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RHBMEMAR VN D, T X BREoE — L ADEASNEETERMN &L LTH
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Fig.3-1 Hyperfine structures of Rb absorption lines.
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1/2 g Y VY 1/2 e Y VY

85Rhb 87Rb

(a)Energy levels and transitions: = 7% /L % — HE(i &

- 55Rb $7Rb
B T T
V-V, [GHz] A X V-V, [GHz] QRS RS
a 1.66 334 3.97 6.40
b 1.69 43.2 4.04 16.1
c 1.76 34.6 4.20 16.1
d -1.35 12.3 -2.80 3.20
e -1.29 43.2 -2.64 16.1
f -1.17 100.0 -2.37 45.0
85Rb
A f
S g o IGHz
-------- <>
d
"""" ‘I 0 Frequency
|
7] T i1
= I V:VO a 1 _
e b c
=
87Rb

(b)Relative positions and intensities of each spectra:

FE 7 B & AH ) TR EE

Fig.3-2 Relative positions and Relative intensities of Rb-D7 absorption lines.
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(3.3)
Thbd, ZITNITEFEAH ulidxMEEETH Y KAEORE T, JA+OE&E M, Ry
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R Y
(3.4)
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BEOANRT LT

A vV —Vg\2
g(v)—EeXp[—( W ) ]

(3.5)
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(3.6)
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(b)Inhomogeneous broadening

Fig.3-3 Homogeneous broadening and inhomogeneous broadening.
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Fig.3-4 Observed profiles of the Rb-Da absorption lines.
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Fig.3-7 Fundamental optical setup for the saturated absorption spectroscopy.
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(b) Three level system.

Fig.3-8 Energy level and velocity distribution of atoms.
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Fig.3-9 The saturated absorption signals.
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Fig.5-3 Optical setup.
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Fig.5-4 Experimental setup.
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(a)Rb-D2 absorption line using the saturated absorption spectroscopy
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{b) Output of a Lock-in amp.

Fig.5-5 Observed profiles of the Rb absorption line at LD1 and its output of a Lock-in amp.
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Fig.5-6 Observed profiles of the Rb absorption line at LD2 and its output of a Lock-in amp.
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Normal temperature (about 22°C)

Cell is heated. (about 40°C)

>»

Transmitted light intensity

>

Frequency

Fig.5-7 Comparison between observed profiles of the Rb absorption line at normal temperature

and observed profiles of the Rb absorption line when heated cell.

46



—
o

10

10

Square root of the Allan variance ¢ (2,7)

—
OI

—11

—12

—
c:::JI

|
O

=
' o rrrrenr

2

1 Illlllll

Normal temperature (about 22°C)
Cell is heated(about 40°C)

1 lIIIlIII 1 IIIIIIII 1 llllllll L IIlllIII 1 L1 L iill

—
-

—2

0 10>
Averaging Time 1 (s)

Fig.5-8 Experiment result

47

10"



5.4 #%£

Rb BV &2 EIROWHE TH WA Rb BAZ B L 7R THIW T 35E D 75 3k
IREPHIM L TS, ZhE, Rb BAEMEAT L Z LICK D BEANEICKE LTS Rb
JE A 3780 L VNI O KRB0 80, 2002 & 0 YOI % 2 Z 975140 a3 880 L
FERANCIENIEIN L7 LB X B D, AU GO R b D, £72, Rb /L
ZEIR OB TR EL L2 AT, Rb LA INE LT RBE TR EL AT - T2 INETE
FEDm BN R ST,

LNLRns, ZHAETORIREDH RPN AOGNTNDZEE2E25E b o ELHEED
A ERRLNLTHENNDOTIERNNEEZ TS, HIff L@ ICZEEDOR ERR L
7o Jf K E LTI Rb BN 5 2 & CHRISIEEICHE L, LD % )% 1 APD
72 EOBMN I ) A XS LT AIREMER B 2 HiLd, F7o, Rb BAOMEEE LT, =
7 a ARRZERD G ER AT LT 727200 Th VIRERN—EIZ/e 5 L 5 il 2 —80hE L
TWRWD, IREZENC K > TEEEDREO WV TWD AR E R b D,

48



FEoE SNMFERIRCL S V-V EEREZEL

B 5 B Ckan LI T RIC K B REI T, MR L —F OB 2 N T
FTAHZLT, BELLED & LTV AEERL —FOREERZDOLDICERHE ML TV D
728, FIRARY MIBZIMFTTLE S L0 KERD D,

2T, AR TEHRIROBMET IR TH D 7 7 77— O BER LR 3UC
LB BERICOWTIE~S, oKk, SMPEREEECENE ML 5 HRT, 20K
NI KD ZEMTIE, ZRRIC D BIRARZ FVIROIES VIZRIEE 72 5720,

6.1 BAEAFNICLIAFEBEEOFRE
6.1.1 Faraday Normal 5=

LTI 77 I TR L o TLEID =D ORIENE 55 SN D JEHIC OV TR
Rp, L—PREZNEER H, HH <H)PHMENTWD Rb B2 @RS ED L
77 77 =R L VARG A ERE T D, FHEAR L — P ORIRE A Rb OWIGHAT T T
ol L2206 Rt ORI 2 BEARCHR (LP) ZFIH L TR D& rIZ & L
B SN D HEAREE S, TN Fig6-1(@)Il 1 X ) 2@l e EE 5o b L4
%o ZDOBHBENTREEI Fig.6-1(b)D L 912 A SOJEFEE TIEBLR O & b7, Wt
& LP O TAMNEA L, SR EITHINT 5, B RO BE CIIAN L L THIREL
I A AR L7 W2 OISR 1T L L7V, C mROEE TIE A &3z (kL 7
%o 2T, Fig6-1c)D &L 9 72 K& Z(H,+Hy)2 DEFEEFUC, HRIEMH, —Hy)/2 DAk
FEELEMREZMZD & TNEN Fig6o- (I RT X ) RBENREOELERD, 2D
BiEruay 7 A 7 A0 ZEFERECREBRE L 2otk A RTIEIE, B A
TIEEE, C HTITALRDDT, vy 7 A4 7 7 HITEIBIE Fige-1(e)D X H 2725, HE
S>TBROBEEHAEEELTDLE, vy 7 A0 T U THITEEIEB 86O FTHUTKIG L
AR T, ZOMNERBENE S L LTL—FOEANBRICT 4 — RNy 7 400UE,
BIREAWEORENEITOZENTED, ZOFKTIEL—FOEABRICITES7-LKE
FAEMZTNRWNT=D, BIEART MURIERD L 972 Lidev, £z, KR oK
X XEEZIGEOBHRIREE R0y 7 A4 VT U E Fig.6-2 (R, AT
ROREINCEY Gy &AL THZ R TREINDG, ZOHFXNTLEN LTS D% Faraday
Normal S EFESZ & 12T 5,

49



(©)

>y
Frequency

Vo

Ajsuajul JyI1| papwsueL]

- L

Ajsuajur
WS paywIsued ],

A

Magnetic field H

Ansuajur
WS paprwisued],

A

Va

Magnetic field H
B

i

Aysuajur
WS papwisued],

A

Ansuagun
WYSI] panrwsues |

Ayisuayun
WS panwsued ]

Aysuayun
WYTI| pannusueL ]

Frequency

(d)
Ve

B : Stabilization point

50

Magnetic field H

ndino “duwe ur-3207]

Principle of a magnetic modulation method by the Faraday effect(1).
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Fig.6-2 Principle of a magnetic modulation method by the Faraday effect(2).
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Fig.6-3 Principle of the Faraday PEAK method.
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Fig.6-4 Optical and Experimental setup of the Faraday PEAK method.
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Fig. 6-5 Frequency stabilities
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Fig.7-1 (a) Observed Rb-D, absorption line and (b) Conversion of laser frequency noise to laser

intensity variation. The laser frequency is set at point P;, by tuning the injection current.

Rb /% L CRMRIER THONTNEREGE L, 7V rn 2 a—TICNES
NIz AD 2 N—2 TR A~EREIND, 25 LT U7 7 S EBEEix, AD A
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A SHOEBIN A FRFICARKT D Z ENAREL 72D,

8-digit-ADC
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7 )3
16
5
r4 1 0 1 .
3 + 123 1, 109

103 108 105 105 108
99 95 " gg 94 gy 104
12
60
rl ser 0 11
O T T T T T 1

w | s 0 1 1 0 10 20 30 40 50 60

Time (ns)
Fig. 7-2 Random number generation by means of transmitted light signals. A transmitted light
signal is sampled at S00MHz. Its voltage is converted to 8-bit binary data, from which we

obtain 8 random bit streams at a time.

57



7.2 WMEEBAERTS AT A

Fig.7-3 ([T BRELEAE R DT O DEBR R A~ T, A L7z L—WIE, 1) 70mW OB —E
— RL—+# (Sanyo, DL-7140-201) T, {EHEE OEIRIFRIC L YD 780nm fv~4f%§¢)§a“é ZE
MTED, FEBRFT, L—VEEEE Rb B0 Dy WINFRIZEDE D700, HEAERS
L—FIREDOSFM AL T\ D, AT, HEAERE 73mA i T@Wﬁéﬁ L—
PIRFEIL, BE=2 b —F (Yamaki, KLT-2E) 12X 0 292 K ICHRE L TEREIT- 72,
B, L—YEET 1/100KqufﬁWﬁ%Uﬁﬁnﬁﬁﬁ@énfu\é

U—WYEIE, T AV L—FEEE L, £ 5 Rb BV EEIET 5, KIEERF I, 7
RT3y 27 M A A4 — 1K (Hamamatsu, S2381, 1GHz bandwidth) (Z X > CTHH X,
D% OEEEFHI1L, SEEEEIES (COSMOWAVE, LPA-G39WD, 5S0MHz-8GHz) |2 & - T
BSb, RFETIE, TV 4 v v xa—7 (LeCroy, Wave Runner 62Xi-A, 600MHz
bandwidth) 2%, H 27U > ZHE ) 500MS/s T, O fiFGENS 8bit D AD =2 23— (ADC)
ELTHWORD, ZD7=h, 8bit ® ADC TH U7V v 7 SR Bix, JLlaRL
72 Fig72 DL I, 8HiDEy MINCE I, a2 Ea—FICMVIAEND, ZDH%, 8
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Spectrum
Analyzer
& Amp.2
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Y
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Fig. 7-3 Experimental setup. DL: Diode laser, ISO: Optical isolator, BS: Beam splitter, APD:
Avalanche photo diode, Amp: Amplifier, ADC: Analog/digital converter.
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Fig. 7-4 Conversion of a frequency noise to a transmitted light intensity noise. As the laser
frequency was slowly swept through the Rb-D, absorption line, we recorded the alternative

current (AC) voltage output.
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(1) Laser on (P,)
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—————————.
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Fig. 7-5 Waveforms and spectra of transmitted light intensity signals. Detection of discriminator
output: (Laser on/off). (1) the detection of the discriminator output at P, and (2) the
detection of the discriminator output at P,, P; and P, and (3) the discriminator output is shut

in front of the APD.

4D Fig. 12 (R L= HiEE WD &L SO E Y MIZIERT 5 Z LnTE 5, £
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EERITV, TORININEIL & AT D DENEMRT D2 N TE D, FHMlEICL > T
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Table 1 Results of NIST FIPS 140-2 statistical tests. Statistical randomness for a binary stream
consisted of 20,000 digits, verified by four tests consisting of the “monobit-“, the “poker-, the
“runs-“ and the “long-run-“. We evaluated 10,000 sets of 20,000 binary numbers and calculated the
examination pass rates, at every digit. ““Total” means the examination pass rate of binary streams
satisfied all four tests.

10 rl 2 r3 r4 r5 16 r7
Mono 99.96% | 98.07% | 99.87% | 99.77% | 99.96% | 99.97% | 99.11% | 99.27%
Poker 99.99% | 99.88% | 99.99% | 99.97% | 100.0% | 100.0% | 97.57% | 90.75%

Run 99.52% | 98.23% | 99.26% | 99.29% | 99.49% | 99.50% | 6.16% | 0.01%
Longrun | 99.94% | 99.99% | 99.97% | 99.96% | 99.96% | 99.93% | 99.98% | 99.97%
Total 99.43% | 96.55% | 99.11% | 99.07% | 99.43% | 99.43% | 6.09% | 0.016%

Fo AT, tMOMETHEA I, L0 BWIHIE 525 & STV 5 SP800-22
ROV BT 72, ZOMETIZIG E Y MIES 1T AROE y "NIIBMEL R DT80
FIPS140—2 DR E CEWVREBIRFEZLZ R L0 N H S £ TOE Y MNll&ELE 25572 5]
LTIGEY FOE Yy MIZEKT D, ZOBE By ML 2ms 72T BIEZ i L7 E A5
DOE Y "L TXOR ZHNDHZ ET, By MIIIZBWTO0 & 1 Z2FMRICELE Y Ni%E
BHZENTED, ZOHEL, 2ECHE [50] 12H Y, SP800-22 D X 9 7B ElELE D i
B O OFHEZE T HERI2IE,. ZOBEIIAF IR TH D, %2’$mmm%mmt
BEOENRERERT, END, 2Oy M, ETOTAME@BBL TSI END
Mb, Flo, £ 2 1, b— 47‘2“70)*#‘(%%%7}%717 ZTHERR LT E Y RIS 5
FHmFE R b L TR, ZH 6%, BBEMEEMRE (LinearComplexity test) PAFME A T
ERBEBRT D Z EIXTERVEVWIERDGE LN, 728, Py Py Py RICHIT HFERIT
L—F4 7 ORERLIFIER Uo7, R E LT, SP800-22 ZHW=HATYH, JEI M
FICER L@ B EE T2 b HNAH I E T, TAMNEEIRT HI L E2RT I ENTE
7o

L—HEEHO K 7~ L= U —DifFH, Rb KAROKFHEI R EDRT A —H
I%. Rb JATORIFROB & 228 S8, 2T X0 EEEHEE 2 b ZiR R g~ s h
TG B OREBE TR ES NS, £ LT, ZOREBENKE FUE, Fig. 72 6, BAF
By b (Bl2IE, 17,06,05) OBFITH 0 & 1 OFEFENRYFITES o, GLEMED K<
720 IRIEIREE /N ST AUE, 0 & 1 OFAERNAE IR0 By FOESIDBELEL
PERELRDEBEZADND, ZOX T, AERTITER L —F O E i HHEF ITER L
MBI O AR T 2 LN TE L, ZOEBRTIX, 500MS/s DY 7 o FHE T,
fRBEZN 8 By F D ADC 2 L7-D T, 8 DD v MITRTAT X M@+ s, 7
JVAE— RTA4Gb/s DEKHEZGD Z ENFARETH D, SEIOFERERTIL, 6 DL
R BIDRIE % 3@iE L 7= T, 3Gb/s DAEMBE LD Z LN T2,
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Table 2 Results of NIST Special Publication 800-22 statistical tests.
generated using the lower 6-digits is evaluated. Each sequence contains 1 Mbits data.

A set of 1000 sequences

Significance level =0.01 , the P value (uniformity of p values) should be larger than
0.0001, while the proportion should be greater than 0.9805608.

Statistical test Laser on (P;) Laser off

Pvalue  Proportion Result Pvalue  Proportion Result
Frequency 0.120909 0.9830 Success 0.000000 0.0310 Failure
BlockFrequency 0.099513 0.9880 Success | 0.000000 0.0000 Failure
CumulativeSums 0.068999 0.9820 Success | 0.000000 0.0200 Failure
Runs 0.803720 0.9930 Success | 0.000000 0.0000 Failure
LongestRun 0.494392 0.9900 Success | 0.000000 0.0000 Failure
Rank 0.131122 0.9920 Success | 0.000000 0.0000 Failure
NonOverlappingTemplate 0.022760 0.9890 Success | 0.000000 0.0000 Failure
OverlappingTemplate 0.560545 0.9890 Success | 0.000000 0.0000 Failure
Universal 0.034942 0.9880 Success | 0.000000 0.0000 Failure
ApproximateEntropy 0.352107 0.9950 Success | 0.000000 0.0000 Failure
RandomExcursions 0.042950 0.9866 Success - -—-- Failure
RandomExcursionsVariant | 0.064103 0.9900 Success | 0.000000 1.0000 Failure
Serial 0.467322 0.9890 Success | 0.000000 0.0000 Failure
LinearComplexity 0.494392 0.9890 Success | 0.618385 0.9930 Success
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Fig.8-2 Experimental setup
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