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Technology Development of Diamond-base Neutron Sensors and Radiation-resistive
Integrated-circuits for Shielding-free Criticality Approach Monitoring System
(Contract Research)

— FY2020 Nuclear Energy Science & Technology and Human Resource Development Project —

Collaborative Laboratories for Advanced Decommissioning Science,
Fukushima Research Institute, Sector of Fukushima Research and Development
Japan Atomic Energy Agency
Tomioka-machi, Futaba-gun, Fukushima-ken

High Energy Accelerator Research Organization
(Received September 14, 2021)

The Collaborative Laboratories for Advanced Decommissioning Science (CLADS), Japan Atomic Energy
Agency (JAEA), had been conducting the Nuclear Energy Science & Technology and Human Resource
Development Project (hereafter referred to “the Project”) in FY2020.

The Project aims to contribute to solving problems in the nuclear energy field represented by the
decommissioning of the Fukushima Daiichi Nuclear Power Station, Tokyo Electric Power Company
Holdings, Inc. (TEPCO). For this purpose, intelligence was collected from all over the world, and basic
research and human resource development were promoted by closely integrating/collaborating knowledge
and experiences in various fields beyond the barrier of conventional organizations and research fields.

The sponsor of the Project was moved from the Ministry of Education, Culture, Sports, Science and
Technology to JAEA since the newly adopted proposals in FY2018. On this occasion, JAEA constructed a
new research system where JAEA-academia collaboration is reinforced and medium-to-long term
research/development and human resource development contributing to the decommissioning are stably and
consecutively implemented.

Among the adopted proposals in FY2020, this report summarizes the research results of the “Technology
development of diamond-base neutron sensors and radiation-resistive integrated-circuits for shielding-free
criticality approach monitoring system” conducted in FY2020.

The present study aims to develop key components of neutron detection system without a radiation shield
for a criticality approach monitoring system. It is required high neutron detection efficiency for a few cps/nv
under high gamma ray radiation environment (i.e. 1 kGy/h maximum) and compact-light-weight to fit
constraints of the penetration size and the payload.

In order to develop the monitoring system, the project aims to design and evaluate neutron detection
devices based on diamond sensors and a high radiation resistive signal-processing data-transfer system based
on radiation resistive integrated circuit technologies and modification based on feedbacks from the view point
of reactor noise analysis. We also study criticality approach monitoring methods to apply developed
components in the realistic environment.

Radiation-tolerant transistors, signal-processing and data-transferring integrated circuits, design of
criticality approach monitoring system in FY2020 are finished and ready for production and evaluation in
FY2021. Evaluations of neutron detection efficiency and the behavior of diamond sensing devices under high
gamma ray environment started in FY2020.

Keywords: Criticality Approach Monitoring, Neutron Detection, Radiation Tolerant, Diamond Sensor,
Integrated Circuit

This work was performed by High Energy Accelerator Research Organization under contract with Japan
Atomic Energy Agency.
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95 ym

s

65 nm CMOS process

LVDS-like driver (Output common mode voltage = 0.6 V)
Data rate : ~1 Gbps

Power Consumption : 5 mW (typical)

Healing function is implemented for transistors with high
current density.

3.1.3-1 CMOS65 nm ¥=E(K 7 mt A% HH Lzt —V o ZHERF &7 ¥ ¥ UE Finik
FEEE DO LA T 7 b
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IWZAIR &0 CTEY | pta ¥ 7 NEOKTERD THER LY REWNWZ & X Z:Bﬁiﬁ@ﬂ“i“f
BHDPFAELTND Z L0505, CVD Hifkdh TIEAURRTO PV 3 LU Ra fEIXZLZE40 0. 29
pm, 0.07 pm TH DA, HEKICIT0.67 mBILU0.17 um &8> TW5, @ EHEES L
FRRICERICIE EICMOBIR E > TEY . BT EHEICLDEAOREEZITTWVWDH I L
WD, ~T afEsh CIEAURRTO PV EFRS X OV Ra fEIX 0. 15 pm, 0. 03 pm T > 7273, &E%
(21 0.35 pm, 0.89 pm 725> TW5, ~7 B THIED DG & RARIZ prER#IC LT
®%h&@ofkw\mmﬁgikéﬁoﬁﬁbﬁoykﬂAﬁéoﬁ%\ﬁmgéﬁﬁé@
Tdian O i E & 7Hl 9 %,
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AtBEEEER~OTEAR

sl Je

p+3 %7 FEEER p+a 47 FEMKRE
(4 3.2.3-4(a) @mEHFEE~O pHERERIZIZBIT 2IRE{L

B# RCVDE R~ DR

o |

p+aA VRV FEBRER p+aAr 427 FERRE
<] 3.2.3-4(b) CVD Hfffh~D ptEERTZIZE T HIRE
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CHEATREBRE~OBRBRE

p+a R FEBRER p+aA ¥ &Y FEEERE
3.2.3-4(c) ~T i ~D ptERRERIZICE T DR L
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3.2.4 FRHFE T O HAN O BA%

FEM FEEE D ) 72 FERE I D W T, @ﬁ$%®%ﬁ’iofk%<wbéo:hifﬁ
BRI T 2 RBMR T 4 VT BRI T CE @R E N E A Y NigkT
éﬁy74/7ﬁ$_owfﬁﬁbto%_j@®%%fﬁ%¢é&4%%/%ﬁmi4o
um PR LWL BEWAR LT 4 B L FEITERORPER RN SEA TEARnT &
PR R RS Ry B ER SO ED HIRNSL-> -BS CHEERT L L L L,

WATL T F CRIES N3 R — RIS LT, K| 3.2.4-1 ITRT LIRS 50
m\mmﬁﬁﬁ@ﬁ4%%yF$%%\ﬁ&—x%%ﬁw%w%ﬁ NIZHEE LT, RN—
Z NSRS T D LIPS LD 2 E RS0 TEBY . & BICH % HEET D EiEN R
HELTZenb, HLWRSN—X FE2EA, R+ 2 &&L%wzﬁﬁmf%ﬁ%v\ EiRlil
AR — FOFM#RS B OV TIL 3.3.3 TR 5,

4 3.2.4-1 @@= RHREHAR— B LICdERRSY A v £ FRtRE T«
S

3.3 RRME T, FHUESRE OMERETHN
3.3.1 MMFETOMERERIME (FFZFEL : dbR. AR, S JAEA)
3.3. 1.1 afR, TMETRRIR A6 L7z A

B4 3.3. 1-L ITRHMICEER L7z Z A Y& NRHEEOWEX 2 ~d, 3.2 TRIELZ=X A ¥
TV REFICH L CEBEMEHEICAFICLIVIERL, KO XS s BMERICEE L
oo ZORTIIHEFRIEZE L THERT 272D, B2 95 %F T2 U v F L7z B % 3
um FEEZEE L Th D,
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HEBBEN—-2 b
&8 \ / XA-5905 SMAL 7% 2L
SmEFE — NI |
7L 2FHIR z
5x5x0.lmm [
2y — E ]
PtREAE ;
AREMCO BO\'D 526N

X 3.3.1-1 JEKRBL A £ FPET-# 2RO WX

AR 213 BC 22K 35T A LLRTIC 2Am 225 D 5. 486 MeV o ff 25 U CTHEREREM 24T - T
B, £33 1-1ICELDTEMEEFFSZ EEMHRLTVD,

#3.3.1-1 BIELI-MHEED 5. 486 MeV o 2 fd H U 7= MERE LM 45 5

fRJE . 46 um, FEAMR : W Pt BTN EER) R TRV X — 3 fREE
e 99.2 % 0.88
EAL 99.5 % 0.38

3.3. 12 1AL R THHUSHA L7z 2%Cf IR 2 M L2 b 8B ERI TH 5,
3.7 MBq DR REAFFOZ &nh . FHE T LHAMEL LDy TOFHA 1 BA TR T
LI,

—— 252Cf R F R AR

Count (=)

D i

0 500 1000 1500 2000 2500 3000
LHILF— (keV)

X 3.3.1-2 JERES A v £ P Ritig o ©7Cf PR
(R % I B AR E Bl
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3.3.1.2 vy MRES LA SE R
LK)V h 60 H < RIREEIC 3.3, 1.1 TIME LSRR ZRELIAAR, Fx—V T v
TNANT  TEHED y BRI AT o7 (¥3.3.1-3)

1 4 “rlapma ¥
A "
R

)

3.3.1-3 &Kz L k60 H o~ BB =EICHIT 5 EBRIRZOH

X 3.3.1-4 12 4 Gy/h~100 Gy/h £TD y BB EREECHEL7=-X A YT FRHZED
IS B A R T,

100 Gy/h
104 e 5N
] Bl ‘
o e
3 0014 i
< % P i pr s e =
N af
A 31.5 Gy/h
- ;
H\ 0.1
i oo 'SITEE! LT
R s i 53 - ) e o
'\ 1004
Do 11.1 Gy/h
"R 14 \\ - y/
~ 0.'I-|
= vy mHMMmeMMMMNMMHﬂMMK
i el o o _ pr = s s
10 +
" \M 4 Gy/h
0.1]
ety U T TRl Iimm
R o o . e " o =

ITxR)ILE¥— (keV)
X 3.3.1-4 yHMREREE CHE LY A YT FaHEHOIEREE
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ZOWPETIX y MOBK 720 TIIRHGBOEERELE=4—FT 5 L PAR#ETHLZ &
P35 PMAm 235 D 5. 486 MeV a % AS SR 5 y BIEH 217> T 5,

RANT » TIZONTIE— R 72 B A AR EEESR 2 L0 b Z e noifihaT
B OFERL 2o, FXx—27 v AT LTI 315 Gy/h T 30 4L LRI L 72 B o5
ELT, BEREmOEBHNTTF ¥ —U7 v I DBAECTH D Z & 2R L7z, 100 Gy/h T
TS TF v —T v T0FAE LT,

R L7 B ZR T AR S OB S v U THEREN L D Z B 0> TWNDH DTS
%, ERME Oy F L 7K DRE, BREEOET R EICLVRIEEIT I,

3.3.1.3  HMEFRR AN SR EEAL FE R

JAEA IZBWTHIE L2 & A V& PR AR O B oMt 58l 217 - 72, 24U
RF R %y Z3EE K0 &)@ EM EICHRE L7z B,C (95 %= U v F) OBEEMN B,C B MO
BEXIY, EORERKL 22 00OFHME & & 2T L,

X 3. 3. 1-5 1T JAEA il AR HE S g B (FRS) 123 2 B ME AR IE 3 T T - 7o i B I E
DKRZEEZRT, DX I ITEN SAVEEND 40 cm DALEICK 3.3, 1-1 (TR LTZF A
YEY RRMEFRESERE L, P23 Lo, MHSRIEME CORKN 7 v v 2%
1L 57.4 n/em® + s TH Y, JEREM : 18,845 BT 3. 3. 1-6 [T T AT FABRHELIL, #&
By MEIT 263 BT R ThH oz, RHEOMIZNEIT0.774 %& 72572, GaAs FEKRR
ez H LR OFER TIIMHIEN AT T2.9 %25 TWNDH I &b, BC DEE
DINTR VAR T LTV D AR RIB S vTc, 5%, RE ANy XD ERIRE A LT 5 Lo
T RESR O SEEZRA T, E720F 2 FEICHE L2 EREBRE (X7 4 4 —:
X 3.3.1-5 OAEE) ZFH LREDOEL & HaET S,

JAEASRPIE T HLE T ME
FaA L8 1024ch
AT R 50V

FISEHRE

SiT5.486MeV o IEAEL - T—2%L LI
MCAch% T4 /LA —IZFHLT=

counts

il (T

T
a0 as 20 25 3o 35 40 45
energy (MeV)

[X] 3.3.1-6 JAEA EArPPE7REEGIZ T 2 -1 s 2 BE SR 7 ]
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3.3.2 ZEFEIIEE S OMm M f R (BZ5e0 - bR

X 3.3, 2-1 1 X BRPRSHEE OB A /RS, ETBREPIRERT A 2 ZEEBEGEE T 54
ERHY ., Fiilav U A A EGYEDRETEH T RO YZNILRITRD Z L REE L2 o
7o, T E o b BEERELIC) )b AR U, £ RERHE LA L —
F AL LT,

[ 3.3.2-1 JbRD X HRRREHEE o 448

3.3.3 MHEHR+T7 v b NEMRIKOMERERN (FFZ&REE bR, 4K
3.3.3.1 FHlis AT ABAFE & 7L 7 7 RIS X D REAM

BT R CHEES N FH LRI SR A 1 Y e RIRHEHRE 258 b 2B AR
— R&ET7I =y A8LEfGE (577) ICEELELOEK 3.3.3-1 17, K3.3.3-2127
0y by REREREE O 5 7eml B, X 3. 3. 3-3 ([T HFE 12k LT 5.486 MeVaft%
AR LB o R D 2773, ZOERBEIEHEFRINOER B 205 Ol S 2 Bk 1
ZHHAIT ARME TR ENTWA D, 5.5 MeV D a fRIXHIE SN L-, kA, fE
TAHUBRAR— R TILaBO X LF =27 MLEHTRER YA v ABETE S L5
T 5L EEmT AL g LT,

3.3.3-1 73 = AELERRE O STICEE LT
BT R RLEEH LAl & 2 A P KRBT

Py

VREF 4
e Bd— Voltage DAC  |—
TP_INJ !
E_{ l_/ Lvth x] TXP
AIN CR-RC  |+—{Disc.
5 o O ] TXN
VBSLN E—l e
DT ,}'
'— Buf. MONOUT
8D — — 300 ENB
sck) —» 8 bit ctrl. register  |—»scx.0
SRET | —¥ [—* SRST O

5Pl
from provious channel 1 net channel

X 3.3.3-2 ETAFRlT o by REi UERERIE O/ 5 R 72 Bl X
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X3.3.3-3 X AVEL NRHETICS. 486 MeV o #ia AN X872 B0 H E 28R4

AFHAIY 2T DB KOy BIBEGICES L, 3.3.3.2 THRAREZH A v FREHE

REMT y BB OIT o7, B U7 o MEHAIER O, MHHE 23R8 U EEY £+
FEEZ LEEBICREZR IS INT TCLE-T2LH T, b b e HottiEdo Tz
MHEZETFTH 72084 Gy/h THRHEENT ¥ — U7 v 7 NRAE L+ 7edHins sk o 72,
¥, BIHFEFEVREET 100 Gy/h @ vy #RIRS 2 FEH LEIBKIZIT o723 ) A XXTE & A
EBR S e ode, B3R, ROEMCTRINE T2 Ly MBHRBREZITO TET
H5b,

3.3.3.2 v MRERIFEREE O FE A
B3 XV BAAET 2 HIERER O 72 O OFRRERY; DR 21T o T2, REETHFEZED TV
DT ERIE. kGy/h OA— X —|THD EIEED v GO TEWET 22 ERRDO LN
Tmé MHEH 2 &, BRRZED 2 PR AR OB 1 336 L OERARI K 5%
PERERTMARER ClT, BED v MG LW IHIBREOF T, hETERHETE NN 2 &
#ﬁ4/btﬁéfyﬁ%% L LTI LRI 0 k60 W~ B =EZMEE L TV 5,
KAV 60 <RIBS E T, o EARIE T LICHRET S 2L T 1 kGy/h O &
fﬁﬁvﬁﬁﬁfé*kﬁﬁ%fﬁé
MEREREAMARER Tl P OEFITH LT, vy BOZEN EORE £ THHIFRETH 200 %
Pl 2 BN H DO T, WmIEE ¢y SO TRHEIR LR 2 RN T 208N H 5,
kR E LT, MXQ%#AWﬁﬁ%%ALﬁOﬁﬁ%fi37Mmf@ﬁ%%é#i
4%xm5ms1&5(Aﬁ3$1ﬁ1BHﬁT> ﬁﬁi%Tﬁ%m&%ﬁkaMJ%
Bi=boThD, %ﬂbtmw¢ﬁ%ﬁ@%ﬁ%l3334;T¢ %9.4mm, £X36.3
m@XT/VX%w7ﬁwT\%@¢M_MLtt5:/&%M:mﬁ#“ﬁéntﬁm%
HT 5,
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[ 3.3.3-4 A L7 P20F FpkFIROSMEL

BCF PR E Y B SN D P O =RV F— AT FLETND W DR EA T kL

ERFEIN D L DO TEH T R X135 1 MeV TH D, AHFFE TR 2D T D Rk H 28
X, XA YEY FRHGREICEFEF 2 o X—2 2B L0 T, VP TICRELHT 5
LOTHDHTD, BRHEBHCER T 2N P72 0ET 20BN H D, TDTH, P0f FvET-
IR % 50X50X 100 mm DR Y =F L dd OHFOICRET HEE Lz, A Y =T L ool
MONEZK 3. 3. 3-5 (R T, WM O EEZKREL T 52 LT, K0 Eh=RAITHE7- % J8iH -
B4 25 Z ENARETH LD, vy HRHBEO ZR— 2GR ENDH -0, THETFIRO AR E &
LCEERO LY I-HEORY =F LM CREEES 2L & L,

PEREFEMARER TIE. v BRZFHI L TV A BREZ ISR 5 e FHAIMERE & 3§ 2 BN B 5
728, Bl Uiz R T IRO B OB M T R ORIl 21T - 7o, BRI ORI, AN
X, BEB L OVEREEEA R LT T AR I a b —va it L ERL, ZhE,
PEFRE 2 3R K 0 AT REZ: Li AP o F L —HIC L D EBRIC KL VRS D 2 &
T, TOFEMER X ORHEN S 2 RGE L=,

% 3.3.3-5 ﬁvi%vyﬁﬁﬁ®¢bmmbtmw¢ﬁ%ﬁ

FELTHNAELI 2 b—3 g VX PHITS =— R ver. 3.20[3.3.3.2-1] &2 W TEM L7,
ErT AR Y alb—v g a— RNTHEE LZFHERRO—# 2 3. 3. 3-6 |7,
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LiCAF | T T T T
10x10x2mm3 252

B Concrete
Air
B-PE

Hm PE

o sus

-20 0 20
y[cm]

X3.3.3-6 FEFhradIal—3 g OHEKRR

¥ 3.3.3-6 Tl Li AT FL—FEHWEEREZHEL THD0, FAEICHT
LT R AR T OB v F L—Z R REHEEITo T D, £, IKTHDH 2
I U= b OHFHEFORFOHREZIMET 572 DITHRIRDO FIZARTVREAV R =F L
WEBNTWD, LI FAFES o F L —F 2% LTV RVIRIEETHE L7 7 RO 22 /]
AR 3.3, 3-T IR Y, £, AYZF LM ERER2S 1 mm, 20 mm, 50 mm (23155
HPET A7 ML &K 3. 3. 3-8 12T,

ylem]
X 3.3.3-7 FHHE SN2 Bh M- 22845 A
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Cf-252 in 50x50x100 mm PE

102 ]
>
-
= 1
, —
5 10
b=
®
= 100 |
‘l 0'1 | | | 1 | | | | | |
10°® 10° 10% 10% 10°
Neutron energy (MeV)
3.3.3-8 FEINE-BNMNETOHFWES AT ML
#3.3.3-1 FEIN-FBENLE TOB AR
Wk 2 b HRAHAL I L 0 I
RO FREE  (mm) (n/cm?/s)
1 230*x1
20 102+1
50 40.4=20.4

WL RO E A B > TV AR Y =F L UGEM O R T, w18 b S v T 24K
TR TE D, BMET2 0.5 VU FTOTZRAX—2FTHHMET L ERLEZED, §HHE
ST A R E COBFPHETRA K 3. 3. 3-1 ITRT,

WMIRTIE S D03, b i 2> FEEEDSBEN 2 12 o THIE AU LT D 2 & D3R
T&E 5,

T ZETORMBERGET XL, FHEFRENFIRICE DV IRET 5 Z &3 lRe7Ze Li &A 9k
T FL—HFTh D EuiLiCaAlFs (LAF, TLICAF] £\ 9) S F L —FIT LD ERE D
Z1To7-, PHITSICKBEL TN B 2 b— 3 U Cld. EFEORBAIEIZ LiCAF > F
L—H%F L, Li(n, t) ROSOEERZFHRE Lz, EBRIEmIRF OGBS L O U725
A& %X 3. 3. 3-9 |[Z/R T,
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Scintillator : Eu:LiCaAlF (Li-6:95 % enriched), 10x10x2 mm

Cf-252
(3.7 MBq) HV:-550 V —
Digital MCA
b4 ANS-
HSMCA
B

Scintillator HAMBOAISY e

R7600U-200 Control

PC

¥ 3.3.3-9 FEEREMFFOMITE (LB I OMEH LzftllEEgR (FE)

UFL—ZZIT R O@ Y | Li-6 & 95 %BITIEHE L 72 LiCAF Z U, Z O ~EIE 10X 10 X
2mm CThHoD, TNENXBEBTHEELERL, ZOEEET VHANIALT T ¥ U RVT F 74 %
(ANSeeN # HSMCA) (Z#zkt L, (B 5 aMa S Lz, 1501715 5 m oA o —fFl % X
3.3.3-10 (2”7, B EMEA 1500 ch FHEICA LN D B —27 B2 X B Li(n, t) K
BREROFENEEFRERL TND, =7 D FDORT A VEGE y BUER O B Th 5
e, NFRAANVEEELGE, FHEFESOREREFI Lz, Yo F L—& Lol £
EOFEREZ 1 mm, 20 mm, 50 mm & b SHEH AT 72,

Count rate (cps/10ch)

0 1000 2000 3000 4000
Pulse height (ch)

3.3.3-10 LiCAF ¥ > F L —% T I T1E 5K i 5541 O — 1)
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EBRTELNTHBEB LTy T a Y I 2l —2 3 2k 0B SN LiCAF i To
Li(n, t) RSO RIGNEEEF 3. 3. 3-2 (1T T,
#3.3.3-2 EBRTELNT-HHETFHEREBIE T I 2L —va v
W2 X &S LiCAF T L1 (n, t) Bt D UG ER

ki b e T I

L & 0> P TR i s B/

IO B (am) (cps) (reactions/s)
1 197+2 1556+4 1.27
20 87+*2 78+2 1. 11
50 39+1 31+1 1.24

FERTEONIEILZ, BT e s I ab—y g Al X DFHMIE X 0 3 598 R 5
Bricd 5, ZORKE LTI, BMERENAPMEL 0 @WATREES, T hry Ial
_Vay’ﬁﬁthfwﬁw\%% HEESEOBEMIC L AP TOBYLEREZ 2 DiILD,
FEEEOMREFMFER I W T | MR EL OS2 3SR 5 Z L IZR#ECTH 5729
%%&fmfﬁﬁé%an*&%%ﬁ’Anfﬁ<:kmE£kﬁéo

fham & LT, EEICHETHREERZRET 2 L AE SN HBEEM R RS 20 mm OfLE TO
ﬁ¢@%ﬁ@%ﬁﬁinman@&ET%D\%@K%#é@%%?%é:&ﬁ%éhto

ARV 60 H oA E T, Y TOVICIRE T A ESREZ LA T T HITiE, BRIE
DOWEEZ AR T HZ EBNETHDL, LLENRDL, B U T NAAEOEFIZIL, & OH R
TRERNT D2 HENRH 0 | F IR Ty OR R 2 807720, MEROELTIZIEH
HIEEORMZMNE L35, & 2 CTHREFNRER 2 2R D 5D X 5, =E THRIFE
Yo IO A B ETCELY TN ARAT =V LT, B L= 2T — Dk
BAX3.3.3-11 1T, A, 27—y RICEMSREFT (PTWEL 30013 Y farmer F = >
) HEE L, YU T LETOME %Wﬁfﬁé#@ﬁmﬁ%%%MLtoISSBML
BERREAE LI2BR DY o T NALE TOMEFE ORI 2~ T, mRERIEIC L RERE 2T /]
RETHDLZ LEMER LT,

[43.3.3-11 B L=V T AT — DI
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T T L T N T ~|~\~ T N T
100} T2 B L A

WTTws
200 290

18
(=)
I 1

Dose rate (Gy/h)

: 400 U

I 650 N \¥
o200 200 600 80
Elasped time (s)

€] 3.3.3-12 ZEFREAE LI-BOW o FOANLE TO/MERORFRI 2L
(XN O E IR IR 0 — SR B R mm)

MZT, =R TREIEL7=7 ey by REMRBIKICIERY A Y REFEFEL,
aftE AVEEZ MR Lz, v MIBHIGICEWT v BREICXHT 2RE T L7 ey b=
v NEFERIE OINE 2T L7, F2EERTE TRIIE IS A —U N BAE LT272D, 4 Gy/h TR
BN Uz, HEREREIKEATIL 100 Gy ORESRTH /A RFBRHI SN o 72,

3.3.4 HEESIHEEHTIERCET 2 ME (EGEE - 4R

BRELT 7 ) BUHAESEIZ BT 2 B T R R IE OB & 72 o T 2 & AR ARSI E TIEIC S
W, RIS AT 2 720 okt & i L7z,

IHFE TICREINARERENE FIEIZZN TR E K ENH 0 | RIS Ul
IR FEEHE T D ENEE L 2D, BT 7 BUHIERICE T 2 B DA TR o
e LT, AT 2 oOFEEMAEDLED Z ERRFTE TS [3. 3. 4-2],

O BB EZERAART - FHEERATIE (Feynman—a %) [3. 3. 4-3]
@ WHEZEH D PR IR 3. 3. 4-4]

B2 FEORFCIE, P IREAEIC X DR ERNEZ x4 & LT, k735 (eps)
DA —F —NREGFEHEREEICE D X 5 8% KET 00, ARR) 72 5i F2501 X 0 et
THZ EE LT,

AR e Bl 52 & LC, ENFEREEE UK PR E SR EREE) [\ TREICHE
Bt U 7= A B @ I S8R S D i FE R R ORE T — # [3.3. 451 2R T 5 Z L &K
Irlzy REBRTIE, D-T 7L A FPEFE A F 72 0k 2SERE) O R FUF D2 RESE L, 0@ o
WY = F L U RGHRTEIR NI BE Mg 2 X B2 2 & THIEFRIECEN (O HE ST 5,
Z 2T, HIEERASCHLAEEE T (3X3 I DREHEA R X OV RS [HERE) 12Xk
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ERE—p(t) LS D Z & TUK 3.3 4- 1 IR ENTZ X D ITHPEFFHECRN (O)ITFRER & B i

b L, BE ST EFFHECEN (O DA — X — 13805 cps RIETH -7,
800

CLEV R A
2 60 | COMBEET s
B i RLEEET
| 400 -
e
%
5 200 1

O T T T
0 1000 2000 3000 4000

Bt (s)
4 3.3.4-1 IS BREN ARG S 28 FEBRIZ I 1T 2 kS HECER DRI b

BREFT 7 ) BUHERCNE S D HE TR A — & — & L Cidied TIRWEHERRE D =
ERTHIISNATZH, K3.3.4-1 O XS ITHE SN ETFHIEEN@ O R E S %2, (R
B TRD S D Z LI X o T IKFHECEORIET — # n(t) Z AR A AL U 7R (5 1k
WL DRERERHEZFM LT, 22T, PHEFEHEMES R D12 EMFHIAREN I DR E
IR DBREFEET D120, KM AT v 7 (At = 1s) THE S 7z BPE-EH5m () At 23 IT1EL
BINSRT YV AR HE D EAE L, RS ZeN(At E LTZART Y ARt 5 SR A S8
% Z & T AR ER () ORRYT —Z B ER LT, 72E. K 03,341 TRULEEHET
AR OWPERRICB T, BEHZEE SRR L2 TR BN RE 25, bo
EHEUVRIEFIREE (0<t<800s) IOV T 1 M7= 0125 b aHE N D4y Bos ¥ o
EZRRRTZE ZAK 104 TH Y | FEAREE ENMEDEDIZTFE LN LD, FRFHAT v 7
DT FHD R T Y ARITHED E VI REITZ Y TH D & LT,

29 U TIRABAIC AR L7zn() ot LT, HE 7 IRE A EE DUV CORER U —p () O IF 2
bz kv WifeE Lz,

n(0)

m (3.3.4-1)

—p(t) = —p(0) X

ERiZBOT, —p(0) En(O)TFIHIEELt = 012 B B REERE L HEREZNETNET, &
et ClEfE = R L — P I T H L B o — RMCNP6. 2[3. 3. 4-6] CHRTIC AT
AT 5% 2 ke o e O BB FRATHE T X 0 HIHAE—p(0) = 3 (%Ak/k) % HEE L=,

HPE TSR () O A — & — Z AR RN AL S B 72 BR O e TR R 7RIS X 2 AR AR HE e
FERA 3. 3. 42 1R T, BRI AT v 7 (At =1s) THIE Sz TVETFEEn(O)AR AT Y

IR D BA . n()AtDOFIRFFEEFRFEITL/n(OAL & 72 D 7= FHERA— 2 — 7236 10 eps
EBZDHRMETHNIE, /A ARELEZ T 2 &7 < K10 (%Ak/k)FEE ORI F
THYEFFRBEEIC LV WREE TE D 2 L0805, L L, B cps RIGOERWFHROSHA
ik, PR E e LR D AT v BN D To D RVEFIREEEIEIC X D ARER S EEHE
ENRNEEE 72D,
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1000 = 100 100 = 100
= C M @ H
o L = a =
=100 4 I A= 10 ]
3 3 »

I;":T% g 10 E\ ﬁ!ﬁl;n 3 10 2
N 10 Lk S
= =
] e=1 ~ =011 ~

1 T T T 1 0.1 T T T T 1
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