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Some Results from Experiment 963 (U) 
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We present radiographic data taken wilh 24 GeV/c protons provided by 
Ihe Alternating Gradient Synchrotron at Brookhaven National Laboratory 
011 a set of high fidelity test objects. The test objects were designed to re
produce the time dependence of areal densities predicted by hydrody
namical calculations of a primary hydrotest. The goal of this work is to 
determine the quantitalive limits ofprlJton radiography. (U) 

Morris, c.L.., et aL 

UNCLASSIFIED 

n 

1 

) 



• 
~ , 

' .. ...J 

UNCLASSIFIED 

Introduction 

Wilh the cessation of underground testing. considerable effort has been expended to 
improve x-ray technology. The most recent manifestations of this effort are the first axis 

. of the Dual-Axis Radiographic Hydrodynamics Test (DARHT) facility and the ARIX fa
ci lity I. These machines are producing the largest doses and smallest spot sizes ever 
achieved for flash radiography. Nevertheless, better infonnation than is obtainable with 
x-rays is needed to answer the questions about stockpile perfonnance to the precision re
quired for long tenn stockpile certification. 

The limitations ofx-ray radiography and the motivation for studying proton radiogra
phy for hydrotest experiments arise from very simple considerations. The optimum mean 

free path. )., for radiographing an object of a given thickness, I, is ). - i. The maxi-
2 

mum mean-free path for x-rays occurs at energies near 4 MeV and is about 22 gmlcm2 or 
a little over a centimeter of uranium. This is far from the optimum for hydrotest experi
ments. An alternative to x-rays is provided by hadronic rather than electromagnetic 
probes. The hadronic mean free path in uranium2 is near 200 gmlcm2 and is much better 
matched 10 hydrotest radiography than the x-ray mean free path. Consequently, the same 
statistical information can be obtained with a much lower incident flux ofhadrons than 
with high energy x-rays. 3 

It is possible to take advantage of the long hadronic mean-free path by using high
energy protons as a radiographic probe. High intensities are available in short pulses us
ing current accelerator technology. Since protons are charged, a proton beam can be dis
tributed across a radiographic object and focused onto downstream detectors using efec
tromagnets.4 

The scale of experiments which can be radiographed at a given proton energy is lim
ited by the chromatic aberrations in the magnetic lens system. Because the beam is 
"matched" to the lens, aberrations are dominated by the chromatic length of the lens, 
<xl 00>. The blur due to this term can be calculated as ..1x=<x1 (JlJ> (JulJ where l1r is the po
sition blur, (JtJ is the multiple scattering angle for protons transmitted through the experi-

ment,o is the momentum spread of transmitted protons, and (xl(JlJ) is a coefficient 

which is generally on the order of the length of the lens system. For a given experiment 

I Carl Ekdahl, "Modem Electron Accelerators for Radiography", IEEE Transactions on Pluma Science. 30 (2002) 
254-261. 

ll'ar1icl.: Data Group, Eum. Phys. 1 CJ (1998) I. 

.1 c. L. Morris, ct al .. "" comparison of prOlan and x-ray thick object radiography", Defense Research Review, in 
p~ss. (2004) 

• 1\. G:lVwn. C. L. Murris. H. 1. Ziock. and 1. D. Zumbro. "Prolan Radiography: Los Alamos Nalionallaboralory 
dncumCnT I.A·UR·lJ6·420. 
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both BII and () scak as lip where p is the beam momentum. Therefore, the chromatic blur 
scales as lip] assuming the length of the lens is constant. 

In a set of experimentsS perfonned using the Alternating Gradient Syncrotron (AGS) 
at Brookhaven National Laboratory (BNL), data have been taken on a set of test objects 
to validate proton radiography and to compare it to X-radiography from DARHT. Both 
the higher momentum and lower chromatic aberrations, 24 GeV/c at AGS vs. 1.4 GeV/c 
at LANSCE, and the higher intensity, lOll vs. lOll protons, aJlow a much broader program 
of experiments in support of science based stockpile stewardship (SBSS) if such beam 
were available for dynamic experiments. In all cases that have been studied the qualities 
expected from proton radiography have been verified, and in comparisons even low in
tensity bunches of 1010 protons provide a radiographic advantage over DARHT perform
ance of a factor of between 10 and 100 in units of dose.3 

Test Objects 

In proton radiography there are two components to the attenuation, 

!i.(xo,Yo)= t}. (xo,Yo )MS(Xo,yo)' In this factorization approximation, the first tenn is 
No 

due to nuclear scattering and the second is due to Coulomb multiple scattering. Here Xo 
and Yo are the coordinates at the object plane of the lens. 
The first term can be obtained by a generalization of the discussion above: 

( ) 
-1\( ..... '·0) 

t}. XII,Yo = e ' 
where I\{xn.yaJ is the attenuation-length weighted path-length integral on the trajectory 
that goes through the point (Xo. Yo). 

Proton radiography relies on lenses to restore position resolution lost due to the Cou
lomb multiple scattering. The images in a two lens proton radiography system can be 
used to separate the loss of flux due to Coulomb multiple scattering from the loss due to 
nuclear scattering and allow material identification.6 If the multiple scattering angular 
distribution is given by a Gaussian, the transmission through an aperture located at the 
Fourier point, that transmits protons with polar angles smaller thane" in the lens system 

is given by: 

~ K. Alrick. el aI., "Some Preliminary results from expcrimml 933", LAUR-OO-47% (2000) . 

• C L. Morris, "A study of the effect of angular IlCceplance on material identification for the AHf:' 
LAUR00479S. 
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t MS = - J e 2t1"ede 
2 0 

.. 
tMS :or (l-e-X(,.,!'.') 

where: 

00 = 14.1 ~X(xo'Yo) 
pf3 

0~p2f32 
K = --"'-!.--7-

14.1 2 

Here f3 is the proton velocity relative to the speed of light and X(xo' Yo) is the radiation 

length weighted path length integral on the trajectory that goes through the point (Xu. Yo). 

Hydrodynamical calculations give the volume densities, p''j(r,z) , as a function of po-

sition for each of the materials,j, where axial symmetry has been assumed so that the 
volume density is written in cylindrical coordinates. For proton radiography, the illumi
nation from a chromatically matched source leads to trajectories through the object that 
can be written as: 

x(z) = xo( 1+ :.) 

y(z) = yo(1 +2-]-
L,. 

Here, L. and Ll' are matching distances in the x and y directions respectively. These are 

a result of the linear angle position correlation built into the beam to cancel the first order 
chromatic aberrations. This is similar to the cone beam correction for x-ray radiography 
except for a sign change in the second term. 

The path length integrals separated for each material j, Xj(xo,yaJ and l\(xlJoyaJ. are 
given by: 

P'j xo(l +-=-),Yo(l+-=-) 
L. L,. 

'\ (xo ' Yo ) = J-->--..:.....---'-----'-------'-'-dz. 
Aj 

whcrcX(xo,Yn) "" fXj(Xo,Yo), and A(xo,yo) - fAj(Xo,Yo). 

Althuugh the volume densities encountered in a hydro test are too large to be repro
duced with static materials, one can reproduce the path-length integrals by using objects 
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that are extended in the beam direction. 7 An ideal test object could be constructed of at 
least two materials and would match both of these integrals. The angular acceptance for 
designs for the AHF is large enough so that 'MS can be near unity.6 Since the goal of this 

experiment was to reconstruct the densities of the heavy metal we took advantage of the 
simplifications that could be obtained by using a single material test object that faithfully 
reproduces A(x",yo)' 

It is advantageous to use a high density material for the test object in order to keep the 
length as short as possible in order to minimize uncertainties due to blur and alignment 
associated with the extended length of the object. Previous experiments have suffered 
from difficulties due to the non unifonnity of machinable rungsten alloys. The best high 
density choices are the base metals, gold and platinum. We choose to use gold for these 
tests, which has a density of PAu = 19.3 gm/cmJ

, has purity exceeding 99.9% in standard 

fooo, is easily cast and machined. The test objects were constructed by interpolating the 
surface: 

~ .\" + ')0 + - ........::---"-'~-'--':!'.. .. ( . (1 ~) '(1 .!...-j) _ A(Xo,Yo)AAU 
L, L,. Ph 

onto a rectilinear grid. This surface was used to produce a slightly oversized graphite 
mold. This rough fonn was cast and machined to its final shape using a computer
controlled three-axis milling machine. The machining was perfonned by profiling the 
outer surface with a set of ball endmills with decreasing diameters as the machining ap
proached the final surface. The maximum reach of a given diameter end mill defined the 
fidelity to which the object could be machined. The outer profile of the objects was ma
chined with a 6.35 mm diameter endmill, while the inner details were machined with a 
3.175 mm diameter endmill. Because there are expected to be some significant effects 
from the machining process near edges8 full metrology of the final object is planed 
though not yet completed. 

Experiment 

Protons were provided by the AGS at BNL in single bunches, on demand, of up to 
2_10 11 protons per bunch. The beam momentum chosen for the work reported here was 
24 GeV/c. The magnetic optics for this experiment consisted of the beam transport line 
(line U), a diffuser which was fixed at 6 mm thick of tantalum, a matching section con
sisting of and an identity lens.9 1 schematic of this system is shown in Figure I). Beam 

7 Douglas Venable, "The FcasibililY ofSludying Imploding Weapons Using Flilsh RadiographY,"lo$ Alamos Repon; 
GMX· 7·S112 (1952) . 

, Tom Asaki and Kevin ViKi.:, conlribulion 10 this conference: . 

. , l' Thomas MOllersh.:ad and John D. Zumbro. "MBgnetic Optics for Prolon Radiography", Proceedings ofthe 1997 
Ac.clcralor Conference, (19911) 1397-1399 
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positions were measured at two locations upstream of the diffuser and two locations 
downstream of the diffuser with a set ofCCD camera·imaged phosphors, and by two hy
drogen ion chambers. 10 Integrated beam fluxes were measured using a set of integrating 
current transfonners, two upstream of the target and one in the image location. 

l!i 3Cl 35 ~D 50 
Pathl81g1h 1m) 

D .- Env[aal a[_1 kI>qt.h[_1 G['2'/_llIpol_[kGI 
1 d~f.. 1.52 3.81 14.571' 
a ZQl 3Q31 1.7' 3.81 0.9174 It.73ll 7.518 
l z8p 2.41 3.81 1.381Q 
4 Z02 3031 3.21 3.81 0.9174 l'.7lll 7.518 

"'igure )) schematic layout of the matching section and lens. 

.a~hl_1 

14.577 
n.5H 
11.to5 
17.8525 

The redundant beam monitoring proved to be important in the data analysis. The 
cameras that imaged the phosphors, the most precise beam position measurement, failed 
to function properly for about half of the test object data. Beam position corrections for 
this fraction of the data were made using the hydrogen ion chamber information. 

A remotely-controlled translation stage (background stage) was mounted 1 meter up
stream of the object location which allowed a IS-cm block of tungsten, a I cm diameter 
(S-cm long rod of tungsten. a IS-cm thick tungsten block with a I-cm diameter hole, and 
a open position to be scanned horizontally across the object location. These were used to 
measure the scatter (the sum of light and proton) backgrounds in the images. 

A remotely-controlled stage that aHowed two rotations and translation in both direc· 
lions in the plane normal to the beam was placed at the object location. This stage al· 
(owed each of the test objects needed for the experiment to be placed in the beam and 
;11 igncd without making an entry into the beam line. This was crucial for obtaining the 
amount of data needed to characterize systematic uncertainties and to perform all of the 
..:alibrations needed for this experiment in the allocated time. 

'" J .arry S~hull". K. K. Kwialkowski. C. l. Morris. A. Saunden. G. E. Hogan. F. E. Merrill. and K. B. Morley. "A nar
rLlw gal' 1"11 chamber fur bc:am mol ion correction in prolon radiography ell:periements", Nudear Instruments and 
Mdh,.,I, III I'hysic~ Rescarch A. 508 (2003) 220-226. 
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There was a remotely-controlled rotational stage at the Fourier (collimator) point in 
the lens system that allowed a phosphor screen or one of a set of four collimators to be 
placed in the beam. The data presented in this work were all obtained with one collima
tor with a nominal angular acceptance of 6.68 mrad. 

We used two detectors in the image plane. One was located at the nominal image lo
cation. The other could be moved from I cm to 30 cm downstream of the fixed detector 
to image at a different energy! position in the object plane. The second camera increased 
the dynamic range of the system and demonstrates how lower energy m..:hines may be 
used for hydrotest radiography than were proposed in the AHF project. Each of the de
tectors imaged a 3_3 array of 40_40_-1 mm thick lutetium oxyorthosilicate (LSO) ra
diation to light converters that imaged the beam transmitted through the object and the 
lenses. 

Data processing 

A number of corrections were made to the raw images. Amplifier baseline and dark cur
rent were subtracted. The "stars" resulting from direct proton interactions (which affects 
> 1% of the pixels) were replaced with an average value from surrounding pixels. The 
image of each tile was corrected for a fraction of the right which carries no spatial infor
mation, but rather glows with intensity proportional to the total flux incident on the tile, a 
2% correction" I Light scatter, beam halo, and off momentum scattered protons and other 
charged particles can all cause diffuse background in the image plane. The data were cor
rected for this "scaller" background using a previously described method for long range 
blur corrections. 12 The parameters of this correction were obtained by radiographing dif
fercntthicknesses of the gold step wedge through the different beam conditioners on [he 
background stage. and adjusting the length and fraction ofthe long range blur to give the 
best results. We found that a long range blur of2 cm range with a fraction of4% repro
duced both the step wedge and thick object data remarkably well. These are the parame
ters that were used throughout the analysis. 

Data were taken with the step wedge moved though the object plane using the object 
stage. This procedure gave a range of gold thicknesses at different positions across the 
image plan. Data were also taken as a function of lens selling. No significant depend
ence to transmission was observed as a function of position or momentum across the dy
namic range of the test objects. These results show that transmission through the full dy
namic range of the test object can be adequately described using only three parameters, 
the beam emillance. an effective Xo. and the effective A for gold. The beam emittance 

parameter accounts for the angular spread in the beam due to its intrinsic emittance and to 
material in the beam (windows, air, etc.). 

II Chri~ MotTi~.et. al.. "Tile Glow Correclion." LANL. LLNL. and Bechtel Nevada. private communica
tion (2002) hllps:llprad.lanl.govlNoteslRestricledINoLA-URITlileGlow.pdr. 

I: N, S, (', King, K B. Murley, C. l. Morris. and P. Pazuchanics, "Long Range Blur Correction ID Proton Radiography 
Uala", LA-lJR-OI·OI27 (20(11). 
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Through the course of the experiment about 200 beam exposures were taken. These 
were each analyzed as described above and fitted with a two dimensional Gaussian. The 
avemge of the residual of all of these fits was used as a fixed pattern noise correction of 
each of the data runs. The upstream beam monitor data was used to estimate the width 
and position for each beam pulse. The intensity of each beam pulse was measured using 
the upstream transformers. Each radiograph was divided by a two dimensional Gaussian. 
whose parameters were obtained from this data, giving absolutely normalized transmis
sion data. The beam pulses analyzed in the same fashion were used to estimate the un
certainty associated with this procedure. The uncertainty in the normalization was about 
1.5%, and systematic uncertainties across the image plane (flatness) were less than I % in 
general. 

Areal densities were calculated from the test object data by first dividing by a simu
lated radiograph of the overburden (high explosives etc), then inverting the equation that 
was used to fit the stepwedge data pixel by pixel. This resulted in areal densities that 
were zero outside of the field of view. and allowed the volume densities to be calculated 
using a conditioned Abel inversion technique. These steps are illustrated in Figure 2. 

Density calculations 

Areal Density 

Average 

Averil\le Model mom = 

fo'ijture 2) Analysis or data taken on tbe FTO Illustrating tbe density analYll1 and error eltimate. 

Several radiographs were made of each of the test objects. Both the root mean square 
(rms) difference across the data set for each object and the fraction difference between 
the average measurement and the model are similar to previous results obtained with the 
French Test Object (FTO) shown in Figure 2. The plot shows a histogram of densities in 
the 100 micron squared pixels across the field of view measured in four different runs, 
and a histogram obtained by averaging all four runs. Numerical values for the average 
and standard deviation of densities in the tungsten density are shown below the plot. The 
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actual density was 19.3 gmlcmJ• Finally, the integrated mass of the tungsten is compared 
lor the individual runs and the actual value in the table at the right of the figure. 

FTO analysis reproducibility 

.A 

( De 

! 04 

·10 a 1~ M » 40 

VIIi.- o.MoIIr (;mrUl'l~ 

run / ? ------------~-.--. 

6450 16.1604 2.1443 

6452 18.1056 2.1053 

6453 18.1259 2.0790 

6456 18.2224 2.1968 -------
__ ~rage __ .!.8 144~_..!.~3.!..... 

SId<W . 0051 

Run Mass 

grn 

6450 6916.5 

6452 69605 

6453 5976.5 

6455 71)04.5 

AduoJ 6903 

Avefll9" 5979.5 

Average/actual 1.011 

Sidev /Average 00026 

Density measurements 
'Reproducibility <1% 
'Precision -1% 

Figure 3 Quantitative flO resulls from experiment 955. These are Illustrative of the results from 
t''Iperiment 963. 

Given the caveat that the metrology on the objects is not yet completed, we can say 
that the agreement across the flat regions in density and averaged across the dynamic 
range present by the objects is well better than I %. Near the boundaries and in the outer 
parts of the object the agreement is worse. Some of this discrepancy may be due to the 
machining process, which leaves extra material in regions with structure and near edges, 
and somc may be due to radiographic blur. The resolution of this issue waits completing 
the mctrology. 

Conclusions 

In conclusion, we have described a new technique for construction high fidelity test ob
jects. We have used this technique to produce a set of test objects that reproduce the den
'silies predicted by a hydrocode calculation for a specific hydrotest at three different 
limes. Using a set of beam diagnostics, test objects, and various calibration techniques we 
taken a set of calibration data and developed procedures that result in sub-one percent 
density reconstructions in the flat high density regions of these objects. Discrepancies 
ncar houndarics and in lower density regions are being investigated. We have not ad-

MtJrri.". C.L •• , et al. 9 
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dressed the influence of multiple materials on this inference. Although this is expected to 
be a small effect on the analysis, we intend to further study this problem using Monte 
Carlo transport models. 
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