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Abstract
Thin conducting foils, such as pepper-pot masks, perpen-

dicular to an oncoming intense electron beam acts like an im-
perfect axisymmetric lens. The beamlets distribution from
a pepper-pot mask varies based on if the mask hole radius
is smaller or larger than the beams Debye length. Correct-
ing for focusing effect is necessary for measuring transverse
emittance with pepper-pot technique for intense electron
beams. The Dual Axis Radiographic Hydrodynamic Test
Facility (DARHT) Axis-I produces a 20 MeV, 2 kA, 80 ns
FWHM electron beam for flash radiography. In this paper,
we explore the effect of foil focusing due to various pepper-
pot masks at DARHT Axis-I injector region from a 55 mm
velvet cathode.

INTRODUCTION
Diagnostics of charged particle beams is a critical compo-

nent in accelerators in understanding the underlying physics
and attributes of the beam such as the emittance. One such
diagnostic is pepper-pot emittance measurements, where a
single shot is used to obtain data [1], whereas a solenoid
scan requires several shots [2]. In the regime of intense rela-
tivistic electron beams (IREB), thin conducting foils, such
as a pepper-pot mask, shorts out the transverse electric field
of the beam. This causes a pinching effect to the beam due to
its self-magnetic field. The transverse radial momentum re-
ceives a kick, thus the beam will have a focusing effect [3,4].

For a thermal distribution the normalized thermal beam
emittance, for a given effective beam radius 𝑎, is defined
as [5]

𝜖𝑛 = 2𝑎√𝑘𝐵𝑇𝛾
𝑚𝑐2 , (1)

where 𝑇 is the beam transverse temperature in the labora-
tory frame. The beam acts like a non-neutral plasma, with
density 𝑛𝑒, such that local charge perturbation of the beam
distribution in an external focusing field will be shielded off
at a distance corresponding to the Debye length 𝜆𝐷. The
Debye length is defined as

𝜆𝐷 = √𝜖0𝑘𝐵𝑇𝛾2

𝑛𝑒𝑞2 . (2)
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When self-field effects dominate the beam, the beam ra-
dius is larger compared to the Debye length (𝜆𝐷≪𝑎), and
the distribution is uniform. Whereas if the Debye length is
larger compared to the beam radius (𝜆𝐷≫𝑎), the beam will
be emittance dominated, exhibiting single particle behavior,
and the distribution is Gaussian [6].

Using the definition of the Alfvén current limit, 𝐼𝐴 =
4𝜋𝜖0𝑚𝑐3𝛽𝛾/𝑞, and beam current, 𝐼𝐵 = 𝑛𝑒𝑞𝑎2𝜋𝛽𝑐, com-
bining them with Eqs. (1) and (2) the Debye length can be
rearranged in terms of the normalized emittance and beam
current as

𝜆𝐷 = 𝜖𝑛
4

√𝐼𝐴
𝐼𝐵

. (3)

For the same initial beam attributes in varying external
focusing field, the Debye length remains constant. In IREBs
the Debye length is on the same order as machined holes
in a pepper-pot mask. The evolution of beamlets that are
produced by the mask will propagate differently based on
the hole diameter.

EXPERIMENTAL ARRANGEMENT
The experiment was taken in the injection region of

DARHT Axis-I, where a 55 mm velvet cathode was
used. The electron beam energy during measurements was
3.25 MeV, with a current of 1.6 kA. A pepper-pot mask was
placed at 41.3 cm, and 13.9 cm respectively, from an opti-
cal transition radiation (OTR) screen. The OTR screen is
situated 50∘ to the beamline. During the run with a Debye
mask it was placed 13.9 cm away from the OTR detector as
illustrated in Fig. 1.

Figure 1: DARHT Axis-I injector region.

The pepper-pot mask has hole diameter of 2.0 mm with
a rectangular grid spacing of 7.5 mm. The Debye mask
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Figure 2: (a) Pepper-pot mask. (b) Debye mask with varying
hole diameters.

was made with azimuthal asymetry pattern where the hole
diameters range from 1-6 mm in steps of 1 mm. The radial
spacing between holes is 20 mm. The rectangular slit mirrors
the respective hole diameter with the same width, but each
slit has a length of 80 mm. A 0.25 mm diameter reference
hole was placed in the middle of the Debye mask. Figures
2a and 2b is the machined pepper-pot mask and Debye mask,
respectively. A gated intensified CCD camera with a 200-
500 mm, 𝑓/5.6, zoom lens was used to image the OTR screen.
The gate width for all measurements was 10 ns at the flat
top of the beam.

RESULTS

Pepper-pot mask
From previous solenoid magnet sweep scan [2], the beam

emittance is determined to be 1180 𝜋-mm-mrad. Where
from the pepper-pot mask measurement the emittance is
1620 𝜋-mm-mrad using M. Zhang formalism [1,7]. Figure 3
is a pepper-pot image from the injector with the beamlets
having a Gaussian distribution. However, the analysis by
Zhang’s method for pepper-pot uses linear extrapolation
from the imaged beam to the mask to determine the beamlet
RMS divergence. Comparing the RMS divergence of the
results for an on axis beamlet to the envelope code XTR [8],
it is a factor of 1.5 difference. Thus, the corrected pepper-pot
emittance is 1080 𝜋-mm-mrad.

Figure 3: Pepper-pot image.

Figure 4: Debye mask image for AM = 181 A. The red line
indicates the circular arc length for approximating beam
radius.

Figure 5: Radial distributions of beamlets for AM = 181 A.

Debye mask
Assuming a uniform beam and using DARHT Axis-I injec-

tor parameters, the Debye length of the beam, from Eq. (3),
is 2.39 mm. For each beamlet imaged from the Debye mask,
the center of mass of the intensity and the radial distribution
are calculated. The radial beam profile for each beamlet is
fitted to a generalized distribution and the RMS of the distri-
bution is calculated from the fitted parameters as described
in the Appendix. The overall beam size was determined by
overlaying a circular arc length on the rectangular beamlet
edges, which is used to validate the envelope code XTR.
Figure 4 is the resulting image using the Debye mask, at
anode magnet (AM) current setting of 181 A with the arc
length in red. For the corresponding radial distributions and
fit of the beamlets are plotted on Fig. 5.

The fitting parameter 𝑠 describes the shape of the curve,
such that when 𝑠 = 2 the distribution is Gaussian, and
when 𝑠 → ∞ the distribution is uniform. The beamlet pass-
ing through a 1 mm diameter hole the distribution is fairly
Gaussian, with 𝑠 = 1.91, however the peak intensity ∼3
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Figure 6: Fitting parameter 𝑠 (a) and 2RMS (b) of beamlets
through respective hole diameter for various solenoid magnet
strength. The red line marks the beams Debye length.

times lower than the beamlets passing through hole diameter
greater than 3 mm. As the hole diameter is increased, 𝑠
increases to 8.45 for a 6 mm diameter.

For each focusing strength, the beamlet distribution is
nearly Gaussian for diameters 1 and 2 mm. The distribution
of the beamlets approaches to a uniform distribution with
increasing hole diameter, as shown in Fig. 6a. However,
these distribution disperses at varying solenoid focusing
strength, since the beam radius and transverse temperature
changes at the foil. The beamlet distribution from a higher
beam density and smaller beam radius hitting the foil will
be Gaussian-like at diameter smaller than the Debye length.
The beamlets 2RMS scales linear with respect to the Debye
mask hole diameter for all solenoid strengths, as shown in
Fig. 6b.

CONCLUSION
The beamlet distribution was explored in an IREB using a

Debye mask that consists of varying size holes. For pepper-
pot measurements in IREB’s, the beamlet distribution will
vary based on the hole diameter, where it will be Gaussian-
like at diameter’s smaller than the beam’s Debye length.
However, using the generalized distribution fitting the RMS
is consistent for varying solenoid strengths. Further work
on off-axis beam and beamlets is being explored.

ACKNOWLEDGMENTS
The authors would like to thank Alex Press for fruitful

discussions and the operations team at DARHT.

APPENDIX
A generalized normal distribution of random variable 𝑥,

with parameters 𝜇 as the mean, 𝜎 and 𝑠 as the defining
features of the distribution curve, the probability density
function (p.d.f.) is given by [9]

𝑓 (𝑥) = 𝑠
2𝜎Γ(1/𝑠) exp {− ∣𝑥 − 𝜇

𝜎 ∣
𝑠
} , (4)

and the 2nd-order moment of the distribution is defined
as

E(𝑥2) = 𝜎2Γ(3/𝑠)
Γ(1/𝑠) , (5)

where Γ(𝑛) denotes the Gamma function. The general-
ized p.d.f. includes the Gaussian distribution when 𝑠 = 2,
Laplace distribution when 𝑠 = 1, and uniform distribution
when 𝑠 → ∞. For varying 𝑠 parameter the generalized p.d.f.
is shown in Fig. 7.

Figure 7: Generalized distribution p.d.f. for varying 𝑠 values.
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