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Imaging beamline for high energy proton radiography”
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Abstract: Proton radiography is a new tool for advanced hydrotesting. This article will discuss the basic

concept of proton radiography first, especially the magnetic lens system. Then a scenario of 50 GeV imaging

beamline will be described in every particular, including the matching section, Zumbro lens system and imaging

system. The simulation result shows that the scenario of imaging beamline performs well, and the influence of

secondary particles can be neglected.
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1 Introduction

Classical radiography involves un-
charged incident radiation such as X-rays and it al-
lows one to see inside a complex structure without
disturbing it. Till now, the flash X-rays radiography
[1] is the experimental cornerstone of hydrodynamic
research. In spite of numerous improvements in flash
radiography over the past 60 years, the dose limita-
tions, position resolution and backgrounds still limit
the utility of such a technology [2]. Recently, a new
idea, high energy proton radiography [3, 4], has pro-
vided a potential development direction.

In comparison with flash radiography, proton ra-
diography has higher penetrating power, higher de-
tection efficiency, less scattered background, inherent
multi-pulse capability, more exact material identifica-
tion and large standoff distance between test objects

and detectors.

typically

Proton radiography technique depends on the use
of a particular magnetic lens to compensate for the
small angle multiple Coulomb scattering (MCS) that
occurs as the charged protons pass through the ob-
ject. The use of such a magnetic lens turns the oth-
erwise troubling complications of MCS into an asset.
Protons undergo the combined processes of nuclear
scattering, small angle Coulomb scattering, and en-
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ergy loss, each with its own unique dependence on
material properties. These effects make possible the
simultaneous determination of both material amounts
and material identification. This multi-phase interac-
tion suite also provides the flexibility to tune the sen-
sitivity of the technique to make it useful for a wide
range of material thicknesses.

2 The magnetic lens system

When a proton beam passes through a dense ob-
ject, the transmission rate, N/Nj, is given in terms
of the path length [ through the object and the mean
free path A by

N/Ny=e"t/, 1)

where Ny and N are the incident and surviving parti-
cle numbers respectively. The surviving protons un-
dergo lots of MCS that produces a roughly Gaussian
angular distribution [5] at the exit of the object, the
half-width is
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where p is the beam momentum in GeV/¢, fc is the
beam velocity, L is the path length through the ob-
ject, and Ly is the radiation length of the material.
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High energy protons can be used to radiograph
a dense object, however, a simultaneous angle diver-
gency caused by MCS is unavoidable. A particular
magnetic lens system [6] is used to focus the particles
exiting from each point of the object onto a distant
image plane. Without the lens, the MCS would seri-
ously blur the radiography image. Furthermore, the
magnetic lens system can provide angle sorting which
allows the introduction of an angle cut aperture to aid
material identification. Such a magnetic lens system
was designed first by J. D. Zumbro at LANL, so it
was also called the Zumbro lens.

The Zumbro lens system which consists of two
identical FODO cells, as shown in Fig. 1, can achieve
one-to-one imaging. In this case, the transfer matrix
of one cell is

2
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The above formula describes the single cell by thin-
lens approximation, where f is the focus length of the
quadrupole magnet. The whole Zumbro lens can be
expressed as

R=DM-M=Tr(M)-M —det(M)-T. (4)
where Tr(M) = M1+ M, is the trace of M, the de-
terminant det(M)=1. If the trace Tr(M)=0, that is
to say when

f’=L-8, (5)
the whole transfer matrix & = —I and the beamline

can achieve one-to-one imaging.

quadrupole midplane image
Fuuin I I
L L

The angle cut aperture must be placed where the
rays are completely sorted by MCS angle; this always
occurs in the midplane of a chromatically matched
identity lens. Assuming a particle with initial coordi-
nates (xg, 0y) passing through the object, neglecting
the length of the object, the coordinates change to
(zo, 0o+ ), and here ¢ represents the angle devia-
tion due to MCS. The position of this particle in the
midplane is

Tmia = M1120 + Mi26 + Mi2p0. (6)
If we choose the initial beam strongly correlated,
90/.’170:(.0 and W:—Mll/Mlg, (7)

in which w is the correlation coeflicient, the angle
sorting function can be carried out.

Considering the particle’s momentum deviation
d = 0p/p, the final position of this particle in the
imaging plane is

re = (Rn +R/115)330 + (R12 +Rl125)(90 +)

= Ruwo+ Ria0o+ (R, +wR,) w00+ Ry 00.
(8)

For the Zumbro lens, the second terms satisfy the
equation [7] as follows,

R +wR,, =Tr(M) (M +wM)=0.  (9)
Combining Eqs. (7-9), the final position is
xr=—x+ R, 0. (10)

The remaining chromatic aberration blur depends on
the deviation angle ¢ and the momentum deviation 6.

3 The 50 GeV beamline

Proton radiography requires a high energy beam
to penetrate a thick object while keeping the MCS an-
gle and energy loss small enough to allow good spatial
resolution. Proton energy of 50 GeV is suitable to the

Fig. 1. The schematic of the Zumbro lens system. design goal of 1 mm imaging blur. In this chapter,
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we will introduce a scenario of 50 GeV proton radio-
graphy beamline, in which a matching section, the
Zumbro lens system and imaging system will be par-
ticularized. Fig. 2 shows the schematic of 50 GeV pro-
ton radiography beamline scenario, and Fig. 3 shows
the twiss parameters of the beamline.

3.1 The matching section

The required phase space correlations are pro-
vided by a matching section just upstream of the
object. Moreover, this section must also expand the
beam’s transverse size to fully illuminate the field-of-
view.

The matching section includes a diffuser and mag-
netic quadrupoles. The high energy proton beam
passes through a thin diffuser, which gives a small an-

gular divergence to the beam and then passes through
a set of magnets, which introduces a correlation be-
tween the radial position of the proton in the object
plane and its angle.

What is shown in Fig. 4 is the evolution diagram
of a high energy proton beam in the matching section.
The transverse emittance of the incident proton beam
from the 50 GeV accelerator is about 0.2 mmm-mrad
and the beam width is about 0.66 mm. The diffuser
should adopt high Z metal to decrease the transverse
spread. An 18 mm tantalum plate is used to spread
the 50 GeV beam, and the average scattering angle
of the proton beam is about 2 mrad. Passing through
the downstream 25.5 m matching section, the proton
beam is enlarged long enough to illuminate the whole
object.
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Fig. 3. The Twiss parameters of 50 GeV proton radiography beamline.
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Fig. 4.
the diffuser (b), at the object plane (c).

Evolution diagram of transverse phase space.
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3.2 The Zumbro lens system

To acquire perfect performance of the Zumbro lens
for proton radiography, the chromatic aberration blur
R ,pd should be small enough. Both ¢ and § scale
inversely with the beam momentum, so better resolu-
tion is expected with higher beam momentum. The
chromatic coefficients [8] R}, (for x direction) and
R}, (for y direction) are decided by the Zumbro lens
system. In the case of thin-lens approximation,

R, =A(L+S). (11)

To decrease the chromatic coefficients, the feasible
scheme is to increase the field gradients of the mag-
net lens. So the use of superconducting quadrupoles
is suggested. Assuming the quadrupole’s pole tip field
of 5 Tesla, the lattice of the Zumbro lens system can
be arranged within 24.6 m, and the chromatic coeffi-
cient is about 32 m.

In the center of the Zumbro lens system, the pro-
tons are sorted radially solely by their scattering an-
gle in the object, regardless of which point in the
object plane they originate from. This allows one to
place a collimator at midplane and use it to make
cuts on the MCS angle in the object. In the case
of proton radiography, the collimator adopts a hole-
type structure; the inner hole is empty and the proton
beam can travel through, the outer layer is made of
heavy metal which can prevent particles from passing
through. With the collimator, one can limit the trans-
mitted particles to only those with an MCS angle less
than the cut angle. Furthermore, the collimator can
shield a part of the secondary particles shower from
the interaction between the proton beam and the ob-
ject.

3.3 The imaging system

A light based detector system for proton radiog-
raphy is shown in Fig. 2. Visible light is generated
in a scintillator which is located in the image plane,
reflected by a 45° mirror out of the path of the proton
beam, and then collected and imaged by an optical
lens onto the photon detector plane that creates the
electrical signal. The photo detector is sensitive to
charged particles and must therefore be out of the
proton beam.

4 The simulation results

A great number of secondary particles are pro-
duced when a high energy proton beam impacts
the object. The secondary particles shower includes

gamma, neutron, proton, electron, 7t meson, etc. Af-
ter being focused by a magnetic lens, the charged
secondary particles are mostly lost before arriving at
the imaging plane. Moreover, a majority of neutral
particles are lost in the beam pipe. The ratio of the
number of secondary particles which survive and the
proton beam in the imaging plane is about 1:4. The
distributions of survival of secondary particles are
shown in Fig. 5, and 90% among them are gamma

rays.
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Fig. 5. The distribution of survival secondary

particles in the imaging plane, the number of
incident high energy protons is 1x10°.
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process. (a) Six-layered steel object, the thick-

Images from steel steps in simulation

ness of each one is 30 mm; (b) Image with sim-
ulation data; (c) Image with simulation data
divided by beam distribution.

Apart from the proton beam, the gamma rays also
deposit energy in the scintillator and induce visible
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light, although the photon flux is an order of mag-
nitude lower than that of the proton beam. In fact,
collimator can prevent a part of the gamma rays and
reduce the influence by 60%-80%. The effect of sec-
ondary particles can be neglected.

Shown in Fig. 6 are the simulation results by
Monte Carlo code GEANT4 [9]. The object is made
up of six layers of steel plates, and the thickness of
each one is 30 mm. The peak current of 50 GeV pro-
ton beam is 1.6 A and the beam pulse is 20 ns long;
the transverse emittance is 0.2mrmm-mrad. The sim-
ulation image is shown in Fig. 6(b); the number of
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