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Proton Radiography
Frank Merrill

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 two-hundred dynamic experiments in
support of national and international weapons science and stockpile stewardship programs. In
addition, 24 GeV protons, provided by the Alternating Gradient Synchrotron at Brookhaven
National Laboratory, have been used 1o study the capability of proten radiography at higher beam
energies. Through this effort significant experience has been gained in using proton radiography
as a technique to diagnose explosively driven systems. The results of this experience will be
presented by relating the spatial, temporal and density resolution performance to the parameters
of the incident beam, imaging lens and detectors.
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Proton Interactions

Proton Radiography
.Energy Loss LLL/ e
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Nuclear Interaction

Coulomb Scattering "
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Early Proton Radlography

nce 160, 303 (1968°

A.N. Koehler, etal.  Sojer
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Fig. 2. Proton flux as a function of depth

in aluminum. The steeply falling portion

of the curve near 18 g/cm® is used to

obtain the high contrast of Fig. 1.
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Marginal Range Radiography

* Reduce proton beam energy to near
end of range.

* Use steep portion of transmission
curve to enhance sensitivity to areal
density variations.

e Coulomb scattering at low energy
results in poor resolution >1.5 mm.

e Contrast generated through proton
absorption.

Fig. 7

characte

L

A. Cookson NWatarwissenschaiie: 191 (1574,

Fig. 6a and b. Radiographs of leaves by a) marginal range
:.-uiingr:;phy with 196 mg/om?® of extra Al absorber, and b)
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Scattering Radiography
* Edge detection only

e Limited to thin objects
e e e ® - CONtrast generated
through position
dependent scattering

wtering produces s
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LANL Transmission Radiography (1995)

188 MeV secondary proton beamline at LANSCE

Magnetic Lens
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Magnetic Imaging Lens

10m

A

Collimator

0.1m

Fourier plane

Quadrupole Identity Lens &
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Contrast from Multiple Coulomb Scattering

Incident Beam After Object After Collimator
: 3 T M d
7 i~ A 25 A easure
: o 2 | transmission
T 5 R ‘*’” | T 4 —  __, provides
8 =il / > 05 - 1 : :
2 °s /7 X : - information of
° 0.1 (]) 0.1 01 o1 ObjeCt
-0.1 0 0.1 Andl di Angle (radians) :
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Transmission
~183
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LANSCE Experimental Areas

= |ujan 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

= |sotope Production Facility
* Medical radioisotopes
A2
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800 MeV pRad Facility at LANSCE

Collimator

h.sr"( l

. - b - é >
; . Identity Lens
Object Location 7

R 2]
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Sensitivity with 800 MeV Protons

Areal Density (g/cm?)

90
80 - ——50% Transmission | .
s0o% Transmission | Areal density contours of
70 - —— o | ransmission | . .
0% Tranemise, J constant transmission as a
60 -~ B — o 1 ransmission | . .
— - function of atomic number.
50 - TEEEE——
ak | B v N 10% is near the lower limit
30 o . T ey _— - I — | - .
of reasonable transmission.
20 illie. 0 i
10 l \\
o+ — = — — - i
0 20 40 60 80 100

* Perform experiments less than ~50 g/cm? with 800 MeV proton Radiography
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Temporal Resolution

/\
N ™ © ©
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— S
\ o
) = ) Pellicle - >
/ > ; - “— Time
Protor{I Beam _% |

* 15 images at first station
e 22 images at second station
* Typically 100 ns exposure times

Cooled CCD
(1600x1600)

12KV gated
Planar Diode
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Correcting Second Order Chromatic Aberrations

Form identity lens from

L L=M"=-1 identical doublets

A
v

Fourier Plane

Xp = M, x, + Mlzx(',

X =wx +¢ Inject beam w.ith position-
angle correlation to form

X, =M x,+ M, (on + ¢) Fourier plane at center of

M./ lens.
W= /I//:"‘] 12
X, =M,¢
< Py > < y g Resolution Same position-angle

, , . correlation which forms
%= Lyxo + Lipx, +116%,0 + To6%,0 3 Fourier plane at the

x,==x, +T,,,x,0 +T,x(wx, +#)0  center of the lens also

b

x,,x, - position and angle at object
- position at midpoint of lens

fp v ' _-T../ _-M, cancels second order
X; - position and angle at image W= T, M, * chromatic terms.
d - Ap/; v/
Py : W= —M, /.
M - Transport matrix for doublet /M,
L - First order Transport matrix Ax =T,,,08
T - Second order Transport tensor
Dominates Blur N
| YA (=) * C.T. Mottershead and J. D. Zumbro, “Magnetic Optics for Proton Radiography”, Proceedings of the 1997 Particle Accelerator Conference )
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Areal Density Reconstruction

= e% Nuclear removal processes
%9 Multiple Coulomb Scattering with collimation:
TMCS =1l-e 0
- ring angle (radians
14 1mev |+ J, - scattering angle (radians)
6 = x - areal density
0 pp X X, - radiation length

p - momentum (MeV)
3 - relativistic velocity

) o 9{[7,5 ’ 1%
T = ek//l El —_e (14.1Mev

2x Total Transmission
- inverted to determine areal density, x
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Radiographic Analysis

“Raw” Radiograph Dark Field

~ Transmission

L,

BIBLL

a
A e
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Density Reconstruction

Invert to calculate Areal Density Use assumption of

cylindrical symmetry to
_/ N e determine volume
T =¢ A ] — g \lM41Mey 2x ; ) .
T density (Abel inversion)

Volume Density (g/cm?)

7
s
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Proton Dark Field Imaging

Flux

Incident Beam After Object After Collimator
| Measured
K ’j § \ transmission
T BN __,provides
2" ﬁ ’ \ information of
| ' object

-0.1 0 0.1 -0.1 0 0.1 -0.1
Angle (radians)

0 0.1 .
Angle (radians) thickness

Transmission

-
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Areal Density Reconstruction

Anti-Collimator

_ A Nuclear removal processes
nuclear
7 Multiple Coulomb Scattering with collimation:
26

¢, - scattering angle (radians)

14.1MeV | x x - areal density
6 = .
0 X x, - radiation length

0
p - momentum (MeV)

B - relativistic velocity

2y OB Y x, .
2 2 Total Transmission
- inverted to determine areal density, x
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Radiographic Comparisons

Density Sensitivity

Statistical sensitivity per
JN [ dN yp
FOM = ' '

fractional change in
A/ \/_ dl object thickness

N:No(l—e_)%l) FOM = [N, ¢

800 MeV Protons™

S
21 \/1 S o/,

* Ignore nuclear attenuation A
)
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Dynamic Range of 800 MeV Proton Radigraphy

1,000
I

900 //\\

800 — e
700 -/ \ — - —
600 |/ | -

s00 | 1 ~ e

FOM (arbitrary)

400 L“

300 — -

200 ——3x1078 800 MeV Protons, Collimator

100 - — — ——3x10"8 800 MeV Anti-collimator

O T T - ¥
0 20 40 60 80 100
Areal Density of Fe (g/cm2)

800 MeV proton radiography ranges from 0.05 g/cm? up to 50 g/cm? A
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Resolution of Proton Radiography

1. Object scattering - introduced as the protons are scattered while traversing the object.

g

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.

Object Scattering

Proton position at
image

Incident proton

Chromatic Aberrations

~— 800 MeV
— 775 MeV
~—— 750 MeV

I
il

& ‘ " '

|G OP _ -8P141
F.=L.0U— = C\ ——=
c ¢’ p v pz

Image Location

Assume detector
development can keep up

Detector Blur

[*/Scintillator

—e | 1 4 pellicle
Proton 2
Beam

=

: - i . |
= : e =)
= : -

Camera
Scintillator Camera
1Vl o
o. =010 — Resolution is

independent of
proton energy

A
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Measurements of Object Scattering Blur

2.5 Ip/mm
Sigma=0.061 mm

4 cm of Al
«—>
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Position(m
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1,0 1411 \/? R
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Chromatic Aberratlon and Resolutlon

780 MeV

800 MeV

Station 2

sation

2
{ ®  Lens+Camera MTF
| Lens+Camera MTF Fit |
§ w
i .

820 MeV

12 inch lens
Station 1: 178 um

Station 2: 280 um

Gaussian blur function.

120 mm field of view

P
A:»--')
» Los Alamos



Thin Lens Approximation

z[/ 0}(1 s\ / 0}[1 21\‘[/1 0\(1 s]{ /1 0[1 1\_[—1 OJ
a+of. O U= gy PO 1) Vi+6)f o 1/\_1(14—5]‘ o 1) Lo -1

‘MH M12 ‘_
\'wzl 22/

—_—

gl 7N N~ N

To make an identity lens Chromatic blur is ~proportional to lens length
dM
_ 12 _ _
f =Als =T, =4 +s)

do A
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Chromatic Blur—Limning

: - : . Focus on high ener rotons
Limb: To outline in clear sharp detail J P

T High
Like phase-contrast radiography: I AL
» Useful to enhance edges 05 |
 Problem for density reconstruction Low .
Resolution proportional to energy offset _ o\.i..\l
E - Ef O.2||'I'1.\
o=C % I\ .
-1 -0.5 0.5 1
L, |
Low + High
780 MeV 41 800 MeV T
1:]\
;j\&.":
Protons = ‘ e = Xiam)
s
NS » Los Alamos




Example: Focused on high energy protons

Focus on high energy protons
z High
0.8 I|'I‘

Low

X(amn)

Low Energy

-1 -0.5 0.5

Low + High

~ X(am)
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Results of Scaling 800 MeV Resolution

Resolution: RMS of a ~Gaussian distribution

High Explosives Ne Betestar Blur Uranium
1000 — 10000 +
- 1000 + \\\ — |
8100 r@ : \—
= ) 200 g/cm?
) 50 g/cm? 5 150 g/cm?
E 40g/em? -2 ‘ ,
c 130 g/cm? ~ 100 - B ,80 glom
2 5 ' 40 glem?
5 20 g/cm? 2 g’em
B 2 b=
8 16 g/em ° 20 g/em?
O 10 ~ 112 g/cm? &
Q 2
- 8 g/cm? o 10 g/em
. 6 g/cm? 19 5 ,
4 g/lem? Hgicm
2 g/cm?
0.2 g/em? 0.5 g/cm?
1 T T T 1 1 T L T '
0 5 10 15 20 0 5 10 15 20
Proton Energy (GeV) Proton Energy (GeV)
4 GeV Protons 20 GeV Protons
25-350 micron resolution in HE 2-100 micron resolution in HE
25-1000 micron resolution in Uranium 2-350 micron resolution in Uranium
Va
B
AlJC A ¢
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Comparison of Scaling to a Measurement

Scaling is a factor of 2-3
too conservative.

1000 T

Resolution (microns)

100

—
o

French Test Object

7 GeV Protons
163 g/cm?
\ 200 micron

\\
163 g/cm?

v‘ 1009/Cm2
75g/cm?
Eﬁ

50 g/cm?

25 g/cm?

15 g/cm?

— 8 g/cm?

4 g/cm?

0.2 g/cm?

2 4 6 8 10 12 14 16 18 20

Proton Energy (GeV)

N\
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800 MeV Magnifying Imaging Lens

10m

A

o’ 4 r/ f//'
¢ 3
AW
77 T f
/ f/ J \ ' 1
/ | 1
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Image
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Thin Lens Approximation
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ALYOA
VA 5

L
» Los Alamos



X3 Magnifier Resolution

65 um RMS resolution
Approximately Gaussian Point
spread function

=

Resolution Versus Magnification

| 160 - — — : 140
- Msisured Trdnsm|5|on l - Measured
:al:r:nsmls;nn — 140 —— l Fit = 120
ine Spread Function | g y
= — Field of View
% 120 ‘ o
, 2 \ + 100 E
| 2 100 £
(8]
£ I
S ~— 80 - ] S
‘@ =
2 (o] T 60 B
: | £ 60 S o
T ° a 1 o
= @ 40 O
| 8 \
[ 20 P ot B
0 | 0
4 6 8 10
Magnification
-0.5 -03 -01 01 0.3 0.5
Position (mm)
) e
| YA [a)) y
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Commissioning of the pRad Microscope System

;_l"' - rf— ]

* v Fapem T
Wil | o JE

a
Expansion'
"EUTEHT: D et s

Magnet

| ool A
Locatiof rEI i< l

ey {: "_i"\'\:f .
g CHE
e X7.1 Magnification
e 18 mm field of view
* 18 um resolution
* Radiographs at 9 times
’ 0 t0 20 30 40 50

Line Pairs per mm /\
AIYOA P
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Solid-Solid Phase Transition in lron

(X3 Magnifier)

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.

AP AP
|dentity Lens > 8.7% X3 Magnifying Lens B 8.1%

copper [ron

Resolution improvement equivalent to an energy increase

from 800 MeV to 2 GeV (in terms of chromatic blur) A

S4 . Los Alamos




Combine Higher Energy with Magnification

800 MeV Proton Radiography

140

120

100

80

60

40

20

Field of View (mm)

100 ¢

—

Resolution (microns)

01 +

1000 +

Thin object resolution: 1mm of iron

¢ 4 GeV calculated
4 GeV Scaled
20 GeV Calculated
20 GeV Scaled

@ 0.8 GeV Measured
——0.8MeV Scaled
12 GeV Scaled
® 12 Gev Calculated

i
o

P
L T

Magnification

Magnification at high energy could result in high
resolution (<1 micron?) with a 20 mm field of view

120 + e S
= Measured

100 3 —Fit i
Ty Y + Field of View
o 1
o 80
o
A ~-
= 60
o 4
5 \
o 40
7)) A £
Q
o \

20 \R 1

0 ;

0 5 10
Magnification

ALY A
TV A 5
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Simple Figure of Merit Comparison

Figure of Merit=dose/G?

12
10
8 —_—
20 GeV Syncrotron, 10 pulses
—
B
D 6
0
T 4 GeV Syncrotron ,3 pulses
e’
o))
O 4
3 GeV LINAC, >100 pulses
0.8 GeV LINAC, >100 pulses
2
0
0 50 100 150 200

Area Density Cu (g/cm?)

2
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Material Strength Experiments (Olson Series)

(X3 magnifier)

: L \ 2 mm offset 3 mm offset
z;FW Ifl'[ to !—lopk]msonl-Bar Eiata Kecalbiatio
Direction
Copper
#01 Tes00K ¥ __ Metal Sample
300 2 \
g v
S * I High Explosive Ssae
o Gap
g 200 g
2] ﬂx
150 | 4 §a2esst
3.1e5 s
2.085st
100 + g 9.0e4 s
0.084 s q.)
- ‘ , . . Calculated Strain Rate =
-4 ~2 0 2 4 i:
Lng[d\.]J/dt] (3-1) D e B e s LR 1,-
] pRad data t
*] — PTW
$E DETONATCR /E\ |- -~ ’
ik E l SG ‘
sl 4 -
Cu TARGET el ]
VX 7501 E 1 l ¥
N D 1~ D _ ‘,i_!_'—_ é—m _i : l 5mm
-———*y__%-‘v-\,‘ m—— =1 '::—_ . =
f t < - Cu Plate
|4,|
' ;-‘H 3
Wl . HE
o h Tir-T-\e (us) A
ALYOA

S
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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).



aluminum

l 1.4 km/s © Flyer

Target

Impact

Shock in flyer

Shock in target

Shock in flyer

Shock in target

Shock in flyer

Shock in target

Shock in flyer

Shock in target

copper

Powder Gun Al/Cu
Equation Of State

Stress (GPa)

“)\D

Breech
b — -

|

T E—— — —

) ! i T 7ThA T T T
~—— Al Hugoniot
A AjpRad Data
e N SR I Cu Hugoniot q
®  CupRadDala y |
30+ , .
=
20 2
[
10 1
0 Il 1 1 }/V 4 1 ] 1
20 25 30 35 85 90 85 100 105 110
Density (g/cm])

TABLE 1. Summary o the experiments with the unveriainties for cach quantiny shown (n parentheses

Tmpacton Peak Lnitial Caleulited  Measured
Tmpactor/ velueity stress density density density
Expenment saniple (o sy GRS 12 om) [e/em’) (2/em') Agrevinent
| Al 66 ]-To 1452 1227 2710 67 U700 o
(0H.012) (i (1K)3) HIKITIAYY (1025
k/ Al 6061T6 1422 1198 2710 REIC] LUS6 0%
(€,002) (LIRS {003 (00044 (102
1 OFHC Co 130 259 LIRS 10,30 1028 0.2%
(.04} (I F} (15.0013) (054 (0.08)
4 OFHC Cu 1.249 7.6 5 U8 1024 1028 044
.2y 106} (Hinmx (0.0 ) (0.0%)
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Solid-Solid Phase Transitions in Iron

Al Flyer

1D 3D
Ambient elastic  plastic Neaw
Fe Target crystal phase phase phase Voids
9 ' ‘ 5
- Shock drive - Release wave
T T T
240 I ! !
© 9~ F200 ﬁ
S 160 7
= / Phase o >
= ShOCk / iy s _g 80 ; ) . I*; ¢ ]
Transition N B S %
£ g 0 Sa A/K N
S 07 08 09 5
= _ Volume (V) /
Re FE —
= Z T T T _J
s 2,8 ¥ 35000 S
> - g = oo o
'%5 s K 7 §4DUU — éé_ ] =l
2 P = 2000 -
@ L aa&em™ f‘/ 'E"*Ul‘” .'L‘-“’f T B |
RS e “Noo 200 a00
5 B ; Pressure (GPa) —
A f/& MD (polycrystal) \
- o  MD (single crystal [001]) cl <
i Experiment (polycrystal) i
PO B L | | | 1 |
4] 1 2 3
Piston velocity u, (km/s)
v F
Phys. Rev. Lett. 98 135701 (2007) 2 -
| YA Lo
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pRad has been used to study the failure of materials driven
by point detonated high explosives

VISAR . , .
P,lr_‘?b?_, A comparison of spall for different materials

Copper Aluminum

Distance from VISAR T proton-beam
robe tip tO metal . /' center
s‘zrface (35-60 mm)

(drawing not to scale)

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.

e  Multiple pRad experiments show that damage
formation deep within the metal is “statistical” in
nature and dependent on metal.

~3
TVA » Los Alamos




The origins of eRad

il
57@* BENE i
R iW:: & | ABOEATOEY,

*. |~4‘5‘. f

"Okay. ND.', 1h1t we h Y hrmh’lrqu ihe
sample with crovions 10’1 the answer. what
sdy we Iry Electrons. A
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30 MeV Electron Microscopy

= Vertical (0.080 mm RMS
Horizontal (0.096 mm RMS) 1.2 1 ( — )
1.2 a—— T o Measured Transmuss ion
o Measured Transrission 14 ——TFit Transmission
14+ Fit Transirission T - J,/—'
' /"'" S os
0.8 - o=

|

|

|
NnSMissi

|
\\\

Transmission .

!
Lﬁ

o
‘
t

S—

0.5 0.3 01 0.1
Position (nuim)

05 03 01 01 03 05
Position (mm)

Radiograph of the
tungsten filament from
a small light bulb. The
filament is made from
a 0.025 mm tungsten
wire.

Radiograph of a fishing
fly. The feather
material has areal
densities of >0.5
mg/cm? and is 0.1-1
mm in diameter.

03

d
0.5



Density Resolution

0.0030"

200 mg/cm?

0.0045”

300 mg/cm?

Transmission
o o
N
()]

o [N

o

0.08

o4

05

Position

0b

Measured transmission through
one aluminum step wedge.
Measurement is in reasonable
agreement with calculations

Need to develop a method to
accurately measure beam energy.
Need to collect data with step
wedges of various thicknesses and
materials.

Need to determine how low in
transmission results in a useful
density measurement.

)
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Sensitivity

Magnetic field of a refrigerator magnet

Hand written “eRad” .

e 1” wide * ~500 Gauss field at magnet surface

* Pilot “Golden Pen” ink containing * Electrons deflected by the B field are
intercepted at the collimator location.

17% copper (<0.001 thick)
e 5x10'" electrons

Al Stand
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Proton-Electron Comparison

dE/dx linearly

!"_h_‘ e e — ] increases for electrons
. rd above critical energy.
[ rs Typically ~30 MeV.

Therefore, dP/P for
Bremsstrahlung
, interacting electrons
] . does not decrease
i / with higher energy.
|
|

A dE/dx nearly constant
' .~ (logarithmically

| - ’ increasing) for protons
|2 g o, above 1 GeV.
Therefore, dP/P

| decreases with higher
l K | energy improving

' chromatic aberrations.

107" 10' 103 08
Energy [MeV]

Question: Are there enough non-Bremsstrahlung interacting, forward electrons to make
useful radiographs? A

1
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Energy spectrum of electrons reaching the image location

counts

1 mm Fe cube radiographed with 35 GeV electrons

Long-range blur

Point Spread Function

|
|

T
Position at Image Location (microns)

Position at Image Location (microns)

Energy (MeV)
100 nm FWHM

Fe
oA )
SN2 > Los Alamos




What energy electrons do you need?

RMS Resolution (microns)

fron point spread function

Berylium
10 =|ron
Uranium
1 | = 3 1
0 MeV |
Uranium point spread function
0.1
,'.’"'[r 00 ~ }T‘
{ h‘L ] f
B i [*{"T“ TM‘ ” L J L\‘l
0.01 | -(\\:‘-,Tm'n"? I, TIN"I'.‘LL"kz MW"TW | 1{».\""’\ al
0.001 - o | Jﬁﬂ ’ : L |
100 1000 10000 35 GeV 100000 SR B |
Fﬂww@ﬁlf;l”.'f'l ; "““"“L"v‘“}vs«l‘lg- Lv TTTTT i }‘-“”“ﬁ‘"-f‘——f-—p-J‘
Energy (MeV) : .
N

: >
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How thick an object?

Iron Object of Various Thicknesses

2 mm PSF 3 mm PSF

Hesolution (microns)

10

~RMS width of “core” through Iron

1 2 3 4 5 6

Object Thickness (mm of Fe)

Long range tails are a problem.

/N
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Summary

oA
[ "

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.

High energy proton radiography has been demonstrated
at 24 GeV.

Magnifying lens systems coupled with a high energy
proton source could provide unprecedented views into
dynamic systems.

— 1% density measurements with micron resolution!

Electrons may be a powerful probe for studying thin
systems with high resolution.

VA

B
» Los Alamos



