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Marginal Range Proton Radiography 
A_ M Koeh te r, -etal Science 160, 303 (1 968 :, 

Fill , I. ~rotoc B'\kJ~ph of .tuminLlm 
nbosorber ~ em liII di:undt r ;all. Ul i/'em' 
Ihick , ""il, an addl''',n" I 1blr'k n;o..~ .. r n fn ~ 
~"'-m. wl.ll'Linllm ful, C\I ! i n the shape 0/ 
• ~nltl'.n ; ........ " .. d .1 " .... plh ,.f 9 .1 ..... 1 

Th~ .elih Ion of 0.= pcn:cnr D Ihe lOla 
,J'Ae-~ pTOd u-c<:. " BII"S t llllo liJo lly daT~r 
area on [be tUm. 

Marginal Range Radiography 

100.........: i 

§ 
rs 
~ 

!:'leo 
c 

I 

°0 ~ 10 l~ lQ 

"\'VMI~tN n«:IOI('lS " .. !CM"1 

Fi ... 2. Proton flux BS a function of depJh 
it! alUminum. The slt~l)' faJ1in(! porl.ion 
of the ~urve near 18 a/em' Is used to 
obtain the hiJh tonlrast of FiB-, I 

• Reduce proton beam energy to near end of range , 
• Use steep portion of transmission curve to enhance sensitivity to areal density 

variations. 
• Coulomb scattering at low energy results in poor resolution >1 .5 mm. 
• Contrast generated through proton absorption . 

tJ, 
Los Alamos 



Scattering Proton Radiography 
Ni:!. t urwi~en .,Clli1rt .. (:I~ 01, 18-i- 1 ~1l (l ~q.:C J. A CI.IJl!St·n 

Scattering Radiography 
• Edge detection only 
• Limited to thin objects 
• Contrast generated 

through position 
dependent scattering 

~.a. fiA r_ &A .... c~ ffiOH :ti ' 

a 

~
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F 1ii· 7· I II II stra t 1011 (, I how In lli tiple bl a tt'·' n nlo: p r.)uucc > It~ 
ch,U")IrtC"Ti9I ic l'd"e pattern 1-:-) 
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1st LANL Proton Radiography (1995) 
188 MeV secondary proton beamline at LANSCE 

Object Detector 

~ic:=§ 
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-700 
-700 -500 -300 -100 100 30 0 ~oo 700 

I mage at the detector is 
substantially blurred. 
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Magnetic Lens 
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Magnetic imaging lens preserves 
image with high resolution. 
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Los Alamos 



en 
c Q

) 
---I 
0

)
 

C
 

--0
)
 

co E
 

u 
-
-I 

' 
Q

) 
c 0

)
 

co 
~
 

E
 

o ~
 

<l1li1
-
-
-
-

-
-

W
 
~
·
O
 

\
, 

I 

en 
c:: 
Q

) 
--I 
~
 

...... 
:;:; 
c:: 
Q

) 
"U

 

Q
) 

o C
l. 

::J 
'-
'U

 
to 
::J 
a 

\ \. ,/1 
[
-

:\ II 
1 

-
r
-

1.\ JL
-

I 
U

 
I

. 
. 

I 
(1) 

:0
 

o o 
Z

 



Nuclea Interactions 
Angular distribution of 800 MeV proton nuclear elastic 

!!. scattering from Iron. 
10), " -,- , 

lO'r \ J 
54

F 
-- ~-- G ( .. utlpr I 
--OM I lO ) 

t 
;'1 lO2 
,,~ 

'0 ' 

10° 

o 5 lO 15 

aCM 

20 25 :J) 

Simple Approximation for Modeling Proton Radiography 
Characteristic Nuclear Collision Length : Ac 

• Approximate that each interaction removes the 
proton from the acceptance of the imaging lens. 

• Measure the collision Length at 800 MeV 

The "true" nuclear interactions are more 
complicated than this simple assumption and these 
interactions are reasonably well understood. This 
can all be simulated , but it is typically not worth the 
effort for deSigning small scale experiments. 

Transmission 

T etc 
nuclear 

~ 
~ LosAlamos 



Multiple Coulomb Scatterina . -

.. x ~ 

4 x /z ~ 

-- 'fJ4 
oS -I -_ J)lane 

p (l1l E' - --' ~ ~ 

"Collimated" Beam 
8 
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x 4 
::J ~ u:: J 

2 ' 
1 
o 

-0 .1 

Ii 
I· 

j I 
I I 

001 
Angle (radians ) 

~ 

Object 

8" = 13.6
n
Me V );/xn [1 + 0.038 In (;/xJJ * 

RMS W idth 
Full Width Half Maximum=2.35 80 

Scattered Beam 

3 
/ \ 2.5 r. 

2 +1---+--+---

) ~ 1.5 -1---+--+--
u. 1 

I \ 
0.5 / \ 

0 ./ '-

-0.1 0 0 .1 
An gle (radians) e = 14. IMe V ) xl 

(> fJp / X " 

Typical LANL simplification 

*C. Amsler et aI. , Physics Letters 8667, 1 (2008) ;-, 
Los Alamos 



Contrast from Multiple Coulomb Scattering 

Incident Beam 
8 
7 . j 

6 ' !, 
5 1 
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l.L 3 jj 
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After Object 
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-0.1 0 0.1 

Angle (radians) 

Collimator 

After Collimator 
3 

f\ Measured 2.5 
2 l \ 

3 1.5 transmission 
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0.5 
~ 

information of a I 

-0.1 a 0.1 object 
Angle (radians) / . thickness 

Transmission 

Transmission 
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T = l -e " Mes 
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Area Densitv Reconstruction 

T -~ 
nuclear e)c 

-e,' / 

T. . = 1- e 12e,~ 
i,fCS 

e, = 14.1MeV J x 

pfJ x o 

_x _ ' ,P Xo 
( 

() jJ )2 
T = e ;< r 1 - e 14.1.\ /cl' 2x 

-
Nuclear removal processes 

Multiple Coulomb Scattering with collimation: 

do - scattering angle (radians) 
x - areal density 
Xo - radiation length 
p - momentum (MeV) 
f3 - relativistic velocity 

Total Transmission 
- inverted to determine areal density, x 

~) 
---------------------- ~ LosAlamos 
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Densitv Reconstructio ... 
Invert to calculate Areal Density 

( ( B,pfJ ) ' Xo J 
T = e-X ll- e- ".IM,' 2x 

Areal Density (g/cm2) 

Use assumption of 
cylindrical symmetry to 
determine volume 
density (Abel inversion) 

Volume Density (g/cm3) 

tl, 
Los Alamos 



Radioaraphic Comparisons 
1IIWD' • • 

Density Sensitivity 

/1N. hr I dN 
/ .....;N = _ 

FOM= M/ IN dl 
I 

800 MeV Protons* 

Statistical sensitivity per 
fractional change in 
object thickness 

N = No(l- e -Xiii) 
FOM = J No X c e -xj{/ 

21 ~ -x 1- e 121 

* Ignore nuclear attenuation ~, 
---------------------- ., LosAJamos 



Dynamic Range of 800 MeV Proton Radigraphy 

Dark Field Imaging 

1,000 

900 

800 

700 
>: 
~ 

600 co ... -

/ ' --

\ ~ --------
I ----------I \ 

I 
15 
ffi 500 

::?: 
0 
IJ.. 400 

300 

200 

100 

\ 

\ 
I 

J 
-- 3x1 0~9 800 MeV Protons, Collimator J 
-- 3x1 0~9 800 MeV Anti-collimator 

o 
o 20 40 60 80 100 

Areal Density of Fe (g/cm2) 

• 800 MeV proton radiography ranges from 0.05 g/cm2 up to 50 g/cm2t0-, 
rJl'Si~ " LosAlamos 



First Comparison of x-ray to Proton Radiography 
Late one night at the accelerator. .. 

A . M. KoEI'ILD. NATUR E VOL. 239 SEPTEMBER 16 1972 

Fig. I a. Prote.n rndioaraph of ~ mouse w ith :ts feet 1.S em from the film and its back in (.on~ac: \\lith the fil m. 
b, X·radiograph of the same mouse (22 kY OD tun~ten) , Both a and b have un:leq:one twore\'er~ ls in processinl! and so 

are o f rhe same shE-d ing as the origin;lI rad iograph. 

~) 
Los Alamos 



X-Ray Proton Comparison 
800 MeV Proton Radiography is roughly equivalent to 5 MeV Brehmsstrahlung x-ray source 

X-Rays 

Pros: 
• Technology is mature 

and well understood . 
• Source is relatively 

inexpensive. 23 
ro 
'--:.a 

Cons: ro 
• Multiple-times along the i 

same axis is difficult f2 
• Scatter background 

results in systematic 
errors. 

• Dynamic range difficult 
for thick objects 

1000 

900 

800 

700 

600 -

500 

400 

300 

200 

100 

a 
a 

--3R @ 1m 5MeV 

--3x1011 9 800 MeV Protons, Collimator 

20 40 60 80 

Areal Density of Fe (g/cm2) 

Protons 

Pros: 
Multiple-times along 
the same axis is easy 

• Scatter background is 
significantly reduced 
Dynamic range is 
easily handled. 

Cons: 

100 

Emerging technology 
Proton source is 
expensive to build . 

Protons out petiorm x-rays for multiple time radiography of thick objects. 
A proton source is expensive, but if you already have a source the choice is easy. 

p., 
Los Alamos 



Los Alamos, New Mexico 
Los Alamos is located in the high desert (>2000 m) on the 
side of an ancient super volcano in northern New Mexico. 

LANSCE 

I 

Los Alamos 



LANse Experimental Areas 

• Lujan Center 
• National security 

research 
• Materials, bio-science, 
and nuclear physics 

• National user facility 

·WNR 
• National security 

research 
• Nuclear Physics 
• Neutron Irradiation 

• Proton Radiography 
• National security 

research 
• Dynamic Materials 
science, 

• Hydrodynamics 

• Isotope Production Facility 
• Medical radioisotopes 

~ 
Los Alamos 



800 MeV pRad Facility at LANSCE 

.~ 
Los Alamos 



Tern oral Resolution 

Protorl Beam 

Cooled CCD 

(l600x 1600 ) 

12KV gated 
Planar Diode 

Scintillator 

x 
~ 

u. 
c 
o 
+-' o 
~ i Pellicl. 

~1'~~ / • 
~fl --t{",. Proton Beam 

a.. 

\'-1 .... v~ 
--- I t -/q:\"7t- . . 

J J '\,1 \ \ , I \ 
I If \ 

. /' r I " ~ , _. 
I {\ \ (0 

I ::r 
I i \ I -

J I, \ 
I 

...... f'v '? be. 
~t'/) ~11- ~ t'/) ~ t'/) 

~fl) ~fl) ~fl) ~fl) 
(;'"C (;'"CC? C? 

Time 

~ ~ 
~t'/) ~t'/) 

r-.eJ eJ' 
~' ~~ V (jv 

• 19 images at first station 
• 22 images at second station 

"\ 
~t'/) 

~fl) 
CJ'"C 

• Typically 100 ns exposure times 
• 180 ns inter frame spacing 
• Beam available for1 000 ~s 

--, 
Los Alamos 



Sensitivity with 800 MeV Protons 
90 

80 

;;-- 70 
E 
(.) 

~ 60 
>-
~ 50 
!: 
ClJ 

Q 40 
ii 
ClJ 

< 30 

20 

10 

o 
o 20 

--50% Transmission 

--30% Transmission 

-- 10% Transmission 

40 60 80 

z 

100 

Areal density contours of 
constant transmission as a 
function of atomic number. 

10% transmission is near 
the lower limit of reasonable 
transmission. 

• Perform experiments less than -50 g/cm2 with 800 MeV proton Radiography 

~ ) 
---------------------- a LOsAlamos 



Resol ution 0 12" Lens 

Gaussian Line Spread Function 

! 
'" Q. 
E 
<t 

~ .. / 
-1 -0.5 

Line Spread 

- Lens 1 

-- Leo, 21 

\",- '--'-

0.5 

Posrtlon (mm) 

• Bare resolution (rms) 
• Station 1: 178 IJ.m 
• Station 2: 280 IJ.m 

Station 1 
"2 rl -------------------------------, 

Station 2 

1.2 
• Lens + Camera MTF 

10 
--- Lens + Camera MTF Fit 

• Lens+Camera r",HF 
1.0 

--- Lens+Camera MTF Fit 

06 0.8 

c 
Q 0 6 
iii 
:; 
""8 
::;; 0 4 

~6 
ro 
:; 

~4 

02 0.2 

..... 7 

00 --- b 00 

..: 0 60 80 00 10 2.0 3.0 4.0 5.0 6.0 

Cycles/mm Cycles/mm 

~ 
Los Alamos 



Material Strength Experiments 

~ 

PTW fit to Hopkinson-Bar data' 
400 I I I I I I I 

350 

300 

Copper 
T" 300 K 

m 
0... :2: 250 

~ y:: .~. til 
til 
~ 200 

ii5 
150 

100 

~ .•• ~J 
'~ .. 

i af ~ • t 
1jI" 0.05 

50~1---,-----;------,------,------,,---' 

-4 -2 o 

L0910[d\jJ/dtJ (S-1) 

" E·l llETO!"J..TI IR 

.----
(' '.I L\R(·ET 

tAcceleration 
Direction 

Metal Sam Ie 

lah Explosiv 

Calculated Strain Rate 

35 

'" Vacuum 
Gap 

4.2.55" 

3.1055" 

2.0055" 

9.0e4 s·, 

0.0.45" 

!'-j 
"0 

.~ 
"O..D '!>l 

E 
<{ 

·D.L.Preston, et al. J.Appl. Phys. 93 , 211 (2003). •• D. J. Steinberg, et al. J.Appl. Phys. 61 , 1816 (1987). 

pRad data 

- PTW 

- SG 

~ 

+ 

'+' 

+ + 

rlXI 600 'iioo ~ (, i: O It 0 0 1;: 0 0 !l l!!!! ,"' OC 

Time (I-ls) 
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aluminum copper 

Flyer 

Target 

Impact 

Shock in target 
• ~ • 

Powder Gun AI/Cu 
Eauation Of State 

~ 

PI; 

50 

40 

f. 30 

~ 
U) 
U) 

'" b) 20 

CaY:l1lank I Pr~tO)1 .~.. Beam 'I ...... 

I 

I 

. ' 

\ 
exper mental 

"\ cha,{,ber 

-- AI Hugoniot 
.. AI pRad Data 

Cu Hugonio\ 
• Cu pRad Data 

..;-. 
12' barrel 

Breech 

I ~ 

1:-"1 

!f '. _I--t- 11 

J i 

~ 

0 ' •• J 
2.0 2.5 3.0 3.5 '8. 5 9.0 9.5 10.0 10.5 11.0 

Density (g/cm') 

T.~ B I.E I. '111I1111111'~ III 111,' ~ ' I ""'fl Ull,'n'" ',\ lIh Ih(' IIn~ ... · I I, UHh .. ... " '1 • . \l.t) ' 111.1.11 11\ - ltll\\11 In p .I !;, 'I\ \ h\·,",·~ 

IUl j1" , IHt I\·,IL. lnl ll .1\ ( .iI •. I~ , II ~· .. I \ 1 " ,1" 11~ .1 

hll/l .I,·11I1 \ , 11'1.11\ "'Jr,' ~, ,1~11'·ih ,h'u"il \. . kl'''II~ 
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,-\ 1 Nlh l,·Tt, I I )~ I ~ . ~ - ~ 7 111 .\.,~,7 ~ ,("'U I I I' 

f 11f ' I ~ I (fil iI IlfllHli III UI1 :' 1 It' H.:! 5) 

\ ! hl1hl Tr · I.J~ : 11 'I~ _' '"fJII UII-.4l ; n"rh 11, 1' 

nl tm ~, ( 11I.l I ,0,1 lit, !) liI ,I ·I1~ 1 ill 11~~1, 

() !-H~ l ' l l I ,lit ~ \ ~Il ~; lj~~ III tll 1 . : , II,~' 

~ III~ I Iltl,)) 1111111 ,1) I II II~ I tH 11"'1 

~ !I I I( I 'u I ':~ I.t .:" I I, r,. " .."'?- !II ~~ I II I ' , .... 11 ../ ' 

{ 111~H2 , tlll. ,i I II l it 1) II! ,IU', I ,, ~ I I:-q 

P-, 
Los Alamos 



Solid-Solid Phase Transitions in Iron 

Fe Target 

Q) 

E 
f= 

r 

Transition 

10 3D 
AmbiAnt P~"lRtiC plaeti<: 
crystal phase ph~se 
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~ o I T="1!I> 
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., 5000 {, 
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~ ,,-\ ~ 4000 ,~ 

-",-L '" -<.-1< !3000 '~ 
, 00 0 OQoo~ 2000 r 
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100 200 800 
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Pistoo velocity up (km/s) 

Phys Rev. Lett. 98 135701 (2007) 



Tavlor Wave EOS Measurements .. 

l' 
Point Detonated 

Shock position measured in each radiograph 
combined with time between radiographs 
provides a shock velocity measurement as a 
function of time. 

Infer density jump from measurement of relative 
tra nsm ission. 

As the Taylor wave traverses the tin samp le the 
peak shock pressure decreases , providing a 
measurement along the Hugoniot. 

1.2 

1 .1 

1 j x 

-%:0.9 1 

oa j 
0.7 

0.6 

2.5 

x Marsh S P (ed) 1980 LASL I 
Shock HugDniDt Data 

• present experiement 

.... -
',. • 1i' 

·x It i x ~ x 

Phase Transition 

3 3.5 

Us(km/sec) 

x 
x xc- x x 

---l 

4 4.5 

~, 
~ LosAlamos 



pRad has been used to study the failure of materials driven 
by pOint detonated high explosives 

VISAR 
probe 

r , .. ISo.R 

o;<;.r.ance from VISAR 
pf'obc up [0 met 31 
~urf:\,e (3 5-60 mrn) 

\ 

Proton-bea.m 
, C(!otC r 

rJ, • " 6.'0",,", 

1.J"""";: I'ICI : 1) ... ,,1. ) 
Detonator 

• Experiments were aimed at extending VISAR 
measurements below the leading spall layer. 

• Proton radiographs reveal that the deepest damage 
layers are not well defined. 

• Multiple pRad experiments show that damage 
formation deep within the metal is "statistical" in 
nature and dependent on meta l. 

A comparison of spall for different materials 

Copper A luminum 

Tin 

~ 
" Los Alamos 



Static Obiects Surroaate Fuel 
~ ---- ~ 

Rods 

X3 magnifier has T126 - 3 meters 

E-Loss through object center - 13 MeV ~resolution - 0.5mm at center 

Set the Lens to <E Loss> -10MeV ~ resolution - 0.113 mm at center 

For Static Objects One can reduce chromatic blur by use of "Graded Degraders" 

~ 30 
Los Alamos 



E 
u 

-1.5 -1 

Mitigating Chromatic Blure: 
E-Loss Flattening Scheme 

Chromatic term (T126) = 3m*88*(dE/E) 
E-Loss across Bare Object 

Thickness of Lucite Degrader 

!--------+---'r.12t:--t-1 --!-.- - - - - --1 

Object 

-4 

I~- l-

-+-1-
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800 MeV Proton 
Beam 

• 

The Set UP 

800 
Sea 

• 

/ 

Zarcaloy tube was aligned on the graded degrader. 
Radiograph pictures were taken at 181 rotational positions 

. 32 
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CT Reconstrusction: Minimize ring artifacts by assuming that the 
zarcalov portion of the imaQes is homoQeneous and therefore has no 

ring structure in the density 

Dafault ring removal parameter Increased ring removal parameter 

~ _~4 
Los Alamos 



CT Reconstructed ,Slices: 
Interesting Regions: Part of Zarcaloy portion, all of Pellet#4, Part of 

Pellet#3 

~ 35 
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Filtered Back Projection: 
Defects In Pellet #4 , Slices 78-to93 

40 

/I " 
I \:: 
, .. 
J ~(J .. -t- S. tle' 1 

IS - 5.· .. . .. 

-o.U ..() I -o.os -0.0.5 -Q,O.:l -0.02 

Fainter 250 ~lm long by -150 to 200 flm diameter inclusions are shown in the 

." . . . . . ..... 

- 80 IJm 

Diameterlnclusion - 350 pm 

Le ngth Inclusion - 550 flm 
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More Defects in Pellet #4: Slices 131 to 142 

DiameterlnCIUsion - 225 11m 
Length lnclusion .... 450 11m 

t?, 37 
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Resolution Limits of Proton Radiography 
1. Object scattering - introduced as the protons are scatte red while trave rsing the object . 
2. Chromatic aberrations- introduced as th e protons pass through the magnetic lens imaging system. 

Object Scattering 

Proton position at 
image 

Incident proton 

Chromatic Aberrations 

--- 800 MeV 
---775 MeV 
- - - 750 MeV 

c 
o ....., 
ro 
u 
o 

....J 

aJ 
tlO 
ro 
E 

P-, 
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Beam 

4 cm of AI 
+-+ 
1"""'"""-1 

• 

r 
Resolution 
Pattern at 

Object 
Location 

Object Scattering Blur 

2.5Ip/mm 

Sigma=O.061 mm 

Sigma=O.150 mm 

0.9 +-.----/--t--f---lt------j~I__---____1 

c 0.8 II f\ Y .. .. " 
o 
.~ t 
.~ 0.7 
(f) 

~ \\ ;::. 0.6 I J/ 

0.5 ~ r Scatter Upstream I ~ 
--Scatter Oownst(€3m 

0.4 +-I---~====;:====:!,_---~ 

-1 -0.5 o 0.5 

Position (mm ) 

ao ~ ~ B~ ~ 1~ :pJfoc ; 
p., 
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Chromatic Aberrations 

~~~~ ...... . ~- , ........ / . 

~~l-=ti~~~~~~~~~:J g' ~ 
ro 

Set the lens to focus 800 MeV protons 

Insert an object wh ich results in 20 
MeV of energy loss (- 1 cm of Pb). 

The focal length of the lens is 
shortened , resulting in blur at the 
image location . 

Blur is proportional to: 

Ax = ~26¢x5 
T126 - chromatic length 
¢ - scattering angle within the object 
t5 ~ fractional deviation from focus energy 

~) 
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Effect of Chromatic Aberrations on Resolution 

p ) 

P - PJ - 8 7% b - - . - P 

P L_ ) 

Focus energy 

~ == ~26t/Jg 

2~~ 1. ~ 

1 

0.5 
o .::::.----

-0.' 0.1 
PO$IUon 

~~ 
41 0 ~1 

POSilion 

Line spread 
function 

• Objects of varying thickness result in a position dependent energy 
loss. 

• The imaging lens can only be focused for one energy loss. This 
results in a position dependent blur function. 

• The blur function is correlated to the object thickness. 

Identity Lens P- Pj = 8.7% 
P 

copper 

.~ 
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Chromatic Blu 
Limb: To outline in clear sharp detail 

Like phase-contrast radiography: 
• Useful to enhance edges 
• Problem for density reconstruction 

Resolution proportional to energy offset 

E-E 
a=C f () 

Ef 

780 MeV 800 MeV 

~! .I .. • _" ~ ,- - t. .. ~. ,_ .•. .] 
~...J • .... ,I. 

~~-.:.~\:,. , . 
~_" ~", ~ I • 

~ T.., • 

_." .,. c' :; ";1 ., 
:1 ". -:_ ..• :- . 

:I~;'l~~~ __ ._'...:.J':.~ ~~ .. -

Protons 

~Limning 
Focus on high energy protons 

T High 

Low 

1 ',------

0.8 ~ 
0.6 

°1 
02~ 

I \ X(an) 
-1 -0.5 0.5 1 

Low + High 
T 

1 t/\ 
I 

--:j 
0.2 l 

X/ an) 
-1 -0.5 0 . 5 1 
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Thin Lens Approximation . -. 

(
Mi l /\1112 ) (1 (J[ I 0](1 S)[ 1 0](1 2!)[ 1 0](1 S)[ I 0](1 I) (-I 0) 
M" M" ~ 0 1 Xl +S)/~ 0 1 - 7 )1 1 0 1 XI+ S)/~O 1 - X l/ 1 1 0 1 ~ 0 -I 

i I 

( I )( S)( )( I )( S)( ) 

To make an identity lens 

f = Ft; 
Chromatic blur is -proportional to lens length 

_dM-..:.=..12 = T = 4(1 + s) 
deS 12 6 
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Thin Lens ApQroximation 
• • 

(
Mn 

M 21 

MI21 ( 1 ::11 °lr l sl ( °1(1 bl ( 0](1 s,( °1(1" (- 1 ~l ) 

f == 2~/lm s + (rn - 1)s 2 
(m + 1) 

z = 1m + 2(111 - l )s 

b = 2 s (lrn + (m - 1) ) 

m (l + 2s ) 

/-::: 
~-/ 

7 // -...;::::> -/ ____ _ ------- -1 ~------- . so. 

1 dM p T., 7c m + 1 [0) - ) ( ~ )] ---- = --) = 0 ( ) (2 1-m - + lm() m - 3 )s + 2(m - l)s - (2m - 1) + (m + l )(lm + (m -1) 
m do m m - Im + (m - l )s 

Chromatic blur is a complicated function of lens spacing 

~ 26 == 21 +.!.- In the limit that 
In n1 

s 
-«1 
I ~ 
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Chromatic Aberration and Resolution 
Identity Lens 

Station 1 

I 
• .... ..... ' C..--..wTf 

• --LC'l ~ .Cann"fl fit 

".Ii! 

.. 
• 
~ 

'. 

r 

• 12 inch lens 

Station 2 
W . Uft,"~"" J Mtr J 
~ - 1~.crr1 .. ~TF f ~ 

I \ 
1 

"' \. 

• Station 1. 178 urn 
• Station 2: 280 urn 
• Gaussian blur function. 
• 120 rnrn field of view 

X3 Magnifier 

I .. JoII~ l ( ... ~-r·IJ!::)" 

•..•.•• '.,"'. ' I t -"' ........ d oo 

.. :. · · ~· ;fl \; =~::='-. 
.l- \ 
.11-\ 

· .. -.-··· l~\-·· ·· --.. ----,-O·l · .. '·y · _.-. ( .,. .... 
____ _ ..... -:... - - -0 - ~ .. ..... .. , ........ i f I' 

Q < ·OJ ·0 ' 0 1 1 J 
P-o'Ut o., (rnrn: 

2.5lp/mm 

• 4 inch lens 
• Station 1: 65 urn 
• Gaussian blur function . 
• 44 mm field of view 

X7 Lens 

1.2 

1.0 ilb-.-------------
• 

" I··) .~ .\ t: .\ 
• 
\. 

\. 

0.2 . "~ ..... ,..... ... .....-.; 
0.0 

10 20 :0 40 50 
Lille P.)IIS pel 111111 

05 

• 1 inch lens 
• Station 1 30 urn 
• Gaussian blur function . 
• 17 mm field of view 
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Solid-Solid Phase Transition in Iron 
(X3 Magnifier) 

Improvement in resolution can be seen from this comparison of radiographs from the 
identity lens to an equivalent thickness of iron 

M =8.7% 

copper 

M 
X3 Magnifying Lens - = 8.1 % p 

Iron 

to-, 
Los Alamos 



Results of Scaling 800 MeV Resolution 
Resolut ion : RMS of a -Gaussian distribution 

High Explosives No Detector Blur 

1000 

-en 
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IX 

o 5 10 15 
Proton Energy (GeV) 

4 GeV Protons 
25-350 micron resolution in HE 
25-1000 micron resolution in Uranium 

50 g/cm2 

40 g/cm2 

30 g/cm2 

20 g/cm2 
16 g/cm2 

12 g/cm2 

]8 g/cm 2 

6 g/cm 2 

4 g/cm2 

0.2 g/cm2 

20 

10000 
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Uranium 

5 10 15 

Proton Energy (GeV) 

20 GeV Protons 
2-100 micron resolution in HE 
2-350 micron resolution in Uran ium 

200 g/cm2 

150 q/cm2 

80 g/cm2 

40 g/cm 2 

20 g/cm 2 

10 g/cm 2 

4 g/cm 2 

2 g/cm 2 

0.5 g/cm2 
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Combine Higher Energy with Magnification 

120 

100 

80 

60 

40 

20 

0 
o 

800 MeV Proton Radiography 
Thin object resolution : 1 mm of iron 

I · Measured 
- Fit 

140 

120 

1000 I 
• 4 GeV calculated I 

--4 GeV Sca led 

• Field of View E 
100 L ' ... 

20 GeV Calculated 
20 GeV Scaled 

• 0,8 GeV Measured 
- 0.8 MeV Scaled 

5 
Magnification 

100 E -!: 
Q) 80 ,-> -0 

60 :!2 
Q) 
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40 

20 

0 
10 

--12 GeV Scaled 

~ "'- -----.-..-. L · 12 Gev Calculated I J 

<J1 0 "" g 
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0.1 l __________________________________ ~ 

Magnification 

Magnification at high energy could result in high 

resolution «1 micron?) wit h a 20 mm field of view 
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PRIOR Collaboration 

4.5 GeV protons 
X4 magnification 
<10 micron resolution 

roton Microscope for FAIR 

GiS 



Ion Driven WDM Studies at FAI R 

.~ 
r,; 
~ 

e~ 
0,.;: 

4.5 GeV, 5 . 1012 protons or 
2 GeV/u, 1011 heavy ions 

Challenging requirements: 

up to - 20 g/cm2, high-Z targets 
<10 ~m spatial resolution 
10 ns temporal resolution (multi-frame) 
sub-percent density resolution 

~ 
Los Alamos 



Intermediate Step 
Design , build and commission a magnifier for 4 .5 GeV proton radiography to use 818-18 beam 
at GSI. Study dynamic systems driven by explosives or pulsed power. This allows opportunity 
for dynamic materials science experiments that can use the higher resolution of the 4.5 GeV 
beam as well as commissioning the magnifier system for installation at FAIR 

L4 
Parameter Value 

Beam energy 4. 5 GeV/c2 I 

Inner aperture D 30mm 

L 1 L3 
Out aperture D r> 100 m 
Bn "pole tip" field l.I T 
Gradient 115 Tim 

"short" quad length 165 mm 
"Long" quad length 330mm 
L , (object to first quad) 1.3 m 

L2 L2 

L, (first to second) 0.307 m 
L3 (second to third) 0.515 m 
L4 (last quad to image) 7.576 m 
Total length 10.000 m 

Proton trajectories through the baseline PRIOR lens design. 

Parameter Value 
Magnification 4.1 
Cy horizontal Chromatic length 3.99 m 
C . vertical chromatic length 3.41 m 
Angular Acceptance 5 mrad : 
M . Horizontal Matching Correlation -0.45 mrad/rrun 
M . Horizontal Matching Correlation -0.55 mrad/mm 

£l, 
Los Alamos 
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Potential Schedule for Implementation at GSI 

Time schedule and nlilesto 
2010 

approval of the project by GSI management 
international scientific workshop at GSI 
ordering production of main components 
submitting first beam time applications 
assembling and off-line measurements 
commissioning with static objects 
commissioning with dynamic objects 

011 

022009 
032009 
Q42009 
022010 
Q42010 
Q1 2011 
Q22011 

~ 
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Forward Model Simulations of the PRIOR Magnifier 

0.5 mm Cylinder of Copper 

1.20 

1.00 

O.3D 

t
I! 
~ 0 .60 

« 
OdO 

010 

o O-D 

Line Spread Function 

• 5Irnol.'eo 

·15 ·10 ·5 D 10 15 

Po.~io n (microns) 

Derivative of the transmission 

Gaussian Line Spread Function 
3 11m RMS resolution 

Prediction with no noise 
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Areal Density Sensitivity 

FOM= ~JN I dN o/t = IN dl 

~ :l 
~ ,- 50 
Sol f; 
'~ ,~ o~40 I ~ ~' 0.1 em 

~ ~ 30 TlTgSIEn ~ 
'Vi § - - 1_0em 

E 20 ~ -~~ 
10 f 
o. 

o 1 2 3 4 5 

Colli rretion Argle (rrra::J) 

Goal: 

• 1 % density resolution in 1 a ~m pixel size 

Challenges: 

• Peak proton current delivered by the SIS-18 
• Detector system with high quantum efficiency 

~ 
~ 
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Conclusions 

• Los Alamos is using proton radiography for dynamic materials science . 
• Multi-pulse proton radiography has turned into a useful radiographic probe for dynamic as well as static measurements. 
• The next gain in capability will come from combining multi-GeV protons with magnifying lens systems 

• GSI will demonstrate this new capabi lity 

P-, 
los Alamos 


