ST AR TSN S e VAT

AR B F B — 4 f 57 e RETE

R A
2 =
g i
SRR
2 &t
iofE &8 fi
= 3 B M

BT FEMBAL:

: Mk
: 0110729032

p ook A Bk
: LHERE

: BEATE A

7T 2R

: WOLSEE T
M MBS R OB

2017 4 10 H
AR KA

T






Dissertation Submitted to Shanghai Jiao Tong University
for the degree of Doctor of Philosophy

STUDY ON TWO-DIMENSIONAL
ENERGY SPECTRUM OF
LASER-DRIVEN PROTONS

Candidate: Su Yang
Student ID: 0110729032
Supervisor: Prof.Jie Zhang

Research Associate Xiaohui Yuan

Academic Degree Applied for: ~ Ph.D. of Science

Speciality: Laser Plasma
Affiliation: School of Physics and Astronomy
Date of Defence: October, 2017

Degree-Conferring-Institution: ~ Shanghai Jiao Tong University






B N L e VAT

IR R T B o e it
HE

AR, BEEBIVELIRRAZ AL “HR K T7 =TI AR,
SRR TS B 1T R . IR SRR, ASCE XM
JEIREN T A T GE A B REVE REAT T AHSRIBT T . AR ST EE N
HAFELL RIS

B HS AR B . SRR, e R
WO RS FIREA 5 A SCHI SR OB FE I, B EEE: LR R
Fo PR T5 RS BOCIRSE A T AL OGS EREE T
HL u&%%@&%%MFﬁ BEANE T AR
W TR, FEAFEIUAES: 200TW CRBOGCRERIAA . BT
AR, DR %EAMWﬁ DAL S B = PRV S BT P s o
FERRS BT PRl 77 T, FRATTA A RGD-3B R B A & 1 e (G
TSI B AL e 57 5 P TR B S B8 (AR AN 7R . TR S SRR
BB IR AR S R RO, Wi (RS B SR AR & e A
JUPY PRI ISR s T A M e AR B S T P A R B K L A T A
FEEROL AT L, RO T R BN 2 CREARAE P S
BRSSPI 2 L ARHEN ) A EOR . DIUEAEST S R], AR N f3 St S fir
TRt TR L

A B = A Y R IXER ) Wﬁf%kz%u%ﬁk
ﬁ%?ﬂﬁ?%ﬁﬁ ZWHAC A Ot . S =R T T S R
LT RS A . 2R PI200 AE$+VJEF?E+¢Hiﬁzﬁ3%3$§%%ﬁkjﬁfL
ﬁ,ﬁﬂ%T%i%PMMAQH%%H%E%%@%CM&HW%
XL PAE S AT SEI R AR . R SCER, BRATTINAS 1 SER R LT REVE
UEM] T2 ACRAT SERHRIN I I RE, FRAE M TR EMBOC RS, F



B N L e VAT

VU T B0 1 e o0 AR BT R B IR AE R, AR
WIXHINEFE S N T SERmARIMaE YT, BATAE Thomson & 115 )3
fitt_E A P AR IR N A 4R B SLEE SN 7 RS FL o AR B MASAT
S 56 I PR 73 TR IS G BT 5 R AE S I AT AT VEREAT 1 . i
X5 REVE AT, A 2 ACORT BAAS 25T 5 R 4k = 8] AN [R] 7 T
ERIRENE, DB TCROG RSN T I B R SR T AR k.

R R, EEAE 200TW WRMEOSE B 1oL I
BT IR SIS o M A o B SO BT AREAT 2 I, AESE
B R T AN B AR B, AR R B RO S ARG RE(30mm
x 15mm) M EAFHKEOLN, BRI A M, B &%
A R FAE RIFAMI G o FATAIRI B [0 3] o7 5 R 238,
FERLJGAFAE— DRI BT 3 @ HATE 08, I J9iE il 26725 ih Y
JE PRI T 1 22 TR A 2 ] EL ey R, IX T 2 N IR Ry gk — 25 T
Foo BB, XTI R BRI ISk, X REWG AT S A ILIET TNSA
RGO 5 RIF AN RL R VR E T ), M2 A O T U, B
% 0 B SO NS M B IEAOGE . i Skie 45 AR B ARG E IR
ZERAAAT, AH OGNS A BRI o 5 5 i e A B BORADA 2 2R i K
M — AT HSRE 1 FE 200TW BOGRE B RIZAE T, AEXAR ELREIS [A) 5
PRI = Ha 377 3 SO o2 SR A A O 2 11 2 2 S A

FVUED NHNE, WAL OH BT LA © 84, x5 R
I IT AR T R

XEIR): SR, HREEIREOE. SSRGS
HES 7 PR A T R AE



RSB R AR S

STUDY ON TWO-DIMENSIONAL ENERGY SPECTRA OF
LASER-DRIVEN PROTONS

ABSTRACT

In recent years, with the further research of inertial confinement
fusion and fast ignition, strong-field physics has attracted numerous
investigations. In this research background, this thesis focuses on the study
of two-dimensional energy spectra on laser-driven protons. The main
contents of this thesis are presented as the following four parts:

The first part includes Chapter | and Chapter Il. Chapter | introduces
the development history of ultraintense laser and the research focus related
to this thesis. This chapter contents inertial confinement fusion and fast
ignition scheme, laser driven hot electrons, laser-driven proton acceleration
mechanisms and the application of high quality proton beams. Chapter 11
mainly discusses the construction of our labortary, which is composed of
four parts: the introduction of 200 TW femtosecond laser facility, the
vacuum leak hunting of the chambers, the design and establishment of the
platform for making metal tiny targets, as well as the laboratory radiation
protection work. In the last part, we have detected the radiation dose in
both High-harmonic generation experiment and near critical density gas
targets experiment by using rmoluminescence dosimeter. For
High-harmonic generation experiment, the radiation dose corresponds with
the radiation safety standard ‘Basic standards for protection against
ionizing radiation and for the safety of radiation sources’. While for gas
targets experiment, the radiation dose doesn’t satisfy the standard.
Therefore, experimenters should avoid standing along the laser
propagation direction during the experiment.

The second part is composed of Chapter 11l and Chapter IV. In this
part, we mainly concern with the diagnostic techniques in two aspects:
electron detection and proton detection. Chapter 111 describes a real-time
electron spectrometer. The electron spectrometer can transform the
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measured electron signals into optical ones by PI1200 plastic scintillator,
and transmit the real-time signals to CMOS camera by flexible plastic
fibers. The experiment result shows that this design is applicable for high
repetition laser system by the advantages of its real-time property and its
flexibility. Chapter IV introduces the design and detection results of a
two-dimensional proton wide-angle spectrometer (2D WASP), which is
the key point of this thesis. The spectrometer is based on Thomson ion
spectrometer. By applying a pinhole array in front of the magnets, the
spectrometer is capable of measuring the energy spectra and spatial
distributions of protons in two dimensions simultaneously, which is
verified both theoretically and experimentally. This design provides a new
way to study the physical process in laser-driven proton acceleration.

The third part is Chapter V. This part mainly focuses on the
laser-driven proton acceleration experiments based on the 200 TW
femtosecond laser facility. The 2D WASP is applied as the detector for
measuring proton energy spectra. During the experiment, we have found
two important phenomena. The first is the bending proton spectra detected
by 2D WASP when high contrast laser pulse interacting with large foil
target (30mm x 15mm). By tracing back the proton traces from the
detector, we found there existed a virtual proton source at the rear of the
target. This is contrary to the results from published papers. According to
the experimental results, we believe that the bending proton spectra are
caused by the ‘space charge effect’ in the protons, which deserves further
investigation. Besides, for those straight resolvable proton spectra, we
investigated the effect of laser incidence angle on the directional deviation
of proton beams. There is a positive correlation between the proton
deviation angle and the laser incidence angle. The experimental results
performed on the 200TW laser system obtains the same trend with the
simulation reslut, but the proton deviation angle is much larger
experimentally. Based on this work, for the 200TW laser system, the
direction of proton beams were influenced by the electric field parallel to
the target surface.

The forth part contents Chapter VI. This chapter gives a brief
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summary of the researching work in this thesis as well as delivers an
expectation on future researching works.

KEY WORDS: high field physics, ultraintense ultrashort laser,
real-time electron spectrometer, two-dimensional proton wide-angle
spectrometer, proton spectra
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Fig.1-10 The monoenergetic protons with energy of 22 MeV were detected by Haberberger et al

Normalized proton yield
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Fig.1-12 Protons with energy as high as 160 MeV were obtained by Hegelich et al
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Fig.1-13 The experimental results in BOA regime by Gonzalez-Izquierdo et al
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Fig.1-14 The schematic of proton imaging driven by laser pulses
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Fig.1-15 The result of 150um glass microballoon by proton imaging
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Fig.2-1 The schematic of 200TW Ti-Sapphire laser system
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Fig.2-2 The schematic of experiment platform for 200TW laser system
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B 2-3 Bk LR
Fig.2-3 The photograph of the target chamber
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RIS R AAAE — e RE S A R, v [ R 3 1) e U N W, ik S
R BATRYEAL S A SERRIG O TR b, B T AT BEsemi 51022 FE A 3R
W 2-1 Pron. N THERARER, HESFX=ARRZEHFE.
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Table 2-1 The diagram for possible factors that influence the vacuum degree
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Fig.2-4 The vacuum degree of the target chamber under different conditions. Here, the blue curve
corresponds to the situation that the molecular pump was installed under the chamber with 15 sigma
cables put inside the chamber. The red curve corresponds to the situation that the molecular pump
was installed under the chamber with no cable put inside the chamber. The black curve corresponds
to the situation that the molecular pump was installed at the side of the chamber with no cable put
inside the chamber. The red line shows the vacuum standard for experiment, p=1x10"* mbar.
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i, i 2-5 (a). A7 MR AN R, DR 775 L= R e 5
FEEMEE, 1K 2-5 (b). MIMEERY: M0 7 REATAEEMEER, ITIFRERA A
/NI JiE 5 P () 34 BE IR 3] 1107 mbar A b, 5 AR T [ 25 £ 1 56 2 ]
2-4 R EHZ R . IX— 205K, AL E A TR R &,
PRSI L K

(a) (b)
KW 25 FThEzER (a) pFTRAETRERN (ZragdEo) (b) 2 FTREZTREME
Fig.2-5 The schematic of molecular pump (a) The connection of the molecular pump was under the
target chamber (b) Now the pump is installed at the side of the target chamber.
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Fig.2-6 (a) The photograph of the target-making platform (b) The screenshot of a metal target by
computer display
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Table 2-2 The diagram for radiation weighting factor
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2MeV~20MeV 10
>20MeV 5
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Table 2-3 The diagram for apparatus weighting factor
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B 0.12 18 0.05
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H 0.12 ] 0.01
55 1t 0.05 HAeAH 0.05
FLIE 0.05
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Table 2-4 Diagram for ‘Basic standards for protection against ionizing radiation and for the safety
of radiation sources
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1 B RO0 & P LU = 31 5mSv.

MR A A AE 29 708 < 150mSv HR AR ) 2 B )& < 15mSv
VU Ji B3 R K PR 4 24 585771 8. < 500mSv | DU fi B 52 JER R AR 24 B 7F) 5 < 50mSv
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TEKREY, SREEEAM AT B IR, HRE I 9 2 1
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o, D RRHEA B AR AR, WA ) B AR . (2-4) KR
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HEERIFSEN V4o DL, S0 5 5% SR U AR B 2 (58 T DA 280 AT A S 5
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SR SR 2 TR) PR PR R DA S A AR 8], A o SRR S 7 R DA L PR B i 15 It o
(ZS AR YN S

] A0 2 s A PR S 2 B JE B0 30mm FRIBRARAEL AR, i B IR AR AR
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BB T PAK e RE AR S BEAT ML AT 5. N R, tF SRS
JERL T3 ELAGTHI O

(L . MRS ENEN 5, BT ENENREN R K. 1
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200TW BotRE B i e, BraeE—RAEJLD MeV 2114 MeV,

R 20MeVI®2%l, 4R SRIMIS i+ 5545 Sar &, 30mm J3 (8RR AT LAEE
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Fig.2-7 The proton penetration death in Aluminum
(2) 7. BHTHRNBCERECOY 1, &R Em T . £ 200TW 3
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LA A s, HRERE il Ry
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Hrr, E RRBEOChkreeE, L —KE 2). 5 RoRHHETRIREEFKHRCE,
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FRmIRHEOE, BHFRER KRR N:
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Rk . DAL, FRATTE IS B T SR R IR S () CSDA range T 5 LTI 5 3B IR
Hrp CSDA (continuous slowing down approximation) range #& X HL 1 2 i A4 RHE
TR I UME Y S5, 30mm BRI T AR BE B AT 14.2 MeV
HIH T, Wik 2-8 (b) Pras. XRM, I A RIE 7 fEE KT 14.2 MeV (i
W FIEBER. AL, BT 580 % B S5 1A AR AR A S R
T, ARV S S ) BRI 7 B s R e 0,
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Fig.2-8 (a) The energy spectrum of electrons (b) The electron penetration death in Aluminum
(3) mRERLMLRE Cy HF2D . = RE HREB AR S AL RIEON 1, XIRPRLR 5853
PEARH R, W BV R REX e RS BRI 5 LT E M. SER AR e
LA - B PR LR — 8020 R B0 R AR SE AR EAF I B8 A 5 —
3 e veh AE HEL T (R B0 5 BE AR TLAR H T4 7 AR IR B S« X P T 70 v I L RE I 1) b
UF, AEARS R A RO L

245 BEMELER

BTy STERRRAT SR RO S SRS ECE VIS, T e il E
TR AR, FATH RGD-3B FBE & ORI — B 8] Y (R4 71 &, dnkd 2-9
Fi7s o AROCHIRACN TAF R M — S @ AR L5 B RgskEE (n LiF),
MU R AE B AT R, BT ROER (BT
HAEIR, PR BERAFH o KX B i nig , B3R A T3R5 206 2 (1)
REREIEIR R SN E, RN 2R E DR KRRk ik, 7
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FEVEVASL R R s A AT . 75 R A, SRR A
LRGN nGy, 8RR R 5 R AR A E D We %
JE& 2R S 10 2 BEORIEL LN BE PRGN IR AR B A WR #55 T 1o
Ik, BRI IS G B2 T B8R &, B 1pGy = 1uSv.

B 2-9 RGD-3B A #48 A7 2L
Fig.2-9 The photograph of rmoluminescence dosimeter (Type RGD-3B)

N T HRDNAS R T7 1] SRS Al FRAN IR SE % 3 B AN [R] s B THUE R )
B, XA PR B A EE 54409 0.6m. RSl TESZIS N R AL IR AR &
CRREHE AL 4m) WRCE T ARG Fr o JRATTFE P IRAN [R1 S Y B <2 56 39 1 A i)
THRSE, SRR 2-5 MK 2-6 Fros. BAEHIE —FIFRsET 6, Hd o
RO TR, 9 T AIROR AR THE A AR, 5 =5 R R AR 1
F B RAERS TR (mGyly).

G SRR Y 45 R AN 3E 2-5 Fios . 7E 26 RAGIRIIN, AR B R 5 7
BAE 1nGy ~ 4uGy HIVEE A o, SRS E R R AL E T, e/ MEAE
EHOCES 135°75 1A b, ARG FIE AT I 2-10 (a)y (o) fros. EAF 1R
M2, FEBOGE ST [ L AS RSN E DY 1.99uGy, AHA T A AH H 22 ) 9F
AR LI, K2 HELI N RERE LA & TAE, 35 LL 26 RINERAE & B0
SR 1.43uGy B, $EI7RAE & SR 2 R RN 0.02mSvly . 1X—H iz /)
T RARMES T EIRAE 1mSvly. THEEIREH], ki S gs I8 g 5 18 _E 5
SR (A AUEN]) .
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R 2-5 BRI R e RRARE (26 X)

Table 2-5 The radiation dose throughout the experiment of High Harmonic Generation (in 26 days)

Ji it MEAE (uGy) | BE R Y& & (mSviy)
0° (360°) 1.99 0.028
45° 2.51 0.035
90° 1.95 0.027
135° 1.07 0.015
180° 1.84 0.026
225° 1.21 0.017
270° 1.94 0.027
315° 1.61 0.023
B2 T 3.59 0.050
RS 1.43 0.020

&k 2-6 LR R AT aHFE (3 X)

Table 2-6 The radiation dose throughout the experiment of critical density gas (in 3 days)

5L MWEAE(WGy) | #EREF &S (mSvly)
0° (360°) 101.3 12.325
22.5° 39.4 4.794
45° 2.95 0.359
67.5° 0.96 0.117
90° 0.63 0.077
112.5° 0.78 0.095
135° 0.36 0.043
157.5° 0.38 0.046
180° 0.65 0.079
202.5° 0.33 0.04
225° 0.23 0.028
247.5° 0.2 0.024
270° 0.69 0.084
292.5° 2.02 0.246
315° 5.9 0.718
337.5° 28.3 3.443
e G 0.68 0.081
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e 52 P SRR SEEG (IR 45 IR a3k 2-6 P (R U I SE 6 I HE S PR
MR, ARSI R AR, FERIAELL A I :
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B4 2-10 (b). (d) Fiar.
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Fig.2-10 The result of radiation dose. (a) and (c) show the radiation dose throughout the experiment

of High Harmonic Generation (HHG). (b) and (d) show the radiation dose throughout the
experiment of laser interacting with critical density gas.
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75 B8 BT I 55 P AR AL SL 06 (AR S A7 AR IR R R Ve, FESEUT OGR4
7 1) B S 5 e v S (AR R R . BRI, FRATHE RS v 5y 85 4R M [ S A0
TWobE Ry = EE, i 2-11 (@) fis. BAE TN 6 MME,
AIEWTBC 3 At &R, SRPEMENE — N sl AEIEXHRO AR S 17 Ak 2
AN (B BT Bos B ), DAt A BEPRINALHn 7 1 A R O A
oA e AREE FEH 1 — RS RS, FREFIE A 2-11 (b) s,
TR EEZLEPAELL (0,00 yrbily, KEXAN 207 MIXIKPY, moRMEAESELEOLIE
fJriE (0,00 Ab. BT SEBRIEOL L T FBT PRINES AT 1 Bl i 1
Lotk E AL . PR B KB NALE 5 EbrEoe eI 7 (0,00 FRH I,
SR T SR A I B A

10,

p—
~—
'-_—

0 (degree)

¥ o

to
=

-10 0
Bx(degrcc)

(a) (b)
B 2-11 #tfEmammtiaatil o m B, (a) #BktZ A B areEmeE (b) &4
MESAE, £F24r (0,00 3 EHLEmT A,
Fig.2-11 The distribution of radiation dose near the laser propagation direction (a) The photo of
thermoluminescence meter fixed on the side wall of target chamber. (b) The distribution of radiation
dose, here (0,0) corresponds to the laser propagation direction.
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REFL 7o N T HASE PR AR S IRy, BRATIAERR 70 AR CTHE A 2 A _ERERk, 4
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/Ny DR X R S BAT ORI DThk, 75 20 AR PR B 4
MR AT RERE J7 T & R s B0y, B H 7 o ik i X sl

FHIVARSS SRR e SRR W] ey BE LT PR S O RE MR, IR AN U BRI T 7 (142

RS BT A MR . DRI, AT A DSRS0 32 B o sRORVE T e e FL A

B 2-12 e 4tk R 6% B
Fig.2-12 The photo of distinguishing the origin of radiation dose.

2.4.6 RSB IFIE

USRS T I T R SRR SE I AR S IR SO AR [R], 6 S PR 85 4
T —FE o B UCOE B SRI0 e A R vk 2T, AR AR EBR G
INF ImSviy), B IS0 2 (A FEARUEND AR FIEZE R, #
BE QBB Am, FTHERSSCI0 N\ RAESEIIRIE & R 2 2.

AT i 3 AR S 7 A PR SR AT W S ) T, R B IO AR S T 1
FR AR (12.35mSvly) B 2 BEAHEIN) (R RV R 5 7 & 25k (20mSvly),
HIT = T ARFEER (AmSvly). ARSI N R 24, TR I S8 B AR s
SO HAIR], FTHLETSZI0 N G RAE SR O AR T . B R R AR & IR AF AL TE
WotER 7 b, SEIe N BAEST SRR SAL T35 3 E G L . W15k 2-6 Bk,
2w B OGRS T [ FA 7E 90°~270° 2 IAJR, 4E 45 &4/ T 0.1mSv, i &
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NAIEZR . A, FEUTI i B ARRE S g I a], SEae A B NCRETFOE AR S
Jile R BSHOGAE f T I )R M AE 90°~270° B, ReffifRILER N B1IK 22 42

2.5 AENGE

KREASG T 200TW L5604 B 1 EZHRNE 7>, WEERB RSN MR &
JEHE G IR LARSe S AR S 5 D3 58 5 A4 T S S i B AR OC L AE
o, BN RETE ) TRALENAE, fEm T RARMRRE, AR 17
JERI R . Hk, N TR E DR SRR, EE TR e R A
Go BJa, XHAFERISER) BRSBTS, IR HAE A R S A S 0 1)
i 7 ARSI KA R R SR IR AR A R R RN A TR,
A (RAHEAMEN) FIESR, ARSI TR R BOK H 2 EEE R AR O 55 17
FEROC AL ST 7 i B AN 2 (22 BEAHEND) 2 ARG I PR AR, SEIG N AN
AR & i T Il
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BT ETRISETHY R FREEM

R SR O 5 WO ELAR TS O e TUBK b i S A0 SR A T AR ELAE R 1k
REE TR JESER) Rk S B TR, KRR RIS R iy fE i
FBRLEE IS T, KRR T X T R AL BB
A A AR St T S5 B RS, i SO SR R O E R4S
B P — B LR T AL H AT FCBON AT TNSA fnik, HIEATT
FER] AR : BOCK e RSN T, BT F B2 Lm Rz,
JiY B AR R AR G R R GBI T DSRASEEZ I R SR
FER, X TR0 S YA AR R RO LER A E L A . A, Xt
R A FL - HE A T AT R IR AT 0 2L 0 D 13 B FLATI) 200TW UL R4t 1R
I T IR, AR EAE A - T BTG SR SR A b A4 — Fh et (1 i 7 3 X
—— BT SERHZ I T A

3.1 A FREE A T RE

(a) (b)
B 3-1# &t e mAR e F el (2) #3% %% % 1000Gs, KM 5E A A
100keV~2MeV (b) #3573 & % 420Gs, 45075 H % 30keV~500keVL
Fig.3-1 Two electron spectrometers designed by Dr Zheng. (a) The magnetic field is 1000Gs with
electron energy detection ranges from 100keV to 2MeV (b) The magnetic field is 420Gs with
electron energy detection ranges from 30keV to 500keV.

XTI T, R A2 WA 2 F T RN, ST R O 3-1
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EER BRI R L A RN, AR PRI R — R X T T RS A
TAR R T AE 250 A, Bl bl P AE R th 2 R A e, e A Ry FURE
TSR . DRI R A 5% OGRS RS R T S BN A 2
i G FEAIRR RN, AL AR Th ) i e A TR R D

_ymv
Bq

Horbrm, vAlQZr RN LT OB AT . p RN T, BIREIE N 58
o AFRER K T2 A N B A F R E AR, Bt A ARz
L. WInER, MNTRERENE T, HWEEREiE 7. hTEY
TCREXRT — € RE RV A FE 7 EAT IR, DAIAE R T A 5 50T il 1 F 7 RE R AR
A o

PRSNGSR BBl 08 T iR B ECR M B TEA
WA BIFLEAARBERA, KATEL ~ 3mmZe £ . [BIFLEAR NS 25 Fr ok (744 A
o HoBUNHFERER . MFERBANE TS 2 REIMENAE, R
NREFRH, MR JF R T ROE SO IRI S B A R, AT
b R R

3.2 & T SERHSHTRY R F RS BV R

HAl, KRZHE RS SRR 202 % 1P (Image Plate) AP 1] i
K46 (Bl Lemx20em), [ @ 7EREAC P B, BAGAR _EAS [R] A B 6 BT AN [
T SRR TERUSE, ¥ IP N HOOREURIR S B . SEhrfER, FIA 1P 3
WHTFREESAEHRMAE AL, G758 — KT 2R, B
IP JG A BEREAT N — R SE5 . EAE BRI X% 1, KRR, N
TR T RS A BRI 28 e % RIHE T, — AN VR R TR T X
NS FLAT 2 — B, $iik 5 B hei G A% . ST Jo R AR AR PRI 28
(Thomson &4, Jail . FHFLAENLEESE) HIMES, SJat RS ONS
FLRTRI IR RS IE, REEHTREE S 5o XA M AR AT LA HE R 0 {CFD e A3 0
a [FI AR, ABAEH— RS B S OOK IR R el — R IBIE 5. B, [F
Thomson & 1S ACK I SERHS W AL, R — K RE 8 ST RAE(S 5 1 T
A BERS R K AR e SEER RO, B LH K

XJ S22 W) Thomson B 11543, FIFH 5ecm x 5em (2R A BRAA AT LA &
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-42-



B N L e VAT

TAS T AT I RAE, @ RHFE ) CCD X N KR A & X 38k AT SE i R4, BAT
SAFBONTE MR T REWE 5 o (EARIR R AANE T o REE G ROy T
L T EGE TMR 2, R T R S kA . R, X R T
A, B B AR AR R ST A2 Lom x 20em B 5, b LT [ AERE A 200m iX
—4E FRETE . BITRTEEIE R, I X B R R 2 3 A RE X — 4E Y 7 (]
DAL F—I7H, WERERXS RIS, 8 T BRRETHE AR X A
RHOG, THEBFRINERIAAN CCD Z IR FTA 22 8], X2 b KB A4 = 45 1A

N TR — e, FATR B R A SRR RDELE. CMOS AHBL =4
A B TTER TS BRI . 5, BRSO R A ERARACE 1P, T
TR PRI ERPRE R 0. R, 1l BRI R O6(E — 1% 5 2 CMOS HH#L,
BEAT SERRAE . R C AT ERAA B 7 I AOE R MDG LT A% 380, [H AT HR A
CMOS HHHLIC A A 93 B S Al L 130 HANRE G AT o I I G226 Ry sk
3-1 ffis:

K 3-1 R R4 A
Table 3-2 The advantages of transmission optical signal by fibers

I | BRI TG @8 A O K SEAIL R X 4k, AT 4 e
FAPLA AR ot
2| AR X SR VLA S RO, o Bkl = i 3
JGIXH, A R = A

3 | JeLF LR, SRR LR RE, Ty AL A T R A e I R A
Ho

PRIE, 2T SE 2 W I o RS A R AR MR N K BN, A seif
RIE T IETCEF5 AR 1) R 10, S FLEAS T = & ot 7T R m 1%,
X BAT S 0 2 A L 200TW 0GR, Wit — BRI « AT AL SE SR30 (1
LT A A A A B TR SORN BT REE A S st . RHARR L BT
i A 255 ) LA EE AT (SO L R A4

3.2.1 iU B HET

HL P RS OO W 2 5 FE SR AR e O 1 (37 T eI 20, AR
T ERGER y IRNEI AIEAL R BRI R A ) ARG it 5 1) T 70 5
FE RGBT RATEZIE 200TW Bt E N WL S5 8 T B
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TERF=E AT, TUHERE TR KEEEAET SMeV. KL, A%
A LT e B FITE FELE 0.3MkeV ~ 5MeV  CSERBRE I 4RI X 32k 9 0.7MeV ~
45MeV), kBRI Y 1150Gs. T By ML T RESE A 1) BTt S LA S g7 AR
R, TAEXIR RS AE 0.114T ~ 0.116T 2 [8], HL TR XIS AR 5]
NF 1%,

E[T]

1.16e-01

1.14e-01

(b)

A 3-2 (a) #FHRBAHHE (b) Zitay R €T amE MR m A
Fig.3-1 (a) The distribution of the magnetic field (b) The photograph of the designed electron
spectrometer
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NI ETENAZ S IAER], 5885 B NS 58 AW s A
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FES T ZA O R L 2 18] D9 T R BE s N A R 0] LT RE T DN A R
Wi, AETEASCIN A 328 P RF AR A ANER B B SLAE 9 L7 IS IS, Wi 3-2 (b)) iy
e TR S 2N SR 3-2 Fls

& 3-2 BT BB R T AR
Table 3-1 The parameters of the time-real electron spectrometer

AR X I 5t 2 0.115T
T2y X Sk A AR 160mm x 160mm
P1200 K& 200mm

B ASLES 3mm

f3 1] b 14mm

BEANHLI XSG, B A sl, A BEIRIE: (PI1200 [NARAR). H
THEVEACA R 5K 7 B 3-3 (a) o, P1200 IAERIAE & 22 SO HESE F (K
HR LD ERHERR 43D, SCHEAEZR 1 SE N 3-3 (o) FiTom o BEANHE 22 ] 78 7E REER N 8
iR MR 22 [ e AR AU AP EE B OB Sl AR 3 FEOLL AR, A CMOS
FANLGS Je T e B, TSRS FL T BT 5 5

PI200 A #R:44%

/Eﬂi'ﬁﬁ

TEE R

(a)
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P HE R

(b)
B 3-3 (a) wT#HENGEMTER, CFTHEANRILZIEEHES T R E R, ERKFHUN
o 4t & PI200 N BRARIEACIE 5 (b) INHRAK L AFAER S
Fig.3-3 The schematic of the electron spectrometer, electrons are supposed to get deflection in the
magnetic field and detected by the P1200 scintillator. (b) The photograph of frame for scintillator.
N1 RN BRI B T REE R RS R, FATHHR T AR R E T
Ky E, EFENGS LW E, WK 3-4 Frx. BT A RIS S
JEARF T, TR T RO A E N 2B S0 5R 1Y (B = 1150Gs). fHAS —RHE,
SR LR RECR ) BT  RE R VG 2 0.3MeV ~ 5MeV. SRTT, 75 SEE0 I FE
RS, WEAXTFTEIRE . 4By 7NN BRI, ERG X T S8
L, AT A SR ATRCE A R A . R AB S I N A 0.7MeV ~
4.5MeV,

5 L] ] ] 1 v '.'.'
l.'.‘.‘. ]
— 4 B 0"."'. T
D 'B=1150Gs -
2 3t .,.-*"' 7
> a#
o -~
gg 2k a’a J
I -
-~
| / |
0 L L L L
0 40 80 120 160 200

Distance (mm)

B 34 Rtz TAENKKLGEEXZRE
Fig.3-4 The correlation between proton energy and the corresponding position on the scintillator.
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3.2.2 BBRLAKR AT

DRZ—HIGH #1 P1200 #/2 =252 A R A2 X R INERA . X R FRIE
FEB=EMEAR: BEMRPE . WO6E . BRFE. 2O6ERN EER 2
Gd:0-S:Th (B4 AL, fiFK GOS), =& —MmtkRe Lkt kn, KAWEHN
546nm. X FRER AU BEERI X $H4E, Xmpe A UK, FIE B R
WA ET Z IR

7E PI1200 DART, A2 T Inis/NA#E ] DRZ—HIGH {E N2 I BT I I R
NT RS RO, =3 AR X T — R BRI INERR PI200. 1R
DRZ—HIGH 7+, P1200 KSR, X1 X 52 8 g ik —
AikE. it 300KeV [ X-ray fENHESIEESR, 743 PI200 ()R IGRHE &
DRZ—HIGH ] 122%, & 3-3 45 T PI1200 5 DRZ—HIGH Z [A] T BEXT L

4% 3-3P1200 5 DRZ—HIGH #9158 rb 4%
Table 3-3 The comparison between P1200 and DRZ—HIGH

‘ FEXF 52 RE (DL DRZ—
Ui Z o
“ % HIGH £ bRk
(Al PET 6um
RN 436pm, 200mg/cm?
P1200 122%
B& = PRI 188um
ST 630um
Rtz PET 9um
RN 310um, 145mg/cm?
DRZ HIGH 100%
&5~ SRR L 188um
Wit 507um

Wu 22 AXf DRZ—HIGH. Lanex F PI200 %5 JLRP NSRS 7 BF7EFISTEL, &
LN BRI 6 R 5 58 ed 2 (B 228 AR, nlE 3-5 fiios, X —WF
FCR[FIR 3-3 M RAHV) G . SEi T ROE OO 55 M BUR S ZRIRE, A
IG5 LS T M N, FRATTIE R G RCR B i Y P1200 /R Y HR I A BRAK o
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B 3-5 DRZ—HIGH #= PI200 # % rt [ 10°]
Fig.3-5 The comparison between DRZ—HIGH and P1200

3.2.3 PMMA B}t 4F
R T 5 N RR R D kB a8 . A T KDt 5 2 CMOS AL,
It H R ] fE sk B G 4 HE, FATTEF PMMA R 4F, Hseyrtnbd 3-6 fr

R VOLET IR SR A AT IE AR, LI SRR, A RRATR X
BEHHHITER

B 3-6 A 424 0.75mm & PMMA %4k 4
Fig.3-6 The photograph of PMMA plastic scintillator with the diameter of 0.75mm
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L EARGE T RSN RE R R, TR 7 HER R BT 1
BBPL —o NTREENGERDFR, T EEM R Erbeel, Fi
et 2 A B AR . FBR B AU TADCA AR &R R, RATEHKCA E
174 0.75mm, A RS XK EAR DY 0.73mm, eI A 3-6 fas.

ARG SCHTIR, Dy 1 ARSI DX 5 it K 3 BUS AR 2 H R T X — [,
PATTR I CET LR e e (K 53 BIVRE R 26 B 21 s T 4 SN BB I, e e ef
FRIHEAT e e A AL T PR RO 2T s i T T ildR, - Wl 3-7 m . KEIB I/ FLEES)
EMENERE . /NLEARY 0.8mm, FLIEIREY Imm, B 4 NEHFL. BN L
[ & — MR GEF, N i 55 R AT B CRUE G2 s P, B ORAS [F] (1 06 2 s 1 0
T AL R R — B

(a) (b)

B 3-7 () BIEFTREFHLL mE, FIFAE A XIERA 5mm x 200mm (b) X4 & @i
tr 4 8] CMOS AaMLagsnd, K4 AKX EA 40mm x 40mm
Fig.3-7 (a) The fible section for detecting electrons, with an area of 5mm x 200mm (b) The fible
section connected to the CMOS camera, with an area of 40mm x 40mm

eI 5 — 3, EHTLIEIZIfE— N L L. 5Ok Smm X 200mm AR R
X RS LT HOH AT 4 2 AR 40mm X 40mm X B, 28Itk 4RI B4R 5L
FEBISEAT 6 He, HHE 35 x 4 NEFIL. i THEIISEEAE D, HATICOUR T 6 ek
[ 4 . 3 B EREASEET O S5O R — B R . ISR,
5 4 AMEFLEERLS P T ) — T AR, TR 4 AL A O R R
ST, T LU AN S TR T R S R 22
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324 BERS:

BeAh, T D5 R T AR B, AT TR R HE R 8, A
K 3-8 fiw. BAESEHIRE E WOtk A B AR ] DUROR SO T M. ik
WO RNy 2 M AL P A FLOF BT RS /LB ORI, bR IHTHE AL T
NG B AL = A T A — B4, WA Te B KREEIX BT R 4] Lo
SRR M T 1 O HE L.

B 3-8mikESFEHE
Fig.3-8 The photograph of aiming device

3.3 LR

FIFHAZAGAL, AT IS K24 1) 200TW 3025 B 0k 4k B 73047 1 Sz
PR, RECUS W 3-9 B, DUHEERIIAE 5 Brxt B B R 8 W A 4G AR IR
WK ST RE—HES, WG5S MR B TRk K. WK EE, £l
e TR T A, RIMKEEHFIE SRE R T e 1. i BAR @ d 7
{5, (EAT132A OB 1 T A 00, Wk 3-10 Fron. R 2 Ak kRg
ININERAR IR R TGIREE A U AA AR R BT REIG 0 AT o CEMEATING, FRATRIA T AR
ARG X HL T 5 I e 6 R P,

VENREA A2 SRS 7 5, BATTH br e i 1) BAS-SR2025 Y IP #8011 1% 5[]
WHTFES, WERLLPR ORGSO PRI, TEIL 3.4 9. 455K
B, BEARINKRAE 5B — e mdlshie, (ERE i T RE 0 (1 B A AL a3
AFEMEE SR SR AR, 16 Rk 3 B B R B AR Y 4060 e % 3k
A=, BIAHFESREE DGR E LA S E A B — iR F AR, HE
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B AR S ) DAY JR8sciarh, BAD el im i AT 1 Ht—22H
INL, A2 s i K B T R MR e 1%L TR IS A H BT 2 7E 200TW 3
TR E EAAE] T2 IR .

B 3-9 v A RIEFRLER
Fig.3-9 The raw experimental result measured by the electron spectrometer.

(b)l v ] Ll ] L ]
o M
sk —=— Scitillator o
3 10°¢ 710" o
S ] o
3 -
O 310" 3
£ ] g
-— -
e —_
D 10°F %
— r 410° <
1 o
[ ] [ [] [ ] M m
1 2 3 4 5
Energy (MeV)
B 3-10 & F Ak &, b 2 &k AR IR 69 KRR A, 4o &k T IP 4569 b F o A 107)

Fig.3-10 The measured light intensities (black line) of the scintillator-based detector and the electron
spectrum (red line) easured by means of IPs
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ARG NEA R = DA7S'S
3.4 SR FRAENS IP HIFRE

FE—ES DI RBOEE B G BEEHLITIMOL =5 R, BOLKIRERIKZ
] (RIS R] (R R (29 1 ~ 2 /B o FERBUEOG AR I SEBR HATR], AR IR 2 [A135)
BT RE, iR ACSERT IS AR TR KT . TEXFMELL T, SR AR 7 HF
RE T 10 1P SR AE NER I A8 T 43 . BhAh, MR Botas = A Al e &
W, SIS W AR TE Y 0.7MeV ~ 4.5MeV, oz W4 it B3 F 1
T TR, AT SEEU E TR BRI SR BRI, AT T T 1P
HEZE, ] 3-11 (&) Jm.

IP HEZRIL Sy B 2%, HC e (v (100 28 i xof B2 1) - I B2 G B2 0.3MeV ~
4.5MeV X BT [N BR A4 0 B2 (1 e SV BB D) s 59 — 25 BTk B 119 P 00 = i L A
4.5MeV ~ o, FILATIEERE AT 2545 1P 3R 28 ) FE T R B A AE pil e — 5 T
B SIS TR R IRI E 22 W, S0k 7R S SC . 7 200TW
Wot2eE b, AT 1P R EGIE ST BRI 7 2UrT FEME I 28 XA G 73, FR
25 B 3-10 Fis .

(a) (b)
A 3-11 (a) B IPHRBHEREHE (b) HBHERAENAGTER
Fig.3-11 The photograph of Al frame for fixing IP (b) The schematic of Al frame inside the electron
spectrometer

3SABNGERE

AREANG T EET R ZW BT ROE . I PI200 2R N ARA R B2 115
5, WS EEDCLPRINRKDGE 5% 3% CMOS MHHL, AT 1S 1 RETE
T RKIRTHSERACE . Beih KSR I REIE 5 5l e A Fe A i AU 15 72
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IR, $2m 7 REF SRR, LIai RWUE 7 AT ZMal . ik
Gb, ATERTEIIEEBORE, TATRE T AT RE 1P PHEZS, (E %1% FIAE
ATLCRA 1P VR R INES . MIBACR I M FERE, He T SEmh2 Wi i B4 47
ARG 2 E, FEAT A=A AT

B JELT T R TR . AT i T IR R R RS S AR T A
K, BIEETRE. AR EEE N B VAR Y AF 5 5 BCFY, EEdE R
ANPERORR B o BT R ZE G4 v [ A~ AL B, /MBSO Sl RS 5
Rtk

0 AR R R E R RERRE RN BN R LA
EFFLIAIRG « IR B THRE A 25 FE B4 il e i, I PMMA BIRDGLF HAR N
0.75mm, JEAFEHFLIIAIEE S Imm. M H BTRTSRIRSE R, NSRRI R R 5w
FABEERAR>— DGR, R, NSt al UEH E4 i 6er, @
T B R R G AT B S SR A R A B B A R

B = AR SRR B 7R G OK . ARIE MO 5 SR 1P A2 A R,
KA 2 77 A (R RE B AT A 30MeV L 28 T v, T A5 Ay S A R0 91 A
N 0.7MeV ~ 45MeV, AR RN ERE B FRESR . JE 8ot TAET L% E
3-11 7, FERANTT 1A EAENPSORET RS, AT AT RIS E R 78 6 31 4
R, SULFAR, fERAEH THRMIXIE (4.5MeV ~ o), FAREFLAYAE SR IAIRE
KIBHEGAN, XTREE ;PR 7 S S A Bk . PRk, e T BR0 Y ] Y) s 75 22
B AR RE B A R S N R A AT
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PHNE —HADPRTFIEN

VISR B BT Wi AR it [RIRH2 Wih R ARk bl 5 P 2 (1) K e
AW . TESRI I, WORIREN R T & — N EE R TR, M
HIHT TNSA gL, KERIILWA R INE . CSA Jofill 4 i f i g . BOA
T3 S5 22 Pl s AL A1) 3 [ R R D SR THT 3 A R S AT L = 2 D 7 R B TR
KU 5 TNSA REFHFE. N T IRE R FRZWEE D, BRITERE T —3H
RIS WA B —— — YA A R A . 1% LA Thomson 55113 il — 4k 55
JRF IO, BERE TR IR T - BT 10 [ B BRI -1 =4 S A A . —4EAf
DR TECGESE TR 2B FR, NS ERERER T RIS Wit 17—
T A BRI 7 7%

41 ARER

1897 4, 9 [E| W3 5 5K 3 A K BH A S 2 2 It AH B2 B FR RIS, R
FHAR S 20 IR A Jo 2 7 A1 FR IR, HFRRZ Lo X — RIS AR A B B R 172
AL, FTHF 7R P BRI R T AR SEie R FL G I e vy R, X — R
LIS WINER LA R TR, A4 i ikiig{X (Thomson Spectrometer).
BT, b isA &yl & 51 Re i 1) H Z 2 WS .

£ 58 1137 W8 B 1354 (Thomson ion Spectrometer) F#E i =#304Hk: &
TWER S (ERNERCKER WL B R TS AN E T2
7R EREE) DB T-ERMES 7 CGEEJE IP. CR39 BERINMRA) . L4117
G B VAN S R A A BN ANET L, LG R BT IR B ST AR AR AR
107sr ~ 10%sr B, i E T MINFLIEANEAUR, 18 BRIA AR T & A i,
B A BB PRI #5255 o X T BRAR A W B it A%, 77 FL B P48k H g
) J5 W18 B LI 2 -

_q E NG
m IDB?
Hrh, E M B 7 5K I 58 BE AR M R AL, my q 430l 37 & 10 ot s A R e
| R & 1 5 0l I ARG XK S, D N3O BRI GRS E RS x Ay
RN FAE R SIS JIER N mRg . (4-1) XERE, &1k

(4-1)

y
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— ML, AR 5 G BB X BT AN [F IR T AR, i i B AR
S A USRI M R B T Re i . KA, SN AR A IR S, B
TAUZ RN 2 VB R R A mis, AR & — 4.

VERTRINES T Redl M B 22 W7 2, 1AM B 13 OO T 1 R i 56
BB, WA B AR AR R o X T TR A et ARl A N 1109
W SR TN BRI AR DRI GE , SEBL T R 715 5 AU SERT s 2R 07k 25 A IMOLg e 7
AR R (EMCCD) FIERIHARRARZE S, K05 TN SRR R OB A5 5 0K,
MG 5E 145 SRR . XT B354, Carroll £ AR A7 HL3 B0 RUBLTE
37, WO T AR, MR T T R AR R,

bR T e 2 Ab, A 1A 3 A e T B 5T ARt RE ) S AL, H AR 2 K H RCF
M (Radiochromic film) YE N2 Wi+ AR ZF (Al 73 A 1) 3 2070, RCF & —Fh%a
SR, DAR LRI B R R M, Y Rs R T ek RCE EDURE
N, HBEESAZR, S E SRERIEN, @i RCF BIFfiE RCF
PUTRR R+ S 3 A

-
o

Alfoil  12.5um o
S 8 —
Layer 1 1.2 MeV 2 . /./
Layer2 3.2 MeV 5 ° 7
J g '/
Layer3 4.5 MeV T
Laver4 5.5 MeV 2 > /
Layer 5 6.4 MeV .

2 3 4 5 6 7 8 9 10
Layer Number
(a) (b)
A 4-1 (a) 5 (b) ¥ %= HD-810 & RCF £ 7 F] & 4 #9 i ok £t & 13
Fig.4-1 (a) and (b) show the cut-off energy of RCF stacks (type HD-810) for detecting proton beam.

—_

g, WEHE)E RCF ME (EHME K TREEME), B THTHAE
4~6cm Kb, &S TIERE —ReE O N R 2 E 4040, IR RCF 12 BUHER 115
H R T KRR . RCF FIERCS HxfpmaibseE i 4-1 fon. 1E£&FH
RCF Hitk, A/ 7 N AT HL28 () TNSA S ALH], 7Rk Eom She
B AAFE MG 2R BT B Bl o L i /N 18, it G sz s 48 B
WE 4-2 Fiors.
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15 1075
13 a
5 8 =
211 o
T -
> 0 .
2 ° 2
£ 7 ]
@ 4 £
g9 5
g 3 2 §
1 =
b £

-15 5 10 15

-wdefigctionuangle a7
B 4-2 RCF 3 /& F & f o~ g 4] 25 R 107
Fig.4-2 The experimental result of proton beams using RCF stacks

WE A OGRS BT T I AW A R, BT BInE L] (ot N, CSA
Tlf e 75 LR IO . BOA IS ) M IR AN SEI0 P 7 AW A RE . SEie iRl 451
¥ AR RE R TNSA P2 A1 i1 RAH EE WA BRI e . B, F A B w4 O
P R SR B - SRS - LA B R %8, R CSA Jo Tl i v %
PN AT T EAT AR AR BR TR AR BRI M R, BABE IR TR A
ARE R HERIR N T E S ER . Bt RCF AR5, M1 RCF AHHAH—E
FJELEE (4 HD-810 %Y RCF JE A 108um), X i T A - AE R A 250K,
K 4-1 (&) fizR. FFRIFEMRRERR Sy, RCF (W8I RE & (R B At mik 2MeV, T2l
DG NI CSA s 7 A= v 5 5 ot 1~ UK 52 B IR 1

N T B BRI R RE T BRI GE 7, [R)B CR BE RN BT 1 RS (B A0 AT IR RE T, £
Bt Thomson & 7R AU 2 B4 22 (AR e 12 DA R . ADIE TR 4
THAHSRM TAE RIS Tk . 2008 ~ 2012 4=, AN/ 504 AH 4k B HOR SN A5 AL
O e Bl —HEET LA BEAR, Bt T — 4 5 AR A A AT 2 e g4k 1
T EEAT TSR AT AT AT, AT T B —4ER AR TR, HosE K
4-3 7R

(a) Magnet IP Cube (b) 1%

slit A

slit Rotation Stage Proton source

(a)
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(b)

B 4-3 (@) —4FARTHEMGEHE  (b) —g4HILHE 73T 008 T ft gz 51
Fig.4-3 (a) The schematic of one-dimensional wide-angle proton spectrometer (b) The proton signal
measured by the wide-angle proton spectrometer.

SR, — 4SRN ARIR . BT HOCAR S A7 A Fa e R4 )
PEERS, LIRS TR AR . WE 4-4 FoR, BOLREIR TR AR
FeE M A . Ak, Sl SRin sl R 8, BOA MU IRAR (15 s AE 2% (] 43
i ERAWERRIEE (S0 14475, WK 1-13 Fis). X5 2 E 5
A TAY A Sk 70 5 55 5 AR BAE R B A, T — 4R T A iSO 5
SRR FoRAE 471 B ia A . IR, K 58 A A 23 TRl R A 3 M —
YA R B e R A

B 4-4 Zeil ¥ A 5% P NF a9 R T R 2 AIEHAREY T 4 A1
Fig.4-4 The asymmetric nonuniform proton beam measured by Zeil et al.

N T IENE AN N . BOA B S A B s AL, B A b e il R
JRF I e B AR, I HA KW S 7 A AT Be v f e e, BRAER A 1
B i IR 573 57 VIR B2 .2 1 e 7 D 42 /2 L =N 7 A O
2o A E RS, A AEERRTRER.

4.2 LB BRSLWHER
4.2.1 &iHER
[] Thomson BT 1A —FF, 4Ef rHER TS0 il FIE S 7. G730
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G L RERIE 2, B 4-5 (@) Fis. XBITET, —4Efndi T
AR M AN AL, ARSI A —4EEHALFES . T ALY
RV, IR A fRAL B P AT ARG, Ay, MEEREIEE T, T
JRERNMRE S POINE, HAEZ K THEE T, B EEUER TN
T A3 TR RE], & Z BT IE SRR S bk, SRS T %
KB THT

(a) (b)
B 4-5 (a) A HMTHMGFEHE, ERT: K 18mx 5 13cm x F 17cm
(b) IP AMEA Y 1450 2 B
Fig.4-5 The photograph of two-dimensional angular-resolved proton spectrometer, with a size of
(Length) 18cm x (Width) 13cm x (Height) 17cm. (b) The gearing for image plates.

BT 1P BB AR 115 AR R Euk, FRATIEH IP (BAS-SR2025 ) fE 4R
MER Ty N T Fem LR, JATRT T IP BRI E LS E, & 4-5 (b) B
Ne 12 Jv 1P B EAE— AT ART S S e mAE S B, HEZLRT T )T 1 — 584
amm R4S, 1P AT DUNRAE By . RESRTE 5 )G, IPIRERETFEG
FIFES S AET T H-RAGVE T, BEN 1P AR i o A i (0 ) [ /2 J2 B0 1em B4R,
FH SR 7 i = e PR T B AR R BOB XS IP RS S8t HaT—hH IP &5, F—
AP NG BIA R 1P FTAbRIALE, T EERE N — R TE S HEdE, BRI
AP FNRIE AT OYIE. XFE, I —IREZRZTLAT 12 &Ik, KK
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4.2.2 Bit&¥

T AN 80 0 P ESFAT B 50 mm x 100mm x 10mm - S i 4 i,
Wi mEE TR AN Bk, S 7R ] REH I ORI TR A, R SCARE
SRR X IR IE, TRATTR Z4E M 7 T IS A BT TR st 200, 1E Y
(R = B B 4-6 7, & SO REERNGR IR FISZR T R,y yTEEARm A 8, z
1 R T T B NRESA I T 1)

B 4-6 =4 A 5P T kA TAFRIE A
Fig.4-6 The schematic of the two-dimensional angular-resolved proton spectrometer
PR A1 57 7~ 2SO B 1) L R 3R P AT Rk TR TR R o 2% 18 B3 A b s 4T
RAFAE—EWEEE (~60mm) , BT #YH Jy7920° I #EER IR #E 940 mm, X
IS [ Tl o X R 1837 5 5 90,26 To it 1 7 i AL JE E NRESS X, 52 3%
2L IR L e, A BTRIPEAR AR .

R 4-1 =2 A PR T IR S
Table 4-1 The parameters of the two-dimensional angular-resolved proton spectrometer

L 5 B B 026 T
Bt LIS PE B AT A L, 60 mm
K L, 50 mm
Wismih 2 RS IP L 225 mm
7115 d 40 mm
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FORMG I T REVE T LR G RS LA N P W3 (Y 18] S0 A A1 (M i 8
PRI, FRATE B LRSI A -1 Jxy i, PRI 58 £E P IO XY P,y
ip b A SRR S A R

o, BT B AAFAEXTT [ B 5 5 By BRAR G B o 5T~ PA— 7€ A PR
NG S) i e R A A5 B e s 51 (Y XXh 7 ) B ST B ARIE ) fEyz V- I N A
R385 BB T 3E A BIET FLAEXY T A AR (x, v, TIXATY 73 A2
B AR R BT E AR, R DS B AR R EALE (X, Y:

X =2 [Ll-sec¢l+L-sec¢2+ﬂ(¢2—¢l) (4-2)
JYy:+L7 By
mv
Y :Ll-tan¢1+L-tan¢2+B—q[cos¢l—cos¢2] (4-3)
X

KT LI A RN S5 R . O TATSCROE, IX BLAE TR 1 HE
T, 4-2, 4-3 PIANHE R SRE LS ERE AT S5 IR

MFREANERIE L, (G y) —FER, BT WA B HE R v ik
E, 4-2, 4-3 PR DO BRI B BRI A B gy TSR . R, X
Thomson & 714X 5, $HALIEMAE T O E, x=y=0. TR TR
TR TR RSY, i g, /T AN A . N 4-2, 4-3, W]15:

X=0 (4-4)
Y:%(LJrlLZ) (4-5)
mv 2

AT 4-4 5 4-5 12 AN ) Thomson B 7 M B4 R . 7 Z 2,
T 4-2 ~ 4-5 Wis H 45 R T 2 vt 5

SR, B T REBRI IR BEROR, OO MR Il A% (1 51 5B,
FERIA LG KRR, MR FRINERAR R T x Tl st y
SRR 2 A BT X R T WG 22 7. R, T R T 32 2 Bne T
B3 8] WA s = 4 R 4 80y AT &, T 950 3 H AT I T =
B IR o TR T FI R AR 26 2100715, MBI ZE X, y. 2 =%
Ak B AT 12k By SRJF, R =4 RO IR Radia 4t =40
RNl U2, S S B AR Xy y. 2 S AR AT A SERRIIE Y By
Sy Ao A SRASTIOL (R (LR S B O (AR A, gk R P ASLAUM R 3 R AR 5 Bl
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Yy AT AR S SR, AT ERAROX B3 2 1) N RS RUBEAT = 4RI . W3R4T
ZiRE 4-7 (d-f) P, SRRCRRSGEE, R Rn g R, P IR E
NF 1%, PRIURAEJR 2R 5 T REVE T 5, 34T Radia MIBHUES REE R I =
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0 \“'x_‘\ ___,.—-"'-_(‘0 ﬂ% 1 1 1
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z (mm) -50 30 ¥ (mm} Zimm)
B 4-7 (a-c) 2 A& T Bys Bys B, =N #5209 25 B (d-f) 5 A& T8 x40, y 4,
240 BX 9 Fd. PR EAEMME, ?I-,éi%aj‘ Radia 4942 448 o

Fig.4-7 (a-c) respectively show the slice images of spatial distributions of the three components of
the magnetic field (By. Byand B,). (d-f) show the distribution of By, here black dots are measured
results, red dots are simulated by Radia code.

— M%), Thomson BT IEAXIS 3R SLIG 45 e — N E S —&uk k. Fitt,
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THES A R SO S R PRSI ) — RN E SAIE L . AR LS 1S
LB ES, RELZIX A2 A FA B A KR TR ns . AR = 2 A )5,
PELCEHFLEIFTFE A EE B 60 mm,  AFFLREZIRT I T I A N 200, X NT
B FLEE S A AR Y 20 mm x 20 mm.

FHABPIAN BT FL 18] B R Bk /N, 23 (B 2> HRRE S bk = o SR, /N FL IR R
K51 AR AR AR BT, & BCEE ORI o DR, W 4 A O
JRFRECCK AR AR AN EFFLZ B PR B8 2 mm, & FLEESIN 11x11, &FNEFFLIE
THEAR N 250um, WKl 4-5 () WHEEIIR. SHALEESIE A M PO A BN, 2
FEJ9 200pum. ALRUEEHFLRSTAEXT — 2, A TR 2 7%, SHFLER
FXP R ZENT Tor 2 — SHLIBERYOE T RIS 2 FFae 77, 10 T
R At 71N E/AE = 10 (£ 1.0 MeV 4b).

A 4-8 11x11 4H3LHEF =& A, 4H3LM3)E B &/ s ds 15°
Fig.4-8 The schematic of 11x11 pinhole array with a rotated angle 6, = 15°
WA T O SRS [RL BT FLIT A5 O T 7 BE T« S RORE A FLRG 51 B BT
AFRRE SR R H W BB RS Oy 7 Bt ALIT T RIRET,, £ LEE
PTG RO — NG A, WA 4-8 s, ARt e 6, [E%
N 15°, THEETFLe R M B PR AR AT S Ik

4.2.3 RI-FHLIEEARA

H1 T PR R B IR R (40mmD), 75 B FERE L G0N, JiT1E IP L
AR TR EAE R E . BLAh, ZHT B LIRS 2 A IS A s O 75 & BN 7
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FIGIF . Ak, FRA1iEH GPT (General particle Tracers) ARIUFE P x5 id 45L&
RS RE T 3REAT TR GPT & — k& T o hk i B S fbr 138 A LR e 02,
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1. JTH: 1x10"/MF T, 7 1.0 MeV ~ 5.0 MeV 2 i £ & e i 4504, 1F
20° [RHUR N 255 904 o

2. hERITHH . 1x10° AMe . RIEOL S &R S H AR R 2R A KB
X B4, HTAZIEREIINER, X FEL 5 EInnITE B, ERNbE
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B 4-9 (a) GPT BMEKMFW AT FTLERTEE (b) GPT WA T —ERIEXZ
Fig.4-9 (a) The schematic of measured proton signal run by GPT code (b) The correlation between
proton energy and the corresponding deflection.
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WIREFI S5 R . Rk, K FLERSERE 15°, SREUE KR 715 5 2 471 .

Wi ReS RGN T T RE I 5 B R 2 e B T T & a1
e, 8 GPT #2Fp, ATATLAGR—PU4EH 4 (E. 6x. 0y, deflection).
Horr, ERIRBUTRER, 0 M 0y 70 AR 7R i 1) 4825 (B KB deflection &Ko
SR E X TEAD. E54 (E. 0k 0y, deflection) 1, XfT3
MRE R REE E, AT MG 3 — A =4E504 (6. 6y deflection). & 4-9

(b) Frox, B —AN il &R —ANRE BT Re R il i 5 i me & T
ReE VLA 1.0MeV ~ 5.0MeV, g5 [H k&4 0.5MeV. i [HI B (0 AR 4 S B r) 72 Jot
T A XS R & /N S TREANR e T Re R, DU IR B K
Ty, XS RRE R, BB R BT R A S AR, S
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2D Wide-angle
Spectrometer

B 4-10 B4RFEE 69 H 5K
Fig.4-10 The layout in the target chamber
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KT 1MeV KR 7 LU RE BAR T 17.5MeV B 1. N T #iE S S A a7y,
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X— RIS T HOKBEE N 6.9MeV, /N T AILAEE 17.5MeV. [A,
IP _EIASHE Sk A T 1.

Energy «f—

B 4-11 SEAUNF e RT R KRB AR, AP B e &R TIEEE T T A
Fig.4-11 A raw image of proton beam measured with the designed proton spectrometer. A selective
enlarged part corresponds to a proton track along the target normal direction
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N e L S A O B AT R, FRATT AT USRS R e B R e B 40 A A
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AR B, BHEITIARRFTHIAEE, colorbar EUEACH BT H 55 AN AL
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N 0.2MeV. HTEIGHEIE N 11x11 > rt, X B 7 S rEmE AR . Hd, R
N IMeV BT ERZ, i1 RIRBUR IR OR . X — KB TNSA 4558 A,
M ReE IS, TR H IEWRES,  RKERIE TR .
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a0 503
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(a) (b)
A 4-12 (a) BFARKXAFIGRTRERZES>HE (b) RCFEXNYTER
Fig.4-12 (a) Slice plot of the reconstructed energy dependent proton spatial-intensity distribution (b)
The schematic of result by RCF stacks.
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Fig.4-13 The angular distribution of maximum proton energy
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JoR ¥ BB T AT PV 75 (B 4B T Oxs Oy AR (GBI T RHLEIRST RN, Bl
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Fig.4-14 The integrated proton energydistribution (MeV/msr)
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222V 2 VSN, BIIEOOCR AR AINE. $EH AP EBIE. B
TR A 1] VEEEAS Yy 250 5t 5 R 0 AT P A RE I . K. Zeill AT O. Tresca 55 A\ IR ST
A th (RCF) FRINE T HAT 23 W AN S PE IR R AR 224290 S e S35 A () R R
M H A AR A AL, R R P 2 TR RBEAR /IS, e MR 5 RO Ul H N T 10,
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AR 5 - SR SE AN 25 (Rl oy AT S5 8 o N T S i A I 25 1R 4 2R, AT BR 2
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Proton beam
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B 4-15 (a) R TR HEBHELTER (b)) 4HILE7 &R, LP4LEINEEY 7
@9 3LIa#E a A 0.3mm, & x a9 3Lia e D A 2mm
Fig.4-15 (a) The schematic of the angular-resolution improved proton spectrometer (b) The
schematic of the pinhole array. The distance between two adjacent pinholes a = 0.3mm along y-axis.
The distance along x-axis D = 2mm.

B v 2 8] 70 A ) 4R A BT IR ORI 0 4-15 (a) Fos. TR AG
Iz MPOInE, el #sfEiE y iR E RS, $ERE (BAS-SR2025 % IP
JRABARO) i, Wil 4-15 (b) P, #HSLFEZILE x J7 A EEHSLIERE D Jy 2mm,
2 arcit e SLIRIER R — 2. £y T b, BHSLIEEE a 45/ 2 0.3mm. [A 4.3
T H BT IREAR, O 7 ORAIEITA B T IEZRRERS1E IP TS, B LRE
YT E G E LS R i — D EE M O TR LIRS, B AH
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JR TR LR TS fi G R TH RIS e R A 0, 0 21° I, BRIk AE IP _ERE
ME B, B 2K,

35k 5k
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B 4-16 (a) SWPE ey =AM4¥e, Jadii KA 500um, FEA Sum. (b) A IP M F 4y

RAEBE, 0 O AR TR T T AHKA, FRHTEOFTEZES#HE, ().

() A AET (b) BT RREBRARTRER, EFYOEFRAARFRL, &
=AM 1.0 MeV Z 4.0 MeV,

Fig.4-16 (a) Schematic of a triangular-shaped Ni foil target with the thickness of 5um and the side
length of 500um used in the experiment (b) The raw image recorded by IP, with two angular
coordinates labeled as 6, and 6y. The angular resolution was improved along the y-axis. (c) and (d)
are two zoom-in areas as shown in (b), each with four isoenergy contours from 1.0 MeV to 4.0 MeV,
with the same color scale as (b).
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RRZETRT R
Fig.4-17 (a) and (b) respectively show the proton distribution with energy of 1.0 MeV and 1.5 MeV.
The colorbars correspond to the number of protons passing through each pinhole. We have
considered the response of IP (type BAS-SR2025) to protons with different energies.
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B 4-18 (a) A TR TREMZ M, HATHGXAE, &4 19° WRTRAKA, BonzE
B oPEES 1.9° o (b) BATRTRIE O 7 @9 prERI; £ 0.285°
Fig.4-18 (a) Slices of reconstructed energy-dispersion for protons from 1.0 MeV to 5.0 MeV. The
overall slices are presented within the divergence angle of 19° , with an angular step of 1.9° along
0y axis. (b) More continuous slices are obtained by improving the angular resolution, with angular
step along 6y decreased to 0.285° .
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B 4-19 A2 mh 4k 69 — 4 A - 9E R T E AL
Fig.4-19 The photograph of the angular-resolved proton spectrometer with wedge magnets.
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Fig.4-20 Raw images of proton beam measured by 19x19 pinhole array
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Fig.4-21 The schematic of proton signal on IP with energy ranges from 1 MeV to 50 MeV.
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L AT BEARERILHE T, fFEmBes k. RIETHETE, 8T o
BTSSR 7 C 55, T B K F20ke V. IR T B5C™ MICH 55,
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Fig.4-22 The schematic of measured signals from several ions, here red dotted line is proton signal,
blue and green lines respectively correspond to C** and C®* singals
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Fig.5-1 The experimental layout in the target chamber
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(a) (b
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Hm¥e
Fig.5-2 (a) The 5um Ni target with the size of Imm x 1mm. (b) The 5um stainless-steel target
with the size of 30mm x 15mm.
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Fig.5-3 (a) The proton spectra of low contrast laser pulse interacting with Imm x 1mm target. (b)
The proton spectra of low contrast laser pulse interacting with 30mm x 15mm target.
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B 5-4 (a) syafrbEisk 5 1mm x Imm @9 3e4s ZAF B 69 R T R akig (b) St ik S5 30mm
x 15mm &4 ¥e.48 ZAE B 69 % F koAb i
Fig.5-4 (a) The proton spectra of high contrast laser pulse interacting with Imm x 1mm target. (b)
The proton spectra of high contrast laser pulse interacting with 30mm x 15mm target.
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Table 5-4 The diagram for possible factors that influence the bending spectra
ATEER R R
1 fiin AN 345 CIEE 1
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TeTRBe R 5 S, Wil 5-5 (o) Pim. ZRaXM s, BATEZBURRER T
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L+l +L,

L
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Horb, Ly Lo, ALK L 3 IR BB AL S L W3 K B DL Rt dmid 2 2] 1P 1B
B IXRY, BORAEEAAE I S E S AT K

JoR T IR AE R T (R A% B R R TR IR A RS . X R R
R 3 TG 2R AR R T, U T 2 A 1% b IR 5 1 AGERAS (R 2 2 58
o AN, BPERRSEERy, SRR TN OREF B X0 R E BM e
(K1 BRI, SRS gl f) ot 9 2 el o YRR S T _E BRI A Bl A, IRRETE B
ot AR OE H BN 98— B £ . 1 H RTINS RS 2R BN B R A, S
TURAE R IR R A2 BN 1 S5 R AT

B L EE~10-10 KRT¥E

(a) (b) (c)

B 5-5 (a) (c) o AlkTaeigat K K3k (b) #&ABEKREHAE,
Fig.5-5 (a) and (c) are two zoom-in areas as shown in (b). (b) The whole proton spectra.

5.2.3 ATREAZE 3: RTFRIZE 8] HE TR

2004 4, Borghesi %5 A\ FH 48 W& S SR BOGIREN BT 73, [RI F A RCF
HERGARIN T T ok Sl A BRGSO S RO AR A B, T DUSHER T
R B A TR . AR R IR AN 7 VA E TR AE R R ST 100pum~
200pum, 171 S5 IHEOE B A BEAY 3um~5pm. AN, AT R IIX B i 1 SR L
MIIER LR FF A FATHE i, T RARAS FHERT A ek AL . PRIk, Al AT T N SE T A7 7E
— ANEERI I R, RO B R BA B I A 100pum~200pm B R . Sokollik
FEA 1 18 S0 B R B T A0 Sz 8 I3, A A TS 4 3R T R A 1 P S

-84-



B N L e VAT

(. WEFTEs AR BT AR A REIR AL T 48 0T, 2= B 5-6 s .

»

Proton
Trajectories

y
Y
- - - —
[ x ALK Target
ARIIEI
Vit
.....
W
1
Virtual
Source
(a) (b

B 5-6 (a) Sokollik ¥ AMFaY R T#& (b) T RFEEEY
Fig.5-6 (a) The proton spectra detected by Sokollik etal (b) The schematic of proton source.
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BRI AT AR REACE, BB 7REEAR, RIEE R LR k.
F, 1MeV 15§ A IR EE B A £ Smm,

X—45 35 Borghesi. Sokollik 58 N\ & I S288 45 RIEAMRE: AT AT
WREVRALTHERT, MIATHI &5 BRI AR IRAL T 5 . SERR SR &
WA B EMAIAIL: Sokollik &5 NS )51 RETE A Hh 1) 25 i, SR 51 AE 2R
Bt LTSRS U T2 555, X BLR R VAL T #E AT, T A T4 1 2 g )
Bl REIBTTERI B RO TR ST, NN TR TS .
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(b)

Virtual Source _

Pinhole array

B 57 () X SR 24 LEF G TE R (b) IMeV T2 T4 ILEF &R, RTRAITE
&

Fig.5-7 (a) The schematic of proton X-ray passing through the pinhole array in this shot (b) The
schematic of protons passing through the pinhole array in this shot, as if they were from the virtual
source.
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Ji T ARAE BRI A E LR SRS UM R R R, i 5-8 Fow. i 1MeV
(T, AT LASS HH B 1] 3 (K ROBEZ0 107~10%V/m. 48R, H ATIX AU 4
T ETE AR, RERE DRSO, G L PR AR RLRE A ] A AR
X 5T R R AR E AL
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Target 992000 @®® )
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B 5-8 RMeFR M TER, L E ATHAES
Fig.5-8 The schematic of space charge effect, here E; is the horizontal electric field.
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5.3 RFRIEEERN R

H 2000 4= LAk, ¥EJEH5ZEmENLH] (Target Normal Sheath Acceleration) 2%
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Fig.5-9 The deformation of target foil induced by laser prepulse.
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Fig.5-10 The relationship between proton deviation and target material and target thickness.
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Fig.5-11 Thecorrelation between proton energy and deviation angle. (a)without “transmissive
plasma shutter”. (b)with “transmissive plasma shutter”.
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Fig.5-12 The experimental result detected by Zeil et al
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5.3.1 {EXTEL BRI LA 54° N5

1.4 MeV
_ 2 6
3 —
— x 10
) 8_ "‘ — 3 3
26 i i 20 >
g 2 k= s
%\2 4 B — m):; mhaf’
g ] — - - ’
22
o - =1.5
72 . — % 3 0 3 3 0 3
S 2 P BK (degree) Bx (degree)
c o
o i —
L18 — 5 1.8 MeV P 2.2 MeV
& . s 1 v
—————
16 ==
- 3 3
1.4 S 0 0
1 05 &, e G
12 . = o
\ . " ¢>\ CD)‘
2 5 " 3
1 6< gl
0
6
6, (degree)6 0 J— 3 = S T L
¥ ex (degree) 3 : 8, (dggree) g 8, (degree)

(a) (b)
B 5- 13 &3 bb B A A 54° FEAST bum Mg ALk B0m . (a) AR TRk a9 AR M B (b)
ABIEL T IMeV~2.2MeV AL #iF R 494, colorbar 5 (a) —%
Fig.5-13 Low contrast laser pulse interacts with 5um stainless steel target with the incidence angle
of 54°. Figure (b) shows the selected spatial distributions from figure (a) with energy from 1.0 MeV
to 2.2MeV with the same colorbar.
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5.3.2 EXTEE BRI L 54° NBF
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Fig.5-14 High contrast laser pulse interacts with 5um stainless steel target with the incidence angle
of 54°. Figure (b) shows the selected spatial distributions from figure (a) with energy from 1.0 MeV
to 2.2MeV with the same colorbar.
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Fig.5-15 High contrast laser pulse interacts with 5um stainless steel target with the incidence angle
of 9°. Figure (b) shows the selected spatial distributions from figure (a) with energy from 1.0 MeV
to 2.2MeV with the same colorbar.
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Fig.5-16 The correlation between proton energy and the deviation angle. Here blacks curves are
experimental results, red curves are theoretical results.
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Fig.5-17 (a) The electric field along the target foil at t=0.(b) The electric field along the target foil at
t=44fs.
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