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Fig. 1. Schematic diagram of proton radiography.
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Fig. 2. Schematic diagram of proton radiography of a
toothed target: (a) Front radiography; (b) back radio-
graphy.
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Fig. 3. Results of monoenergetic proton beam front and back radiography: (a) One-dimensional fluence distribution along z direc-
tion for 5 MeV proton beam incidence; (b) proton energy spectrum for 5 MeV proton beam incidence; (c¢) one-dimensional fluence
distribution along z direction for 10 MeV proton beam incidence; (d) proton energy spectrum for 10 MeV proton beam incidence; in
(a), (c), the vertical lines indicate the projection positions of the target teeth's boundaries.
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Table 1.  Contrast produced by monoenergetic proton

beam front and back radiography.
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RE T 7 B AH &5 R L3R, T 4(a) Hp TR 4548 B IR,
Bl 4(b), (c) PMFALH 5K 3(a), (c) RIS RAHIE.
AR, Bl 4(b), (d) 739lJ& 5—6 MeV 5 5—8 MeV
e B BT FEAH A 285 51, P o AHE . DAIE 4 1Y
1 2 P A A A 2 B L R SR LR 2.

ML 4 FnZe 2 Fietla ml O, A FAS [ g v Rl iy
¥ BAH, BT R RO S TR A O,
FEGRINTE | 7= %) BE A 45 3 mT DA B4R X 0. I
RS A HE AR ZE A AR SRR, A SR
A7 4—5 MeV ¥ B84, JCig 10 pm F1 40 pm
JEE 5 R ) M S 18 S B A 46 TR R R A 2 5
FET, FERM T = A A% FL SR T 3%, BRI a4 T
WAy HE. i 5—6 MeV, 9—10 MeV & 5—8 MeV
JEF B, R 40 pm JEEEE ) MR TR o B (HAS
Te AR, T 4—5 MeV B 7 BRAH=2E AR HERE
R RKTFE 1 5 MeV A8 HEAH ™A 1%t Ee
B, R R AT

M BEFS 2 B A 25 R A 8 S P T R A R
T2 S5 R K, 10 pm J5RE 9 7 45 # 76 X
4 PP RE I B AT 1) B 7 A R L B 2 2
Ay ¥R 1%, BTG X — i 25 4 47
THORT R A5 R, X T 40 pm B R 1M,
TE 4 FhBEE L B R B9 Ay 48 XHE 20 3R 3.14%,
3.54%, 1.32% 1 3.07%, ¥ 1%, nlgsrHE. i
H 4—5 MeV, 5—6 MeV Fll 5—8 MeV i1 [l i
HEURH 77 A 1 Ay 1 46 XHEL 23 518 3.14%, 3.54% Fil
3.07%, KT 5 MeV HEEH A ZE R (2.56%, UL
#1); 9—10 MeV JEFE T+ FAH ™A 10 Ay O4EX]
18 (1.32%) K T 10 MeV 5 fig o B AH 1Y 45
(1.20%, W& 1). [EfFFRHIAYE, 5—6 MeV 5 5—
8 MeV it Fil T+ BEAH 7 A2 1 Ay 4300 R 3.54%
M1 3.07%, P& LA T, /R AN [ 300 5 0 i
M J07 315 1 2 5 X6 Ay [ I AR A, A7 1 T 98 g
T AR e ] A — 7 vk B R .

DL EZE R, R e RE T o R B A2 W
JEE B85 SR N 8 AR AEAS R B AR B 5] 25 R S A AN 2
AR K AT R, v DA R — BB TR R
RN

M 2 0T A H), S SRR 4—
5 MeV 3 [l 55 S A, 7= A= 114 111 563 285 440 19 378 11
XF LGB fre . BEiHik 4 > RE 5 BT REAH 1Y L
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F/(10% m~2)

F/(10% m~2)

0 200

P4 S [a) B ek Y TR SRR 1) RO 5 200 Joi 308 k2 LY o 5 T ) — S 20

(d) 5—8 MeV

F/(105 m~2)

F/(10% m~?)

I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
L Il
00 0 100 200

(a) 4—5 MeV; (b) 5—6 MeV; (c) 9—10 MeV;

Fig. 4. One-dimensional proton fluence distribution along z direction for different energy-range proton beam front and back radio-

graphy: (a) 4-5 MeV; (b) 5-6 MeV; (c) 9-10 MeV; (d) 5-8 MeV.

HH, X 5—6 MeV, 9—10 MeV il 5—8 MeV
T, =H M SE ST 558 5 MeV Fl 10 MeV
MY1E DUABARL, JULF- A B A BRI 5. BRI, 3
3P OL T H B A 38 2 B 43 AT I R R T B
VA . X T 4—5 MeV BUTS M, (R4S
P67 F TG BT 5 A 4 o 77.466%, Mg
P07 FHE 5 F BT 5 A 4 o 77.435%, FEAfE
FH 4—5 MeV RE 1 BT SR IEAH, AUA UL
N, AT ER 3 BT R R T B AR R N, A5 R
RERLTE 4—5 MeV REfbyu AU, X T A SR
TES TR R 1 T A B, 78 R A e AR,
S SR B R, FERRINT ARSI
Jaa =X AR LIV v Rl N 115 o =19 e o
B 45% B L P TS BB B8 AT, F— 25 IR NI
Sh. XA BT AR SR R X R, A
FIT2WRE S e R, g 2770, 3X—
FE T YU LS S 5 1) BRAH = A2 ) Ay A 268560
IEARRERAR. X—Z50 3R, 22l RS f T
EUHT R A S 3R, FRAivE BRI FE e i Y

[ REARI AR S . (AT AR B B i1 AR
HH, FE50 0] PRI AORE 7 2 B8 R B
F 2 RIS TSN 5 e B 0
HoE

Table 2.
range proton beam front and back radiography.

10 pm™ 40 pmtiEe
vw/% /% Av/% w/% /% Av/%
4—5 775 756 -0.19 33.77 30.63 -3.14

Contrast produced by different energy-

AGThELE
/MeV

5—6 221 281 0.60 8.68 12.12  3.54
9—10 0.82  1.23 0.41 3.10  4.42 1.32
5—8 1.58 240 0.82 5.76  8.83 3.07

ULAh, MR 4 Fige 2 AT 0L, X1 ARG 7
L ETFRAE R 4—5 MeV JF T 1Y IR AHZS 5L, §if1h)
HEAR (RP YR 2 A T80 5 0T ) 7= A X HL S
T 1 BEAH (B S50 7 5 2R T8 ) 7= A Bt
LB, B Ay < 0, 5HA 3 A AE R G 57 A AT
SRR XAERE Ny, KT 4—5 MeV JiEF AT,
T FHGA R 18 1 AR IAHE S, KR4 BT
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TR AR CAR/DN. T Ref B 2 AR A% IR
X BB fIC RE B T B R b S 5 2R R
T ELAIG BB £ 0T 7 B A A5 S s B PRk, 2k
Jo - 2E i R AT R A R B, AR R TR R DX
JEAGE K L= A am B USRS R A T
TR, AP RS Re, ERRE X
7 A B AE R 55 2.

P 4 30 S S A g A 3 TR i R TR 5
P, BVE 4 hag o R 5l R4 o AR E
Qb 3 R R A AT R A — T B, AR
I 2 R JEL B A P i 2 15 B AR Ak, IR R A,
AR 2Ky P it 2 BRI SO 00 B R AR IR A, RV &
(&% (4) R), &R ZSAFERRINTE _F3F )
U AEAFREOR. LLEL 4 P 40 pom J5E 2R S5 14 S
], I SR 1AL 7= A 3 e R [T X — i
T3 2 23 AR Foin A1 Finax 2 18] 20%—80% [X [
PRI @ A AR IR AR 23 [a] 3 BE ) A 4(a)—
(d) f 2 FT (&) 5T B 78 38 00 L 9 25 e
Ay HEFSF R 25.47(28.12) pm, 13.87(18.53) pm,
5.21(7.67) pm, 11.23(14.52) pm. 1EJ HL#, Al 4
P (1) 20 (3) AT AR TAT ) FARTE LT 5 MeV
5% 10 MeV i T ¢ 1t 200 pm JEEM R, 75 L =
400 pm PCERIBREZE o 73410 9.84 pm A1 4.92 pm,
PR 5—6 MeV Fl 9—10 MeV Jfi 13 Hi i) I
FHZ B AR (500028 13.87 pum Fl 5.21 pm).

3.2 ZTRREMEE

T SCHEI S NI AE AN SRR, BT A
REMIZWT AN S S N AL A H e H I —
FREBZERE, RIEE N ERAAAE 2 B nd G 0. 3X e L K.
TR AR BRGIRIRINE 5 PR, ARG
2B, oA ELAS XK. PSS BRAY 2 5 ) B 43 i)
710 pm F1 40 pm, = 5 W SEEEI A 50 pm. Wy
x J7 X A2 B v B GO AREE 150 wm. y 7
] RTS8 y 7 1) 5 B2 ROT AR IR, Hop 2800 s
5K 2 G0 AR B 5(a) A& 5 R ) B R =
B, 25 PRt Ay A 0 3R T, 25 RS 3R T 2 5 2R
T 24 20 pm. 8] 5(b) J& i F 5 ] B 7S &
K, A2 T 5(a) HE i BT A 5 Il @ 180°,
23 BRES R SR B AT R 1A, 25 BT R T B FT R iR
254 20 pm.

AL A S T o Y R 1 o3 SR B B IR 242
RERIMH 5—6 MeV 5 9—10 MeV {E. & 6(a),

(b) 43945 i 5—6 MeV, 9—10 MeV 5 i T3
XL 5 A2 R HEORH , e T A5 38 ) 5 -3 o
Wy A . AL R T SR 1) JEAH, 21
SR N ISR ) HRAR, e fa 2R S
LRI @ AR 223 IR 5 R 1) VR s £ S0 1T 7
B AL B, o5 Bl -100— 50 pm XJ i 10 pm
REEZSBREIPE, A 50—100 pm XAV 40 wm B
25 BREGEERZ. DA R H AT LA A % B A B
SEFIRT X, PR DX )T R 25 BN A1 2544 (R 4 5
X Ja].

(a) P

200 pm

(b) 2 ill]

400 pm

200 pm

-

Bl5 T O 2 B R R B (a) W1 B (b) I
fia) HEAH
Fig. 5. Schematic diagram of proton radiography of a void

target: (a) Front radiography; (b) back radiography.

£S5 7 V1L T 0 i o O W6 Y LR e 4= A
(5T AR IR, AR AR oA #. PRI ULE 6 Hrike
5 K VR ) S RO AL AN 233 B 5 KA X B 1 R 30
TR, H RO, AEATRHX R A I 2 I 2]
BRI, FEE 6(a), (b) Hras ARG m L
X)) 3 2 A A

K SCrIRT B E X, 26 3 4 A 6 ik
SEF R IR T HLRE LA BN FEE 22 22 S5 R, R
FHIX WA~ BE 52 9 ot B A, R BE 4R 3% 10 pm
REE 23 B, (BEBAE /> 3% 40 pwm R EE 25 2. i H
5—6 MeV JiFai. Ja A=A Ay KT 1%, fiE
553 HE 40 wm ZS BLAYET L JE 0L E, {H 9—10 MeV
JEFRT L ] BEAH N RE.
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12
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I
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Z
™~
Ry

14

F/(1015 m~?)

6 S IF) e BT ¥ SR S 1) IR AR O T BT
BEW 2 I —E 2 (a) 56 MeV; (b) 9—10 MeV
Fig. 6. One-dimensional proton fluence distribution along z
direction for different energy-range proton beam front and
back radiography: (a) 56 MeV; (b) 9-10 MeV.

* 3 ONI[EIRE R BT SAT | AT A X

Re): 3
Table 3.
range proton beam front and back radiography.

N 10 pm=S R 40 pmZs P
MV e /% s /% Av[% /% v8/% Av/%
5—6 227 261 034 800 9.84 184
9—10 0.89 098 0.09 341 354 0.3

Contrast produced by different energy-

Hﬁﬁﬁc%‘zi’) 532 2 R AT UL, AR T2 W i
LERIATY S, T RIS IR A 25 B A 1Y
xfttEdm‘ttr“z%%@i/J\#ﬁb JE AR, o514
V\]E’Jﬁiﬂ S B SR, 7 A o e R
X U EIUR o1 o s B TSR ALRL, BE— 2R
5, ISR A XS UM iR, R
HEEVHRIRIRT LR RN, 2% 3 2RI, XFT 40 pm
RIEZS I, QLI AR N0 Y 25 B TR BE BRI
BT Je T BEAR ] LA B s B AR i o7
R BE— PRI BT SRR 5 1 SEAH IS WS B i
JE AL E R AT AT, AR SCHEAT TS ZHUERY. AL

HRH 5—6 MeV i [ BT 1A AR, (W eho2e 4 py 2
BRRRT. G E. B 74T 40 pm RS BAE
5—6 MeV i HHT . J& [0 BUAH T Ay RifiZs B e
W 2 7 ) S O O RES 62 BUAEfE (2% 5(a)
*&%wa)@?*&—wum%rfmﬁ%w
T 40 pm TEBEZS BRI JE 2 A T8 A S5 ZR T, A
MTPHENEREA — 40 pm WA M, Ay ik
2 2.68%. 0z = 0 A TS BRALTHEAY 2 7wl rhucs.
B 7 By g RER ], 2 B 2R rho O B ES 62
RS, TR T IR AR ) Ay K. 62 E—EVE
Ay KT 1% FLBE 62 S i s AR Ak, PR 2 iy

Je 1] R 14 7 35 W2 W 2 B A DA 1) A ) o7

Av/%
\
\

0 2I0 4IO 6IO 8I0 100
0z/pm

Pl7 WS ) BERE AR B X L BE 22 2 Bl A B O 2 O

T i 25 8 PO B B S 62 9B 4K

Fig. 7. Contrast difference between front and back radio-

graphy as a function of the displacement &z of the void

center to the target center in the z direction.

3.3 ZEREHEE

AR TR B N AR AR B A2 ZR A M AN T S P
Hi 5 1] BRAHBE S o BEA S S M. St 1 —Fb
Z 2S5, ULIEL 8 iR, BIAEE LA 2 By
SRR | T R I8 A A A B AN E
FHEL &L 8(a) 25T AT [ BEAH S B A, FE N2 4
BRI LS AL TIZZE G R, K 8(b) 25
] FEAH R B2 &L, AH Y T8 8(a) HHERIE BT AL
] FHAE 180°, FL PN 2 AT RER 1 4 R 25 M 0 T %
SRR 8 8 il A E I AR R N E, AR
C10H804, %_:}Ey‘j 14 g/cm3, ,ﬁ\%ﬁﬁ?ﬁzﬁfﬁ]lﬁ’ﬂg
JE2 200 pm, HEJE T 0 T E LS R UT 2 J7 8] 1) )R
BE 43514 40 pm A 100 pm. 7650 N 2408 A
JE T, AT AR, MR, WER
2.7 g/cm?. FNZMEHNE 2 F RN 100 pm. Fb
EMELZ B B @R RS, HRSHERE S
Pl 2 A,
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T THRRT A, 28 i 1% 2 IR A5 0 R R A R
100 S 05 R B 7,74 MoV, Lo M3
IR %5 2 Bt 40 AT KT SRR R A 1Y BT AR,
fie & Y5 [ 2> 9 % 8—9 MeV, 18—19 MeV Al
28—29 MeV.
2=0 - - - T Kl 9(a)—(c) 45 T 8—9 MeV, 18—19 MeV
1 28—29 MeV it T 5 A S I 0 1| 5 73 &
W W RE Yk oA PR 2 R T SR ) R Y 4
400 pm B, LA R A ) A 25 . BIh 4
100 pm LR 5 A0 BRI o AR BRAE R FE PN 2R R R T
AL S5 P PR s e T TR EL A, Horp 2 Y5
M—100— —50 pm X R 40 pm J5EBE ™R (1K) 55

(a)

40 pm

200 pm

(b)

200
& e
=
3
=
S
1S)
=
3
N
8

.—o... N 100 um M 50—100 pum 657 100 pm JEEEE P A A . AL
= VT D3 B 1 43 o R T 2 A X, %

JOLHE PN JZ I A R A IX ).
P8 BT R R R B (a) B R (b) R SRR PRSI ES

fi B A GEIHERINTE b B4R, X T Bk 3 A ReiE
Fig. 8. Schematic diagram of proton radiography of a mul- LR R )FH, JRFHER e S b8, R 9 Hh M
tilayer target: (a) Front radiography; (b) back radiography. , N
llager target: (8) graphy; (0) Braphy I 4530 o) 2 A L A S 385 s Rl 5 T
[ T [ T
12 C C
\ (T
\ I [ I
w T C C
g = [ | [ |
- - \ I \ I
<) =) I | I |
= = | | | |
= < 8 C C
\ I w I
\ I \ I
| I \ I
---- HflE] | I |
Lome,
—200 —100 0 100 200
x/pm
T
I
|
| l
a ! ! T
| | | |
g ! | =]
i | | <
> \ | =)
=z ! | =
[y } | [y
\ I
\ I
\ I
\ I
\ I
i L Il 2 L L L
—6200 —100 0 100 200 —400 —200 0 200 400
x/um z/pm

B9 A [ R 3 1R BT SRR L J 1] BEORE 9 R BT Y o I — 25 A (a) 8—9 MeV; (b) 18—19 MeV; (c) 28—
29 MeV; (d) 8—9 MeV, A G FHAE « 75 1 7L [ S -400—400 pm, y J5 6138 [l —220—220 pm

Fig. 9. One-dimensional proton fluence distribution along z direction for different energy-range proton beam front and back radio-
graphy: (a) 8-9 MeV; (b) 18-19 MeV; (c) 28-29 MeV; (d) 8-9 MeV, but the incident beam’s cross section is from —400 pm to
400 pm, and —220 pm to 220 pm in the z and y directions, respectively.
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R SR 500, 8 A SR FH B SC R LR 5E X, 35 4
25 I 9(a)—(c) T IUTREA 2 AR o o LG BE LA K ot
Pz 2z S5 R R, YA FREEEE N
8—9 MeV i, $IE PN JZ b4 )3 1 0 52 1 ) o A 4
FAFEGEIN AT = A2 X ELBE IR T 3%, 4T 50 3¢
AR TR E R 18—19 MeV B, HATHEA
JZRE BRI 100 pm J5 ™ A S5 H 7E I 1) BERE
(BPZ N 54 07 F N JZ A BRI 10T ) A BB 43 B
M ASF T REEE N 28—29 MeV Y}, o Tl T
REI AR, HUHT RO AR X 55, R g R = A R
JERARR, TS R A H ER AN e . X —
S5 PRI S RE TS T T REAH I L34, FEREIE iE
M RE VU R B A BT AN A1k
Fe 4 AIRIR S BT F AR L I 16 AR 0

Table 4.  Contrast produced by different energy-range
proton beam front and back radiography.

A4t 40 pm/hii 100 pm™hiie

MV /% y8/% Av/% /% /% Ay/%
8—9 5.48 5.33 0.15 11.71 11.37 0.34
18—19 1.08 1.33 0.25 2.43 3.54 1.11
28—29 0.89 0.93 0.04 1.79 232 0.53

PNBEAS 73 HE PN J2 M 2R 1T A ™ S 25 A 0 1 PN
JZRHIR ARG R AEE, HA 100 pm JEREEN
HEZETEA G RE R Yu F R 18—19 MeV [T 3
HI 5 I BEAH R B Ay = 1.11% , A L2z
EEEFG LT P JZ MBI TR 1H A 2 5 2R . A
PR R B2 T 178 J5 - R TR U AN .

X F 4T SRR BE Y 8—9 MeV L i T 1]
FH, 245 F-HEIRHE P 2 MR T L A 2 R X
RETR G, MR as M7 T-H0 N2 MRS 2 s =
ARG IR A PR R L ) B A X EL
ZE Ay <0, KBIE 2 4—5 MeV R TR
X AL A R R IR A A B S5 . SRR, XX
B Z Z 450, g S5 HU 5 R TR B o
AN ZEBRL, 2P REUR, IF S R A X T
AN HA X IR A B IR A, VBN T A
(AT ECRE LRI | S ] BERH R0 B 2 22

BEAN, E 9(a) SR, FEASSHUT 2 5 A 3R
HFAL, v = £200 pm, 8 5% B H PR .
IR AL A A S BB RO, B A S
R BGH A FRAT B T SRR AR AR PR T
PRI ZHh. X — B e HoAh FEOAEAE AL, B AT 3.
K4, 6. & 9(b), (c) i BL. LUK 9(a) A,

ARSCHEAT T U REAH AL, A Sk
ANAE FURRE S BT A R AR I 2 T S DA
~200—200 pm ¥ K HN-400—400 pm, y J7 1678 [
M-20—20 pm F" K H-220—220 pm. FEILLEH L
K1 9(d) (B 9(d) BEHME L, Dby =0RrHo,
Wy 7 1L 55 AP BEF T F- 3975 21, AT DL SR
15T BB RN AS B BAE 2 = 4200 pm,
M2 ETE © = +400 pm. 5541, E 9(d) 15 5
40 pm BN S 100 pm JEEE MR AN R Z 2%
A~ 5351 -0.13% F1-0.38%, 52 4 & 9(a) 44
S LR AR, SRR s, SRS
EILhTART NN e A G5 € TR o 1 AT R o U T
TSRS IS S MY T B Bl H 5 3k 6 SR ) B 42 3
/N TR I 2 B (S 555 295 F 3.1 747
HUA G BESR RN ), 3o 4l I 1 T S TR
B, FEMAEE AN S M 7 A ORS8OSO X L

4 % W

AR SR R B R T T A S HT | i )
AT 1) BEAHARAZ W A BN 2 5 1 B LGN ) o7
IR SRR B BB A2 21 T T 5. Xt
R AR S | N S R A I BN Y S
PRHNE 35 A AR R 3 FlAS 3457 25 4 10 ) iR
AHBEAER I, FEREE P il > RE H Y Y 5T ] LAl
BRI S ZERb P A R T LU A B T2 WA
SIPE. I ANTEXT LR T AFTE 40 pm JEE N E S5
HZWH, 5—6 MeV [ BT ACHT . 5 1) BEAH
AT HUE 2 25 (3.54%) $5 5 MeV HLRE T F o R
AHAYZE R (2.56%) HTHT 38%. WA T XA L)k
FARILT | S 1] B 7= A AR TR BR R A D DR 2 o
ANEE S EERE A RS B8R . FE— R 25 A TR
HI 5 ) AR RS2 W AN Y S 5k i gh ) o . A
SCHRE Y Y TR N 2 SR BT S BRAHS
ANE ST B LN . AR SR F R s B 2% R
Z PR ZE, AN T 58 P 28 ) 1 R s i, AR
IS AT S

TN H ks B0 8 B R P A S Z T 1 ie
FITTHR.

Sk

[1] Momose A 2005 Jpn. J. Appl. Phys. 44 6355
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Abstract

In this paper, we propose using proton radiography to diagnose nonuniformity, in which a broad-energy-
spectrum proton beam generated by an ultrashort, ultra-intense laser pulse is used to perform front and back
radiography of a target, thereby enabling the diagnosis of nonuniformities and the determination of their
longitudinal positions on the surfaces of, or within, the target. Using analytical formulas and our previously
developed simplified model, we elucidate the main physical processes and the resulting phenomena in
radiography, including Coulomb scattering leading to transverse resolution and fluence modulations on the
detection plane, energy loss leading to energy spread and stopping in the target, and absorption of protons by
nuclear reactions. Then we present the numerical results from Monte Carlo simulations of proton radiography of
three nonuniform targets: tooth structures on the surface, embedded voids, and tooth structures covered with
different material coatings. The target material is composed of C;jHgO, and the coating is aluminum. The
results show that proton scattering caused by target nonuniformity modulates the proton fluence distributions
on the detection plane. When the proton energy is varied evidently, the modulation contrast is changed. When
the target nonuniformity is located at a different longitudinal position, the modulation contrast may also
change. Such a modulation and the difference in contrast between the front and back radiography enable the
diagnosis of both the target nonuniformities and their longitudinal positions. When the thickness of the target is
unknown or the nonuniform structures have different thicknesses, compared with fixed mono-energy proton
radiography, protons in the medium energy range of the broad-energy-spectrum beam may produce higher
contrast due to the nonuniformity of the target. For example, for a 200-pm-thick target with a 40-pm-thick
tooth structure on its surface, the difference in contrast between the front and back radiography by a beam of
protons with energy ranging from 5 to 6 MeV is 3.45%, while for a mono-energetic proton beam of 5 MeV, it is
2.56%. For a target with an embedded 40-pm-thick void, the difference in contrast between the front and back
radiography changes from 0.79% to 2.68% when the displacement of the void center to the target center is
changed from 20 pm to 80 pm in the longitudinal direction. These results demonstrate the advantages of using a
broad-energy-spectrum proton beam and forward and back radiography in the diagnosis of target

nonuniformities and their longitudinal positions.
Keywords: Monte Carlo simulation, broad-energy-spectrum, proton radiography, nonuniformity
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