50 32613 55550 38 47 47 45 33 42
40 32727 45908 27 26 30 33 31 29.4
30 32816 38450 11 15 21 15 12 14.8
20 32395 33201 7 ) 9 8 7 7.2
10 32290 30845 11 8 6 7 9 8.2
0 31700 32347 20 14 15 15 20 16.8
350 32120 35678 29 14 26 21 22 22.4
340 32016 42213 37 34 37 48 37 38.6
330 31815 49306 63 55 54 60 69 60.2
320 31676 59642 78 80 74 60 65 71.4
310 31592 68431 88 87 84 76 100 87
300 31655 80415 107 100 100 94 122 104.6
290 31527 84075 122 98 120 110 97 109.4
280 31349 86471 113 89 97 95 100 98.8
270 31088 85747 94 107 113 81 94 97.8
260 31060 82662 88 89 84 98 92 90.2
250 31198 62393 76 77 89 75 62 75.8
240 30679 75448 54 49 61 53 60 55.4
230 30684 63761 43 39 27 50 53 42.4
220 30917 52064 27 22 20 23 27 23.8
210 30809 42287 19 20 8 15 15 15.4
200 30727 35579 13 9 10 8 11 10.2
190 30465 32594 7 10 11 8 11 9.4
180 30765 32837 6 13 15 17 13 12.8
170 30493 37439 26 27 27 23 32 27
160 30347 45612 31 37 32 35 41 35.2
150 30359 53165 51 50 52 52 a7 52.4
140 30349 68862 74 58 82 73 80 73.4
130 30611 80328 76 91 93 83 83 85.2

120 30365 91039 101 102 91 87 90 94.2
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2% 4 EIHOGERRT BBO320° £F 4 #h 2l B 5 2

degree2 degreel countl  count2 corelatedl corelated2 corelated3 corelated4 corelatedb average

120 114 15327 90885 13 19 19 13 12 15.2
110 15336 97101 22 14 22 20 20 19.6
100 15160 101228 20 24 16 28 24 224
90 15395 1002668 24 28 30 34 20 27.2
80 15211 95302 33 33 25 30 29 30
70 15041 92090 37 29 29 40 35 34
60 15426 75313 36 32 34 29 26 31.4
50 15030 42079 36 28 27 31 28 30
40 14781 38127 24 22 23 20 23 22.4
30 14989 31259 18 26 19 21 17 20.2
20 14859 28832 14 23 12 15 15 15.8
10 14979 25456 15 11 11 11 15 12.6
0 14850 26603 7 7 10 13 8 9
350 14827 29898 1 6 7 12 10 7.2
340 14769 34148 6 8 6 5 6 6.2
330 14779 41521 4 4 3 3 3.6
320 14904 47584 8 4 6 ) 5.8
310 14843 55399 9 7 6 8 7.8
300 14777 62798 17 20 14 9 13 14.6
290 14896 73013 16 15 19 26 17 18.6
280 14797 75708 24 26 16 17 19 20.4
270 14565 78784 33 30 16 35 29 28.6
260 14620 73577 29 26 24 21 35 27
250 14766 35673 29 27 32 15 24 25.4
240 14593 62705 28 20 40 25 33 29.2
230 14896 54914 22 29 21 36 25 26.6
220 14715 43656 31 27 19 27 23 25.4
210 14328 37016 22 17 18 30 12 19.8
200 14755 31320 11 18 18 18 17 16.4
190 14523 28426 7 9 14 18 13 12.2
180 14343 29171 10 8 13 9 5 9
170 14161 30372 6 3 9 9 6.4
160 14250 40403 3 6 4 5 4.4
150 14827 14272 1 6 2 1 2
140 14534 62230 ) 10 7 7 6 7
130 14318 70901 13 12 9 13 11 11.6

120 14374 75637 16 19 11 18 12 15.2




7 SEIS

% 5. EIOLEK G BB0320° 754 th 2 & 58

chl deg ch2 deg chlcount ch2count corell corel2 corel3 average
204 120 76848 45439 70 64 64 66
180 51231 45052 23 27 30 26.6667
160 34986 44968 12 12 20 14.6667
140 29919 44368 19 21 15 18.3333
120 39200 45077 47 36 38  40.3333
100 59353 44518 67 58 56  60.3333
80 78678 44854 87 99 108 98
60 89662 44718 84 91 82 85.6667
40 86936 44620 61 69 61 63.6667
20 71263 44473 41 47 50 46
0 50379 44672 24 29 33 28.6667

0 210 50300 31124 51 41 46 46
20 71901 31154 55 57 62 58
40 86558 30918 66 64 70 66.6667
60 90028 31110 66 64 59 63
80 79276 30863 40 42 41 41
100 59729 31125 26 25 22 24.3333
120 39113 30852 10 10 9 9.66667
140 29376 30768 15 15 13 14.3333
160 34043 31486 21 20 24 21.6667
180 52680 31028 42 38 43 41
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7 SEIS

£ 6: EFOLER G BBO340° £F4 th £ il &5

chl deg ch2 deg chlcount ch2count corell corel2 corel3 coreld corels average
0 210 71998 40482 70 84 50 50 61 63
20 73848 40039 41 36 55 41 40 42.6
40 72993 40097 28 32 34 23 31 29.6
60 70000 39580 29 27 27 27 28 27.6
80 65756 39164 34 37 28 35 36 34
100 60976 39221 35 45 38 37 50 41
120 58520 38777 62 62 59 74 57 62.8
140 58999 38523 70 71 68 74 75 71.6
160 63428 38630 87 78 79 48 71 72.6
180 67822 38631 54 60 75 69 67 65
180 120 67773 41214 49 48 48 52 56 50.6
160 62869 43490 39 24 30 34 28 31
140 58662 43636 34 28 24 17 21 24.8
120 57318 43574 39 41 35 33 34 36.4
100 59284 43275 54 55 a7 48 64 55.6
80 63600 43080 7 81 93 92 71 82.8
60 67401 43421 81 102 75 84 96 87.6
40 69918 42869 89 94 70 7 82 82.4
20 69839 43195 55 50 64 66 56 58.2
0 66864 43317 35 55 51 44 43 45.6
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7 SEIS

# 7. BBO AEMERYE (RIFIEAS)

BBO deg chlcountl chlcount2 chlave ch2countl ch2count2  ch2ave
0 17693 17571 17632 11427 11238 11332.5
20 22940 23196 23068 8416 8200 8308
40 30041 29854  29947.5 14638 16091 15364.5
60 29372 28769 29070.5 19618 19619 19618.5
80 24275 23971 24123 19948 19206 19577
100 26551 26014  26282.5 14938 14406 14672
120 29689 29297 29493 11022 11483 11252.5
140 27221 27223 27222 13725 13672 13698.5
160 23622 23202 23412 17373 16921 17147
180 26669 26292 26480.5 17787 18204 17995.5
200 26648 26278 26463 11254 11245 11249.5
220 34295 33197 33746 17187 17963 17575
240 27403 27627 27515 18451 18344 18397.5
260 22719 22150 22434.5 18496 18079 18287.5
280 23149 22777 22963 11680 11586 11633
300 22298 22307 22302.5 5827 5751 5789
320 17828 17882 17855 5296 5400 5348
340 13251 13375 13313 8641 8500  8570.5
360 17323 17002 17162.5 10649 10733 10691
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7 SEIS

#* 8 BBO MM EXIE (77 IEAM)

BBO deg chlcountl chlcount2 chlave ch2countl ch2count2  ch2ave
0 15477 15231 15354 10441 10355 10398
20 20297 20287 20292 8883 8788  8835.5
40 26938 26413 26675.5 14113 14352 14232.5
60 26905 26740 26822.5 18399 18510 18454.5
80 23530 22975 23252.5 18907 18810 18858.5
100 22211 21779 21995 13428 13239 13333.5
120 22382 22864 22623 8798 8653  8725.5
140 22066 22173  22119.5 11015 10813 10914
160 14736 14622 14679 11872 11739  11805.5
180 20080 19831 19955.5 14179 14634  14406.5
200 24640 24454 24547 12917 12894  12905.5
220 31873 31374 31623.5 17284 17777 17530.5
240 29250 29012 29131 18759 19059 18909
260 23231 22583 22907 16574 16131 16352.5
280 20347 19947 20147 11447 11189 11318
300 19423 19143 19283 6482 6177  6329.5
320 17451 17417 17434 6590 6694 6642
340 12983 13110 13046.5 9407 9700  9553.5
360 14975 14471 14723 10137 10050 10093.5
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R 9: IR JE T G A B

chldeg ch2deeg chlcount ch2count corl cor2 cor3d cord corb ave co
0 160 37565 36339 54 56 56 56 60 56.4
20 38822 36782 51 53 52 46 49 50.2
40 40938 36614 45 41 39 42 47 42.8
60 42436 36222 24 33 32 21 25 27
80 42899 36802 19 17 16 17 22 18.2
100 43020 36205 11 8 10 14 16 11.8
120 41124 36290 22 26 23 15 22 21.6
140 39486 36441 51 32 32 37 22 34.8
160 37481 36155 41 47 49 35 51 44.6
180 37063 36018 54 58 61 61 61 59
200 38227 36097 48 47 55 59 53 52.4
220 40403 35883 39 48 41 30 37 39
240 41900 35864 30 34 19 20 27 26
260 42596 35945 16 11 13 18 16 14.8
280 42263 35685 19 17 15 25 13 17.8
300 41058 35964 29 25 16 20 24 22.8
320 39003 35700 40 34 33 37 25 33.8
340 37212 35613 44 44 48 56 48 48
360 37116 35401 55 57 58 57 63 58
0 250 36616 30954 7 11 9 14 8 9.8
20 37676 30665 12 13 16 11 12 12.8
40 39218 30566 12 15 14 8 11 12
60 41361 30509 24 22 15 33 20 22.8
80 42407 30583 23 27 21 14 29 22.8
100 41896 30353 23 32 23 30 33 28.2
120 42125 30556 32 30 26 22 17 25.4
140 37980 29918 16 20 20 17 32 21
160 36725 30151 16 15 17 27 16.8
180 36269 30275 11 11 19 12 11.6
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7 SEIS

K 10: AP T G THEUH 20 B2 I A

chldeg ch2deg countl count2 corell corel2 corel3 average
0 250 41444 35093 37 35 37 36.3333
20 43771 33617 37 33 25  31.6667
40 44427 33404 29 22 23 24.6667
60 43003 33543 19 20 17  18.6667
80 40613 33279 14 14 9 12.3333
100 38249 33225 12 18 17 15.6667
120 37301 33386 23 25 24 24
140 37765 33593 31 28 32 30.3333
160 39223 33485 33 35 41  36.3333
180 41112 33267 44 35 36 38.3333
0 160 41571 36751 15 14 12 13.6667
20 43728 36691 11 12 15 12.6667
40 44483 36784 22 17 19 19.3333
60 42871 36520 34 25 36 31.6667
80 40110 36323 33 45 34 37.3333
100 37985 36555 39 53 47  46.3333
120 37025 35863 35 40 44 39.6667
140 37750 36613 29 36 30 31.6667
160 39603 36331 22 18 17 19
180 41467 36292 19 12 17 16
0 205 41531 38690 30 38 33  33.6667
20 42359 39197 16 21 21 19.3333
40 44472 39095 13 6 12 10.3333
60 42944 38671 12 15 18 15
80 40489 38956 28 25 29 27.3333
100 38560 38806 46 46 39 43.6667
120 37382 38983 45 55 48  49.3333
140 38496 39165 49 62 59 56.6667
160 38889 38870 39 45 41  41.6667
180 41148 38980 34 23 34 30.3333
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