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Abstract

The capability of the chromatic aberrations correction of
Zumbro Lens lies on the angle-position correlation, which
is obtained by passing the beam through an expander and
the beam can considered as from a point source. However,
even after a long distance drift downstream the expander,
the angle-position correlation isn’t perfect because of the
existence of finite emittance. This paper discusses the in-
fluences of the emittance to the chromatic aberrations cor-
rection and the optimization of beam status in phase space
when illuminating the object. The emittance’s influences
to spatial resolution and object material indentification ca-
pability are also disscussed.

INTRODUCTION

Short pulsed, intense X-rays have been used to radio-
graph high-speed moving objects of high densities for
many years. The transmitted X-rays are detected to obtain
the areal density of the object. The X-rays’ source size, in-
cident flux, scattered backgrounds and detector efficiency
affect the quality of the projected image. Presently, the ad-
vance of X-ray radiography has almost come to its limit.

Protons can be used to radiograph objects with higher
spatial resolution, higher detector eficiency, multi-frame,
multi-axis capability and material identification capabil-
ity [1, 2, 3, 4, 5, 6]. When protons pass through the ob-
ject, Multiple Coulomb Scattering (MCS) process make
the exiting beam has an angular distribution. A follow-
ing magnetic lens can be used to cure the MCS resulted
image blurring. Because of the momentum spread in the
proton beam, the chromatic aberrations of the lens must be
corrected. Zumbro Lens can be used for a beam highly
correlated in phase space to make the position dependent
chromatic aberrations vanish.

But the illuminating particles are not perfectly correlated
in phase space. The finite emittance of the incident pro-
ton beam make particles distribute around the correlation
line. The proton beam’s status in phase space can be op-
timized to minimize the emittance’s influence to the chro-
matic aberrations correction. The finite emittance also de-
grades the spatial resolution and material identification ca-
pability, which are also disscussed.

CHROMATIC ABERRATIONS
CORRECTION AND EMITTANCE

In the process of protons passing through the object,
three types of interactions occur:

∗wangshaoheng@yahoo.com

• the nuclear interaction through strong force, protons
are lost from the beam;

• proton’s Multiple Coulomb Scattering with nuclei,
protons are deflected, which causes the image blur-
ring;

• proton’s Multiple Coulomb Scattering with electrons,
protons loss energy, which causes energy spread and
chromatic aberrations in the downstream imaging op-
tics.

The MCS deflected protons have a near Gaussian angu-
lar distribution. The rms value of this angular distribution,
in milliradians, is [5]:
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where p is the beam momentum in GeV/c, L is the path
length through the object, and LR ∝ Z2/A is the radiation
length of the material.

A section of specially designed optics, Zumbro Lens,
can be used to focus the beam at the image plane. Un-
der certain condition, Zumbro Lens can make all position
dependent chromatic aberrations vanish.

At the image plane, the final position of an off momen-
tum proton with initial coordinates (x, θ) is:

xf = R11(δ)x + R12(δ)θ, (2)

where δ = Δp/p is the relative momentum spread, and
R11, R12 are elements of transport matrix from the object
plane to the image plane.

If the initial beam is strongly correlated with correlation
θ = wx in phase space, particles in such a beam would
lie about the correlation line. Real particle has an angle
deviation φ from the correlation line, θ = wx + φ.

To first order in δ, the final position of this particle is:

xf = R11x+R12θ+(R′
11+wR′

12)xδ+R′
12φδ+· · · , (3)

where, primes indicate momentum derivatives.
When w = −R′

11/R′
12, all position dependent chro-

matic aberrations vanish.
In order to reduce the value of angular dependent chro-

matic aberration in Eq. 3,
〈
φ2

〉
need to be minimized. An-

other import measure of the performance of the lens is the
field-of-view (FOV), which is determined by the maximum
beam size when the beam travels through the lens. Obvi-
ously, smaller

〈
φ2

〉
would result in larger FOV.

The proton beam arrives at the object plane has a certain
finite emittance ε. φ in Eq. 3 represents all deviations from
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the correlation line, which includes both MCS produced in
the object and finite emittance in the incident beam. The
incident emittance angles are added in quadrature to the
MCS angles,

〈
φ2

〉
=

〈
φ2

MCS

〉
+

〈
φ2

ε

〉
.

Note that, the beam that arrives at the object is ex-
panded upstream to be large enough to illuminate the object
by passing through the expander (typically, stainless steel
plates). This expansion process increases the emittance of
the beam by increasing the angular distribution. Hence, the
illumating beam’s emittance angular distribution is com-
parable with the MCS angular distribution obtained during
passing the object.

In order to obtain a beam of size large enough to illu-
minate the object, the value of β at the object position is
determined with the a specific emittance,

〈
x2

〉
= εβ. With

known ε and β, the proton beam’s phase space distribution
is not fully determined yet.

〈
φ2

ε

〉
varies with different value

of α. Hence, there exist an optimum value for α to mini-
mize

〈
φ2

ε

〉
.

Let θ0 = wx to describe the correlation line, then pro-
ton’s emittance angle deviation is φε = θ − θ0, hence, the
mean square emittance deviation of angle is:
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〉
=
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〉

= ε(
1
β

+
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β
+ w2β + 2wα) (4)

The minimum value of
〈
φ2

ε

〉
is ε/β, obtained when α =

−wβ. The sign of α is chosen for a beam focusing in x
plane. The sign of α in y plane is opposite.

If we look at the phase ellipse in Fig. 1, we can note that
the point on the phase ellipse of maxmum X has a slope of
−α/β, which is just the correlation coefficient w when the
beam’s phase space distribution has the optimized α value
obtained above.
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Figure 1: Phase space distribution.

SPATIAL RESOLUTION AND
EMITTANCE

Besides the chromatic aberrations cause the image blur-
ring, there is another factor that degrades the spatial reso-
lution. When protons passing through the object of finite
length, not only the moving direction is deflected by MCS,
but the transverse position is also shifted for particles of
deviated angle. For a zero transverse size incident proton
beamlet, the MCS position and angle distribution after it
passing through the object is [7]:
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where, ρ is the transverse position deviation from the inject
path, ρ2 = ρ2

x +ρ2
y; θ is the angle deviation, θ2 = θ2

x +θ2
y;l

is the object length. After integration of Eq.5 over angle,
we have:

dN

dρ
=

∫ ∞

−∞
f(θx, θy, rx, ry)ρdθxdθy

=
3

2πθ2
0L

2
exp

(
− 3ρ2

2θ2
0L

2

)
, (8)

and the RMS value of ρ is:

σρ =
θ0L√

3
. (9)

This spatial resolution limit cannot be alleviated by down-
stream optics like chromatic aberration correction. Con-
trarily, the finite emittance degrades the spatial resolution
further. In Fig. 1, we can see that there is an angular dis-
tribution for each specific X , this distribution exists at the
particle impacting plane of the object. When protons come
out the object, this angle distribution

〈
φ2

ε

〉
would results

in a position deviation like the MCS process mentioned
above. These two process evolves together, see Fig. 2, and
the total position deviation would be:

σ2
ρ = σ2

ρMCS
+ σ2

ρε
. (10)

Hence, this emittance’s influence to spatial resolution
also requires the minimization of

〈
φ2

ε

〉
like when we con-

sidering the emittance’s influence to the chromatic aberra-
tion correction.

In a dynamic proton radiography case, a container is
needed to shield the explosive object. The proton beam
has MCS processes when it passes through the front and
end windows of the container. People used to consider that
only the MCS process of the end window contributes to the
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Figure 2: Transverse position deviations.

spatial resolution degrading, as illustrated in Fig. 3. When
finite emittance is included in the picture, the contribution
from the front window’s MCS process also need to be con-
sidered because it increases the emittance of the incident
proton beam.
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Figure 3: MCS created in end wall of the container pro-
duces spatial resolution enlarged.

MATERIAL IDENTIFICATION
CAPABILITY AND EMITTANCE

In the middle of the Zumbro Lens, protons are sorted by
their angles. An angular filter can be used to select pro-
tons falling into a certain angle range. By using two or
more Zumbro Lens, multiple images can be obtained after
each Zumbro Lens when the angle ranges are made smaller
and smaller. Since the MCS radiation lengthes are different
for different materials, images of different angle ranges for
a single shot can be used to identify the material compo-
sition in the object through which protons pass [6]. This
can be seen from the dependences of MCS angle φMCS in
Eq. 1 to material length. Hence, the obtained images of
different MCS angles can be fitted to identify the material
composition.

While when finite emittance is considered, the emit-
tance contributes to the exit beam angular distribution. An-
gle sorting is not uniquely determined by the MCS pro-
cesses. When this emittance contributed angular noise is

large enough, an extra set of lens is needed to distinguish
it.

SUMMARY

We have presented an analysis of the finite emittance’s
influence to the proton radiography process using Zumbro
Lens. Optimized incident beam’s phase space distribution
is found to minimize the emittance’s influence to the chro-
matic abberations correction and spatial resolution.

An extra set of lens is suggested for material identifica-
tion with beam of finite emittance beam.
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