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Abstract 


Charged Particle Radiography 

Los Alamos National Laboratory has used high energy protons as a 
probe in flash radiography for a decade. In this time the proton 
radiography project has used 800 MeV protons, provided by the 
LANSCE accelerator facility at LANL, to diagnose over three-hundred 
dynamic experiments in support of national and international weapons 
science and stockpile stewardship programs. Through this effort 
significant experience has been gained in using charged particles as 
direct radiographic probes to diagnose transient systems. The results 
of this experience will be discussed through the presentation of data 
from experiments recently performed at the LANL pRado 
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Early Proton RadioQraphy 

A. M. Koehler,-et al. Science 160. 303 (i 968) 
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Marginal Range Radiography 
• 	 Red uce 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. 

A '.-1:"''Vl"~ 

J. A. Cookson Na.tunvl.s::.en:;cb a,ften 6 ' , 134-1 91 (1 97 ';:' ~ 

F ig. 6a a nd b. RadiQgraphs of leaves by a) m all'ginaJ range 
d iography w ith 196 m gjc m% of eJo."tra Al absorb~r, a.llfl b) 

~catlcring radlography with lea f sandwiched ~tween two 
6.9 mg/cm2 A.I layers and 14 mm (rom the film 

i-';U:; Jo LL f_ 	 !!LA'" Of )'....:.;) I t t f !. 

Scattering Radiography 
Edge detection only 
Limited to thin objects 

...._ "''''"'' "',.., ....... """V"_ · Contrast generated
= LIIoIIIi M:U"",", ./ 1~ 'Io'(CITo'-t" 
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LANL Transmission Radiography (1995) 

188 MeV secondary proton beamline at LANSCE 
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Image at the detector is 

substantially blurred. 


Magnetic Lens 
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Magnetic imaging lens preserves 
image with high resolution. 
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Multiple Coulomb Scatterina 
. 

~ x ,. 
.r ,~/2 ~ e _13 .6MeV ~~ [1 0 0381 (~ ) ] * ,, - ~ x +. n X 
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RMS Width 
Full Width Half Maximum=2.35 eo 

"Collimated" Beam Scattered Beam 
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Typical LANL simplification 

fJ..'sa A*C. Amsler et aI. , Physics Letters 8667, 1 (2008) 
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Contrast from Multiple Coulomb Scattering 


Incident Beam After Object After Collimator 
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Nuclear Interactions 

Angular distribution of 800 MeV proton nuclear elastic 
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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 =: e-i.c 
nuclear 

o 5 1() 15 20 25 X> 
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Transmission Calculation 

Nuclear removal processes: 
(}o - scattering angle (radians) 

7'."d,a, e;;" x - areal density 

Multiple Coulomb Scattering with collimation: 
T = 1- e-%': (}o - scattering angle (radians)

MCS 

x - areal density 
14.1MeV Xo - radiation lengthe =--

p - momentum (MeV)o 

pfJ 
f3 - relativistic velocity 

xl I (8,pjJ )2 Xo 

T = e lAc 1- e 14. I MeV 2x Total EstimatedTransmission: 
Good to 5-10% 
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Accurate Areal Density Reconstructions 

1.0 Build a step wedge and adjust parameters to fit measured data 

0.9 

0.8 

0.7 l 
0.6 

!:: 

.~ 0.5 
IJI 

.~ 0.4 
!:: 

<II 


~ 0.3 

0.2 

0.1 

0.0 

l 
l 

", ~ 
I 
I 
I 

• Measured Transmission (7.5 mrad collimator) 

-- 7.5 mrad collimator model 

--10 mrad collimator model 

• Measured Transmission (10 mrad collimator) 

'
............ 

~ 
• 

, 

o 	 5 10 15 20 25 30 

Areal Density 

BcpfJ Xo2 ~ 
- [ 	 2(XH )~,+C4.1MeV ~

T=e 	 f 

Adjust parameters to fit transmission data: 
• Ac - nuclear collision length 
• X f - fixed radiation length (windows, beam angular spread) 

A'·~'"
'

.~""~.~ ;!.~-- •.:-.' 
". 

-",:?j""' 

0.50 

0.45 

0.40 

0.35 

:5 0.30
.tij 

.!!1 0.25 
E 
~ 0.20 

~ 0.15 
0.10 

0.05 

0.00 

-2.5 -1.5 -0.5 0.5 1.5 2.5 
Position (cm) I /i 
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When is an object too thick? 


AI Fe Sn 	 Au U 
90 


--50% Transmission80 


--30% Transmissionl' 	70 

(J 

--10% TransmissionS 	 60 


j'"
1"-----'+'

Z' 
"iii 	 50 


s:::: 
CI) 

o ~I ~ _ ~--- 
~ 	 40 I ' --~ F 

< 	 30 +-----~~~~ ..--~~~~~------------"----"--~ 

20 ~ =::............ ....... ____. ::j 
10 


o +I---------,---------.----·-----.--------~---------~ 

o 20 40 60 80 100 


z 

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

10% is near the lower limit of 
reasonable transm ission. 
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Dynamic Range of 800 MeV Proton Radigraphy 


~IN I dT Signal to noise 
FOM= --11){ JT dl Fractional change in thickness 

0.6 
--Collimator 

0.5 -Anti-collimator 

0.4 

:!: 
0 0.3 u.. 

0.2 

0.1 

0 
0.1 10 100 1000 10000 

Object Areal Density (g/cm2) 

• 800 MeV proton radiography ranges from 1 g/cm2 up to 70 g/cm2 of iron 

A
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LANSCE 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 

AA' .'·~ IV'~ ---------------------------------------------------- los Alamos 



Full LANSCE System 

" 

o, 

LANSCE 
Beam 

I.... 
()) 
CJ) 
::J 

:s:: 
(5 

-1 

\... 	

N, 
-1 

o, 
-1 
U 

A. LJ LJ ~ LJ /'-.... L-J LJ LJ LJ / 
V V "V" 

Matching Lens 1 Lens 2 	 Lens 3 
Quads 

• 	 Diffuser sets illumination pattern at object. 
• 	 Matching quads establish position-angle correlation 
• 	 CL-O has a 9.0 mRad collimator 
• 	 CL-1 and CL-2 can independently have 5-20 mrad collimators 

Lens 0 used for beam monitoring 
IL-1 has seven single-shot camera systems 

• 	 IL-2 has five single-shot camera systems and a 9-frame framing camera 
• 	 21 images per dynamic event at up to 21 different times. 

A'~~~ 	 A
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800 MeV pRad Facility at LANSCE 


A'lC'~ AIV1~ Q LosAlamos 



Temporal Resolution 

• 

Scintillator 

Protorl Beam 

Cooled CCD 

(1600x1600) 

12KV gated 
Planar Diode 

>< 
:::J 

U. 

" 'Ito" ~ 
~'b ~'b- ~'b ~'b

~0 ~0 ~0 ~0 
(;1f (;1f (;1f (;1f 

<-:> <0 
~'b I'b

~0 0' 
(;1f (;'b-~ 

'\ 
~'b

~0 
(;1f 

C 
o 
+-' o 
!o....a.. I---J'---IL......JI II 'L......J' ' '---

Time 

• 19 images at first station 
• 22 images at second station 
• Typically 1 00 ns exposure times 

A
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___ ___ 

Chromatic Aberration and Resolution 

Identity Lens X3 Magnifier 

Station 1 Station 2 
• Lcr'l O• Conc:rololl r ~ • Lens·Camefa MTF 

~ -L...er6"CametaMTF FI! 

\ 
\ 
-..I\~'~-~" ; 
\. 

• 12 inch lens 
• Station 1: 178 urn 
• Station 2: 280 urn 
• Gaussian blur function. 
• 120 mm field of view 

AI.• ~ 

>- - •••• ••~. ~~~~~. , ·.=~

_. ............ 

............... 

--____-<<"""'_. _. 

.\ 

- + ::~~ 

-0.5 · 0.3 -01 0.1 03 0.5 
Position (rnm) 

2.5lp/mm 

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

:~.L1\ · ::::::'::: :::~!:~-
. l~.- \_._._-\ .......••••.......... -...... 


. , 
. ___ -B.~-----n---~~~ . ...,...:! . . . ..... ' 

X7 Lens 

1.2 

1.0 
~, 

. \
0.8 

C 

~06 ~ 
~ 
0 ~.

:. 
'\ 

!lEo 4 

~~ 0.2 

00 

' ........ 
~....---.--

0 10 20 30 40 50 
Lille Pails per mIH 

• 1 inch lens 
• Station 1: 30 urn 
• Gaussian blur function. 
• 17 mm field of view 
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Bethe-Bloch Energy Loss for 800 MeV Protons 


P-Pj =8.7% 

2 
_ dE = Kz2 Z _1_1~ In 2m,c f3 2y2T 

max _ f32] ~ 1.5 Me V 

12 2dx 	 A /3 2 l2 g / cm 


2 2 MeV 

K = 4nNAremec = 0.307 / 2 

g cm 

T = 2meC
2/3 2

y2 

max 1+ 2ymel M + (mel M)2 

c. Amsler et aI., Physics Letters 8667, 1 (2008) 

2~~ p 	 ) 1.5 

1 

0.5 

P- Pr =8.7% 
o 

-0.1 

P 
0. 1 

Po s itIOn 

copperp 	 ) i§d
Focus energy 

-0.1 0.1 
Position 

Line spread 
function 
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Densitv Reconstruction ... 

Invert to calculate Areal Density Use assumption of 
cylindrical symmetry to 
determine volumexl ( ( B,p(J )' Xo JT = e-/)' 1- e- 14.1MeV 2x 

density (Abel inversion) 

Areal Density (g/cm2) 
 Volume Density (g/cm3) 


A'~~~ A''Vl~ 0 LosAlamos 
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Multi-Frame Radiographic Movies 


VISAR 
probe 

D istance from VISAR 
probe tip to metal center 
surface (35-60 mm) 

( d rawing n Ot to scale ) 
Detonator 

A
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Resolution of Proton Radiography 


1. 	 Object scattering - introduced as the protons are scattered while traversing the object. 
2. 	 Chromatic aberrations- introduced as the protons pass through the magnetic lens imaging system . 

3. 	 Detector blur- introduced as the proton interacts with the proton-to-light converter and as the light is 
gated and collected with a camera system . 

Assume detector 
development can keep up 

Object Scattering Chromatic Aberrations Detector Blur 

-- 800 MeV 
" ';;;--775 MeV 
o 

'" \ ?Cintillator-- 750 MeV .3 
u 

Proton position at 

1 1 14.1 1 
°0= ~()2= J6 PfJ 	

'" 
'"image E "" 	

protonr---+L L:__~:-_ ~.-. . Pellicle 
Beam .: ', : ~.,l -8 • " t, 

.= L 1

_-::rT: _~ 

J ~ p 	

, 

' ' 

Incident proton 
-,' ~~7-'· ~ ~~~}r'·- ~ '·~i=--~-~11-

~ ,,~~.I t::rl~,! f' 

Camera 
oP ~ c rpoP14.1 J1t' 

ae = lee p "V p2 fl Xo 	 Resolution is 
independent of 
proton energy , 

A
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Measurements of Object Scattering Blur 


2.5Ip/mm 

Sigma=O.061 mm 
4 cm of AI 

+-+ 


0.9 - +-+----+-+----+--+--------1 

" 
...,,---'11', , .. I , 

: , 

II	Ii "n 

+1--- 

c 0 .8 ,I-- 
o 
U1 
U1 

E 0.7 I 
U1Beam • c 
::':' 
I- 0 .6 1 

~/ 	 I~ 0.5 I Scatter U pstre am 

--Scatter Downstream 
0 .4 	 -1-1---~===:::;=======',~----i 

-1 -0 .5 o 0 .5 

Posit ion(mm) 

Sigma=O.150 mm 
r 

Resolution 

Pattern at 


Object 

Location A
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Correcting Second Order Chromatic Aberrations 


L=M2 =-!L 
~ . 

Resolution 
n 

Xi = Lllxo + LI2X~ + T..16 xo8 + T126X;8 

Xi = -Xo + T..1 6Xo8 + T..26(WXo + ¢)8 

W= 116 = II-T~ -M~ 
7;26 MI2 

W= 	 II-M~ 
Mt2 

~ 	 ~. 

M 	 M 

Xo,Xo' 	 - position and angle at object 
- position at midpoint of lensxfp 

Xi - position and angle at image 
8 - iJp/p > 

M - Transport matrix for doublet 
L - First order Transport matrix 
T - Second order Transport tensor 

L'ixi = T..26¢8 . ~ Dominates Blur 

Fourier Plane 

X fp = Mllxo + M12X~ 


x~ = WXo +¢ 


xfp = Mllxo +M12 (wxo +¢) 


W	 11= -M~ 
M I2 

= M 12¢x fp 

Form identity lens from 

identical doublets 


I nject beam with position
angle correlation to form 
Fourier plane at center of 
lens. 

Same position-angle 
correlation which forms 
a Fourier plane at the 
center of the lens also 
cancels second order 
chromatic terms. 

A 
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Chromatic Aberrations 

Black lines are the initial trajectories of the protons. 

Off-focus protons by Colored lines are trajectories of protons scattered 
lower momentum 

\ 
t ~ Resolution 

by object. 

Proton Radiography: 

fu = L/p I1p 
P 

!J.x - Resolution 
Lc - Chromatic Length 
<p - Scattering angle 
p - Momentum 

Momentum spread and chromatic length determine the resolution 


X-Ray Radiography: 

Spot size and magnification determine the resolution. 


A
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Chromatic Blur )Limbing 

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 
(J == BI f 

C E 
f 

800 MeV 


Protons 


Focus on high energy protons 

T High 
1 ~ ,~---------------

0.8 

Low 
0.6 

o. 

X( an ) 
-1 - 0.5 0 .5 1 

Low + High 
T 

II 
1 

0.8 

0.6 

~" 
0 .2 

1 X( an ) 
-1 -0 .5 0.5 1 

A
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Solid-Solid Phase Transition in Iron 


Dramatic Improvement in Resolution is allowing us to make new measurements like 
this solid-solid phase transition in iron. We are performing experiments with the 

magnifier to study solid-solid phase transitions in cerium this week. 

Identity Lens M =8.7% X3 Magnifying Lens M = 8.1 %p 

Resolution improvement equivalent to an energy increase 
from 800 MeV to 2 GeV (in terms of chromatic blur) AAI .·~IA1 

,~~~~ ------------------------------------------------------- Los Alamos 
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Material Strength Experiments 
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"D.L.Preston, et al. J.Appl. Phys. 93, 211 (2003). - D. J. Steinberg , et al. J.Appl. Phys. 61 , 1816 (1987). 



Material Strength Experiments 


PTW fit to Hopkinson-Bar data' 
400 Iii I 

Copper 
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aluminum copper Powder Gun AI/Cu
Flyer 

Equationl Of State 
Target 

Impact 
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Solid-Solid Phase Transitions in Iron 
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Phys. Rev. Lett. 98 135701 (2007) ~ 
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pRad has been used to study the failure of materials driven 

by point detonated high explosives 


A comparison of spall for different materials 

VISAR Copper 	 Aluminum 

DistanCe f..-ofll VISARl' 
probe tip to met.al center 
surface (35-60 mOl) 

18.30 mtnt " 
1/ . 
~ 

t ~1t ."",,~ no. 10 ,,:""d
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 metal. 
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Complicated Studies of HE Burn Products 
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Studies of HE Burn Products 


PBX-9SOl X" Steel 

Line initiators 
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Evolution of Spall Damage 


What damage occurs behind the first spall layer?V\SAR 

r \
~~ 

' j-'VlSAR ' r.gt.< 


p rot on 
-b eafTI
f, o '" V ISAR . .' cen«' • 

l"u b t: t IP 60 m m )o ;",n« . '0"""'" .~urfa(.t: (3S· 

(•••_ "10: -.0\.0"' ..... )' 
De to n ator 

Incipient Spall with Recovery Experiments 

• 	 How and where are voids 
formed? 

• 	 How do they coalesce to form 
macroscopic damage? 

• 	 Requires improvements in 
resolution . 

0.8 cm 

A
los Alamos 
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Summary
.. 

• 	 800 MeV proton radiography continues to provide high 
quality dynamic materials studies for LANL. 

• 	 Gains in resolution have been realized through the 
development of magnifying lens systems. 

• 	 Interest at Los Alamos to build a user community for 
access to 800 MeV proton radiography. 

• 	 We will be looking for user experiments in the 2008 run 
cycle (June-December). 
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