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Scattered hard X-ray and y-ray generation from a chromatic electron beam

J. E. Coleman,! D. R. Welch,? and C. L. Miller?

"Los Alamos National Laboratory, Los Alamos, New Mexico 87545, USA

2Voss Scientific, Albuquerque, New Mexico 87108, USA

(Received 14 February 2015; accepted 28 October 2015; published online 13 November 2015)

An array of photon diagnostics has been deployed on a high power relativistic electron beam diode.
Electrons are extracted through a 17.8 cm diode from the surface discharge of a carbon fiber velvet
cathode with a nominal diode voltage of 3.8 MV. <10% of the 100 ns electron pulse is composed
of off energy electrons (1-3 MeV) accelerated during the rise and fall of the pulse that impact the
stainless steel beam pipe and generate a Bremsstrahlung spectrum of 0.1-3 MeV photons with a
total count of 10'". The principal objective of these experiments is to quantify the electron beam
dynamics and spatial dynamics of the hard X-ray and y-ray flux generated in the diode region. A
qualitative comparison of experimental and calculated results are presented, including time and
energy resolved electron beam propagation and scattered photon measurements with X-ray PIN
diodes and a photomultiplier tube indicating a dose dependence on the diode voltage >V* and
detected photon counts of nearly 10° at a radial distance of 1m which corresponds to dose
~40 urad at 1 m. © 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4935480]

I. INTRODUCTION

There are a vast number of electron beam and
Bremsstrahlung sources in the scientific community. Some of
these facilities are dedicated to studying cathode materials
and the relevant physics associated, while others focus on
improving the radiographic quality of their facility. Each of
these facilities produces a different X-ray spectrum and axial
and transverse distribution.'™* The spectrum and distribution
is characteristic of the achievable electron beam or X-ray
spot size on target and the energy distribution. Many of these
facilities generate a rich spectrum of photons ranging from
visible light (4 < 700 nm) to high energy y-rays (E < 6 GeV).

Reference 5 has performed a detailed review of radio-
graphic facilities. So, we will only discuss the two leading
technologies in the US which include linear induction accelera-
tors and pulsed power diode machines. The electron linear
induction accelerators include FXR at LLNL which is an
18 MeV, 2-3kA, 60ns single-pulse machine capable of two
pulses with 50% of the energy,® dual-axis radiography for
hydrodynamic testing (DARHT) Axis-I is a 19.8 MeV, 1.7kA,
80ns FWHM single-pulse accelerator,'* and DARHT Axis-II
is a 16.5MeV, 1.6kA, 1.6 us accelerator capable of providing
>4 pulses.12 There are several Induction Voltage Adder (IVA)
diode machines under operation throughout the US. The RITS-
6 facility at Sandia National Laboratory (SNL) has tested a
paraxial diode with a 4cm A-K gap, 7.5 MV, 40kA, 70 ns and
a self-magnetically pinched, hollow cathode diode, which pro-
duces 200kA peak, ~60kA across the diode.'® The Hermes
IIT facility, also at SNL, provides a flexible range of operation
from 8 to 16 MeV producing 300-600 kA over 40 ns." In addi-
tion, there is the Mercury facility at NRL, which has been
upgraded to 8 MeV, 200kA, 50ns.'! Finally, the Cygnus facil-
ity, also an IVA, drives a rod pinch providing 2 MV and 40 kA
over 50 ns.*’

Bremsstrahlung y-rays are measured through photon tag-
ging techniques®’ in the High Energy Physics community,
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where y-rays up to 6 GeV have been measured on the JLAB
CEBAF Hall B experiment.* Other hard X-ray and y-ray
measurements have been made in the accelerator community
through several methods, indirectly with Compton spectrom-
eters capable of measuring y-rays from 1 to 20 MeV."> The
gas Cherenkov detector measures 16.7MeV y-rays from
fusion reactions,l6_18 however, this diagnostic is limited to
E>45MeV. Pulsed power diode machines and the
Z-machine at SNL have measured hard X-rays and y-rays
directly with CaF, TLDs, X-ray PIN diodes, rolled edges,
phosphor imaging, and X-ray pinhole cameras.®*'*?° The
Bremsstrahlung spectrum has also been inferred from trans-
mission through multiple areal masses of Ta.® Finally, a
transmission crystal spectrometer has been used to measure
hard X-rays with energies up to 80 keV.?"*

The first axis of the DARHT facility'*?* is characteriz-
ing the hard X-ray and y-ray dynamics generated in the diode
with the incentive to better understand the electron beam
generation and extraction through the diode. The hard X-ray
and y-ray measurements indicate any changes in the rise
time of pulse used to extract the beam or if there are any
issues with beam transport. The hard X-ray and y-ray meas-
urements on the DARHT Axis-I diode are different than in
the pulsed power diodes,'*'! because they are not generated
from electron impact on a single target surface. They are
generated by the scraping of lower energy electrons over a
large surface area (4 x 10* cm?) during the rise and fall of
the extraction pulse. The spatial distribution of the X-rays
confirms the electron beam transport through the diode and
downstream. In addition, the symmetry of the spatial X-ray
distribution indicates the alignment quality of the beam as it
is transported downstream.

Il. EXPERIMENTAL SETUP

The experimental configuration used to characterize the
hard X-ray and y-ray distribution is the DARHT Axis-I diode

© 2015 AIP Publishing LLC


http://dx.doi.org/10.1063/1.4935480
http://dx.doi.org/10.1063/1.4935480
http://dx.doi.org/10.1063/1.4935480
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4935480&domain=pdf&date_stamp=2015-11-13

184505-2 Coleman, Welch, and Miller

=1L.‘s° ~ir

Cathode
shroud

shown in Fig. 1. A 1.5 MV Blumlein and graded transmis-
sion line provides the nominal 3.8-4 MV, 100ns pulse to
drive the black velvet cathode (Fig. 2). The voltage in the
diode is monitored by a flush mounted coaxial E-dot aligned
axially with the edge of the cathode shroud, and the current
is monitored with Beam Position Monitors (BPMs); each are
described in Refs. 14 and 23.

An array of optical diagnostics was used to characterize
the photon distribution generated in the diode. These con-
sisted of a photomultiplier tube (PMT), an array of PIN
diodes, radiographic film, and phosphors. Upon deployment
of a CCD camera, additional photon speckle was picked up
consistently at specific times during the extraction pulse. So,
a PMT was used to characterize the time dependence of the
photons on a shot-to-shot basis. In addition, an array of PIN
diodes was also deployed to characterize the temporal and
spatial distribution of X-rays and y-rays. Each of these diag-
nostics is described in detail below.

A. Photomultiplier tube

The PMT used to measure the temporal profile of pho-
tons generated in the diode region was a Hamamatsu
R1644U.%° The PMT was radially displaced 130 cm from the
centerline of the beam and 50 cm downstream of the cathode
shroud (Fig. 1). As described below, it has the ability to mea-
sure photons ranging from visible to y-rays. It consists of a
20 mm diameter microchannel plate (MCP) with 6 um diam-
eter pores. The spectral sensitivity of the photocathode
ranges from 160 to 850 nm with a quantum efficiency range
from 1% to 20% and the rise time is 150 ps. The bias used
for the MCP in the measurements below was —2.3kV, to
minimize the saturation of the X-rays. The PMT was not col-
limated or surrounded with X-ray attenuation material.
Visible light from the cathode was focused on the MCP with
optics, and the remaining photons were measured passively.
The PMT provided a global measurement of X-rays and
gammas in the diode region.

Radiographic
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FIG. 1. View of the DARHT Axis-I
diode with photon diagnostics used to
diagnose the X-rays generated in the
diode region. The collection location for
the PMT is shaded in red, and the PIN
diode arrangement is shown in green
and their radial locations from the beam
centerline are shown. Radiographic film
and phosphors (shown in blue) were
also used to detect the scattered photons.

B. PIN diodes

Fully depleted photodiodes, PIN-RD100,?® were also
used to measure the X-ray and y-ray flux in the diode region.
The low cost and simplicity of these diagnostics make it pos-
sible to deploy them in several locations throughout the
diode region. The PIN diodes are radially displaced from the
centerline of the beam by 91 cm and axially displaced down-
stream of the cathode shroud in four locations from 23 to
71 cm (Fig. 1). They have a large active area of 1cm?, which
provides sensitivity in low dose environments. The PIN was
mounted to an aluminum plate and soldered to a BNC con-
nector for easy application of a coaxial bias and signal cable.
This also made it possible to house them in shielding for
effective attenuation. Unattenuated PIN diodes were housed
in a 1.5” thick, 3" diameter steel housing with a 1” bore to
help minimize scattered photon contributions and attenuate
photons that are not normally incident with E <500keV. A
bias voltage is applied across the PIN through a commer-
cially available capacitively coupled bias tee.>” The bias tee
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FIG. 2. Measured diode voltage (black) used to extract the electron beam
current for the 5 cm cathode (red), measured at BPMO02, 82 cm downstream
of the cathode face.
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FIG. 3. (a) TRAK calculation of a 0.37kA, 1.25MeV beam overfocusing and striking the beam pipe, (b) snapshot at 13 ns of the 1.1-1.3 MeV portion of the
beam head scraping the beam pipe in the Lsp calculation, and (c) snapshot at 13 ns of the 0.1-1.3 MeV photons generated at the beam pipe in the Lsp calcula-
tion. The log scaled electron and photon densities are indicated in the color bar on the right. Note scale differences.

has a maximum voltage limit of 200 V and has an excellent
rise time of 35 ps. The major limitation to this diagnostic is
the recovery time of the PIN diode, which is driven by the
RC time constant and the residual charge that is built up in
the semiconductor material when induced with photon flux;
based on the measurements below this is ~10ns.

lll. DIODE TRANSPORT

The electrons generated through the emission process
described in Refs. 23, 28, and 29 are extracted by the same
diode voltage (Fig. 2). A space charge limited current, gov-
erned by the cathode size and A-K gap, is accelerated and
electrically focused through the anode aperture. In the case
presented here, the A-K gap is 17.8 cm and the cathode size
is Scm so the extracted current ranges between 1.7 and
1.8 kA. Once the 3.8 MeV, 1.7 kA beam is extracted through
the anode, the space charge is matched by the first transport
magnet with a field of 700 G. The nominal beam converges
to a <3 cm, where a =20 is the 2rms radius, prior to being
injected into the accelerator lattice.'*?* However, lower
energy (1-3MeV) electrons generated during the rise and
fall of the pulse are strongly focused.

Diode transport simulations conducted using the
TRAK?**?! and Lsp**7® codes indicate electron energies
between 1 and 3 MeV are impacting the beam pipe over a
range of 90-180 cm downstream of the cathode face (Figs. 3
and 4). The TRAK calculations are electro- and magneto-
static particle calculations, whereas the Lsp simulations are
time resolved particle-in-cell and Monte Carlo models. The

Monte Carlo model used in Lsp incorporates the full diode
geometry in the region of interest, which includes the vac-
uum vessel, flanges, and magnet materials as indicated in
Figs. 3 and 4(c). As stated in Ref. 29, electron emission
begins once the diode voltage reaches 1 MV. So in TRAK
we initiated the beam with a 1 MV extraction voltage and
the 1 MeV beam reaches a 2.2 mm waist at 59.5 cm and then
it expands and begins to scrape the stainless steel beam pipe
at 91cm. The Lsp code calculates the 1 MeV beam head
striking the wall 12ns into the voltage pulse at ~95cm in
agreement with the TRAK code.

Bremsstrahlung X-rays are not generated until 13 ns into
the Lsp simulation when 1.1-1.3 MeV electrons are striking
the wall. We simulated a 0.37 kA, 1.25MeV electron beam
bunch in TRAK generated during the rise of the pulse, which
reaches a 1.2 mm waist at 65 cm, overfocuses, and strikes the
wall at 93 cm (Fig. 3(a)). During the 13 ns snapshot in the
Lsp simulation, the electrons come to a waist at 70cm and
begin to strike the wall at 90 cm (Fig. 3(b)), continuing to
show agreement between the codes. In both cases, the beam
density at the waist exceeds 10'?cm™. For this particular
time slice, the electrons strike the beam pipe with an incident
angle of 365 mrad (21°) or less. The incident angle of the
overfocused electrons is proportional to //E, where E is the
beam energy, and never exceeds 365 mrad. The photons gen-
erated by the higher energy electrons are more forward scat-
tered but are always scattered radially due to the low grazing
angle, large surface area, and beam energy. 0.1-1.3 MeV
photons are generated at the beam pipe and are scattered in
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FIG. 4. (a) TRAK calculation of a 1.1 kA, 2.7 MeV beam overfocusing and striking the beam pipe, (b) snapshot at 22 ns of the 2.35-2.89 MeV portion of the
beam head scraping the beam pipe in an Lsp calculation, and (c) snapshot at 22 ns of the 0.1-2.89 MeV photons generated at the beam pipe in the Lsp calcula-
tion. The log scaled electron and photon densities are indicated in the color bar on the right. Note scale differences.
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all directions in an area of 100cm? with a photon count
approaching 10°cm™ as shown in Fig. 3(c).

The peak in the Bremsstrahlung signal generated by the
head of the beam is near the middle of the rise of the pulse at
22 ns (Figs. 4(b) and 4(c)) where the electron energy ranges
from 2.35 to 2.89 MeV. This is also indicated with time
resolved measurements in the figures from Section IV below.
At this point, there is ~10% energy spread in the beam so it
is difficult to simulate this with TRAK. So, a diode voltage
of 2.7 MV, near the mean energy value during this time
frame, was used for the TRAK calculation. This beam
energy reaches a 0.9 mm waist at 115 cm, and then it expands
and begins to scrape the beam pipe at 180 cm (Fig. 4(a)). At
22 ns, the Lsp code calculates this 2.35-2.89 MeV portion of
the beam bunch coming to a waist at 119 cm and striking the
wall at 152cm (Fig. 4(b)). The energy spread in this time
slice leads to an axial spread in the beam waist and a high
density smear close to 20 cm long in Fig. 4(b), which also
leads to the beam striking the wall further upstream than the
TRAK calculation. The peak photon count, >10’ cm™, is
generated at the pipe surface from 150 to 210cm and scat-
tered inward radially (Fig. 4(c)); while 10°cm™ photons are
scattered nearly 70 cm radially outward from the point of
impact. The total area, in which the Bremsstrahlung distribu-
tion is generated, is nearly 7 x 10* cmz, five orders above the
sampling area of the PMT and PIN diodes. The distance of
PMT and PIN diodes to the scattering source is 180 and
135cm so the solid angle for each is on the order of 107
assuming Q = (Detector Area)/(distance)z.

In all cases, the simulations indicate the beam dynamics
of the lower energy, E <3 MeV, particles striking the wall,
which will lead to the Bremsstrahlung X-ray distributions
calculated above (Figs. 3 and 4(c)). Similar beam dynamics
are calculated for the tail of the beam with more charge strik-
ing the wall generating a larger flux of photons as will be
indicated in Section IV below.

IV. TIME RESOLVED PHOTON MEASUREMENTS

Time resolved photon measurements were made with a
pair of diagnostics, a PMT and an array of PIN diodes. The
PMT was used to characterize the temporal profile of the
visible photons generated on the surface of the cathode and
the hard X-rays and y-rays in the diode vicinity. The PIN
diodes, which were shielded from visible light, were used to
characterize the temporal and spatial profile of the hard
X-rays and y-rays generated due to beam scraping.

Each of these diagnostics was calibrated with an identi-
cal photon source, a Hamamatsu L2187 Xenon flash lamp.?’
The Xenon flash lamp puts out a peak photon count of
10" +2.5% photons with a 1.6 us rise time and ~10 us fall
time. The signal versus photon count was measured for both
diagnostics (Fig. 5) indicating the peak Bremsstrahlung pho-
ton count measured at the diagnostic locations was ~10° as
indicated by the results below. This is assuming the X-ray
and gamma photon response is identical to the visible source
used for calibration. An estimate of the dose is made using
this assumption yielding a total photon fluence of 10° pho-
tons/cm? corresponds to 37 urad of dose.*®** These calibra-
tion curves were measured using a series of neutral density
filters and reduced f-stop values on a single lens, keeping the
bias voltage on the PIN at saturation and the gain voltage on
the PMT at 2300 V.

A. PMT measurements

The PMT was capable of providing a measurement of
the hard X-rays and y-rays generated in the diode, in addition
to the visible photons on the cathode face because of its
known sensitivity to X-rays.**™*® Gaffers tape was used on
the aperture of the PMT to completely exclude the visible
photons as shown below in Fig. 6(a). A 5 shot average of the
raw PMT signal is shown in black in Fig. 6(a); which is a
measure of all of the photons generated in the diode. After
shielding the visible photons, we measured the segregated
hard X-rays and y-rays in red. Note that there are two pulses
of hard X-rays and y-rays. Processing the difference between
total photons in black and the high energy X-rays and y-rays
in red, we can determine the temporal profile of visible light
generated by the cathode shown in blue in Fig. 6(a). The
peak photon count measured by the PMT in Fig. 6(a) is
>2 x 10°.

The temporal profile of the X-rays only is overlaid with
the diode extraction voltage and current below in Fig. 6(b).
Fig. 6(b) indicates the synchronized generation of X-rays in
the diode with the rise and fall of the diode extraction volt-
age. The electrons with E<3MeV extracted through the
diode have an envelope that is overfocused by the first trans-
port magnet (anode magnet) and begin to scrape the beam
pipe between z=90 and 180 cm as shown above in Figs. 3
and 4, generating Bremsstrahlung X-rays. The X-ray pulse
generated by the head electrons (beginning of the pulse) has
a 3.5ns rise, 9.5ns fall time, and a 13.5ns FWHM, much
longer than the response time capability of the PMT. The
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X-ray pulse generated by the tail electrons (end of the pulse)
is slightly faster, 6.5ns wide, has a 3ns rise and 12ns fall
time. Note there >3x more X-rays measured in the tail of
the beam versus the head (Fig. 6(b)). This is explained by
several effects: there is a 5% increase in voltage from the
head to tail of the beam (Fig. 6(b)) yielding a higher energy
tail on the Bremsstrahlung spectrum. There is also a 5x
increase in the charge that contributes to the X-ray pulse
from 2 uC at the head of the beam to 10 uC at the tail as indi-
cated in Fig. 6(c). In addition, the fall time of the current
pulse is 50% longer than the rise time, which contributes to
the increase in charge.

The total photon count generated by the beam scraping
was also calculated with the Lsp simulations shown above in
Figs. 3 and 4. Fig. 6(d) shows ~1.7 x 10" photons generated
by the head electrons and a factor of ~2.2x more photons
generated by the tail electrons. The associated charge con-
tributing to the Bremsstrahlung calculated in Lsp is 3.5 uC at
the head and 5.5 uC at the tail, fairly close to what was
inferred from Fig. 6(c). The calculated increase from head to
tail is not as large as measured by the PMT, but remember

\. g
80 100 120

Time (ns)

the PMT is a local measurement and the Monte Carlo calcu-
lation in Lsp is calculating the total number photons. Recall
from Section III the estimated solid angle of the PMT is
10—, which indicates the measured photon count for the
PMT is close to the calculated amount. The measured and
calculated temporal profiles also agree well.

The time response of the PMT as a function of diode
voltage was also measured in Fig. 7(a) below. The bias volt-
age was held fixed on the PMT photocathode. The X-ray in-
tensity as a function of diode voltage at the head and the tail
of the pulse were examined for 5 shots at each setting in
Figs. 7(b) and 7(c) and the error bars are included. In each
case, exponential growth of each signal is observed from a
~2x increase in voltage and >2x increase in the extracted
current; shown by the solid lines in the figure. A power
scaled fit to Figs. 7(b) and 7(c) indicates the photon flux gen-
erated due to the head of the beam scales ~V>”7 and V> for
the tail of the beam. This is greater than the typical value,
where Dose ~ V2‘8,5 from a focused beam and is due to the
scaled increase in current of I~ V'3> for this relativistic
diode® and the increased scatter at higher voltage levels.

500 25 140 2.0 500 1.90
L 120 | ® 18 i i
400 - @ Head X-rays . __ 400 i 1 1.65
—22MV E 100 16 —~ E @ Tail X-rays 3
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FIG. 7. (a) Temporal profile of the PMT light intensity as a function of diode voltage. The waveforms displayed indicate an average for 5 shots. The photon
response is shown vs diode voltage for the (b) X-rays at the head (t ~ 190 ns) with a peak photon count >5 x 10*, scaling as V7, and (c) the X-rays at the tail
(t ~290 ns) with a peak photon count >2 x 10°, scaling as V> (note scale differences). The solid black line is a power scaled fit to the X-ray signal amplitude.
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This photon scaling is in strong agreement with the exponen-
tial growth of the integrated light intensity for the CCD
images in Ref. 29. We measure ~10x increase in the head
and tail X-rays over the voltage range of interest.

B. PIN diode measurements

After determining there was a consistent flux of X-rays
generated in the diode region from shot-to-shot with the
PMT and CCD cameras, it was of interest to gain a more
quantitative understanding of the X-ray distribution as a
function of energy and space. PIN diodes were deployed in 4
different axial locations horizontally parallel with the beam
line, radially displaced from the beam axis by 1 m. Again we
are only sampling 107> of the total scattered area. After ini-
tial deployment of the PINs, the photon flux as a function of
bias voltage was measured in Fig. 8. The error in these meas-
urements was 1%—2% and is therefore the size of the data
point. The location of this PIN was downstream of the cath-
ode shroud by 22.9cm (refer to Fig. 1 above). It is evident
from the measurements in Fig. 8(b) that the X-ray signal
increases linearly versus bias voltage. The PIN is fully
depleted at —100V when measuring lower energy visible
photons, however, the data shown in Fig. 8 indicate that this
is not the case for higher energy X-rays. As shown above in
Figs. 3—6, the hard X-rays and y-rays are generated during
the rise and the fall of the voltage pulse due to the off-energy
(<3 MeV) electrons scraping the beam pipe and generating
Bremsstrahlung impact photons.

In order to maximize the intensity of the signal, the
highest bias voltage was maintained, which is limited to

200 V by the bias tee.?” Most of our measurements were con-
ducted with the bias voltage held constant at —150 V. The
response of the PIN as a function of the electron beam diode
voltage was also measured in Fig. 9(a) below, and the cali-
brated photon count is indicated on the secondary axis with a
peak value near 3 x 10*. The bias voltage was held fixed on
the PIN. The X-rays in the head and tail were examined in
Figs. 9(b) and 9(c) with the error bars included. In each case,
exponential growth of each signal is observed from a ~2x
increase in voltage and >2x increase in the extracted cur-
rent, as shown with the fit in the figure. A power scaled fit to
Figs. 9(b) and 9(c) indicates the photon flux measured with
the PIN diode due to the head of the beam scales ~V>° and
V** for the tail of the beam. This is in strong agreement with
the exponential growth of the X-ray intensity measured with
the PMT in Figs. 7(b) and 7(c).

While operating the diode at full voltage, we measured
the X-ray flux along the beam axis in 4 fixed axial locations,
z=22.9-71 cm downstream of the diode (Fig. 1). It is evi-
dent from Fig. 10 below, the measured X-ray intensity
increases with detectors closer to the source as shown in
Figs. 3 and 4 due to increased solid angle. The photon flux
measured by the tail electrons (t~ 125ns) is 77x greater
when comparing the most upstream PIN signal (PINI,
z=22.9 cm) with the downstream PIN location at z="71cm
(PIN4, just slightly upstream of BPMO02) (Fig. 10(a)). The
axial growth in photons measured by the head electrons
(t~25ns) is only 6x . The ratio of the head-to-tail X-ray in-
tensity measured for the PMT and each of the PIN diodes is
shown below in Table I. The difference in the relative height

140 60 2 160 2
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< *
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£ 80 ——32MV 22 g4 1128 8 €
E ——3.45 MV & 2 g 580 125
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FIG. 9. (a) Temporal profile of the hard X-ray and y-ray flux as a function of diode voltage looking just downstream of the anode shroud (z=22.9 cm). The
waveforms displayed indicate an average for 5 shots; (b) average X-ray signal measured at the head of the beam with a peak photon count of 10%, scaling as
V3, (c) average X-ray signal measured at the tail of the beam with a peak photon count 3 x 10*, scaling as V**. The solid black line is a power scaled fit to

the X-ray signal amplitude. Note scale differences.
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FIG. 10. (a) Temporal profile of the measured hard X-rays and y-ray flux at four different axial diode locations. In addition is a comparison of the (b) normal-
ized hard X-ray and y-ray profile measured by the PIN diode (blue) overlaid with the diode extraction voltage (black) and diode current (red) for the 5 cm cath-
ode and (c) normalized PIN (blue) and PMT (red) signals for temporal comparison.

TABLE I. Average measured peak amplitude of the PMT and four PIN diodes locations at the head and the tail of the pulse at peak diode voltage. The corre-

sponding ratio between the head and tail, and the axial increase in the head and tail signal relative to PIN1 are shown in the last two columns.

Diagnostic z (cm) Head X-rays (V) Tail X-rays (V) Tail/head ratio Head axial ratio Tail axial ratio
PMT 40 0.133 0.440 3.31
PIN1 229 0.022 0.048 2.20
PIN2 35.6 0.051 0.252 4.95 2.31 5.20
PIN3 533 0.070 0.960 13.67 3.19 19.83
PIN4 71.1 0.145 3.737 25.77 6.59 77.20
20 368 101
-
—PIN1 (b) - PIN 1
16 - PIN 2 204 & _._P'Nz
, —PIN3 S 100 PIN 3
—PIN4 8 E —~PIN 4 FIG. 11. (a) Temporal profile of the cal-
=12 221 3 .
) e 8 culated hard X-rays and y-ray energy
i ‘g c (1)) and dose rate (uRad/ns) at the four
8- 47 g10° PIN locations. (b) Bremsstrahlung spec-
§ £ trum calculated with Lsp at the same
4 - .74 B locations.
104
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of the two peaks of the PMT and the PIN diode is dependent
on two factors, the sensitivity of the diagnostic and the loca-
tion of the diagnostic relative to the scattering source. The
further the diagnostic is downstream the larger the ratio of
the tail signal to the head indicating a higher sensitivity to
the X-rays generated by the electrons scraping at the tail of
the pulse. The calibrated photon count is indicated on the
secondary axis of Fig. 10(a), indicating a peak value of >10°
photons is measured at PIN4. The rise and fall of the PIN
diode signal tracks well with the rise and fall of the beam
current extracted through the diode in Fig. 10(b) in a similar
fashion as the PMT in Fig. 6(b). However, the PMT rise time
is about 2ns faster than PIN, and there is a much longer
decay time with the PIN of 40-50ns compared with 12ns
for the PMT (Fig. 10(c)). A possible explanation for the lon-
ger decay time in the PINs is a build-up of charge in the
semiconductor material in the PIN, which requires additional
time to drain beyond the decay of the X-ray scatter. One
additional point is the PMT is also more sensitive because of
the multiplication provided by the MCP and its faster time
response.

Energy (MeV)

The photon energy (in uJ), dose rate, and the photon
spectrum were calculated by Lsp at the four PIN diode loca-
tions as shown in Fig. 11. PIN1 (z=22.9 cm) captures ~1 uJ
of photons from the head of the beam scraping and up to 6 uJ
from the beam tail scraping (Fig. 11(a)). This corresponds to
<10® photons, or <4 mrad of dose in 20ns, collected at PIN1
over a range of 0.1-1.4MeV in photon energy. The photon
energy (in pJ) increases incrementally over ~50 cm to 8 uJ of
photons from the beam head and 17 J from the beam tail at
PIN4 (z =71 cm), corresponding to >10® photons at this loca-
tion or a dose ~ 6 mrad in 20ns. So the growth in axial pho-
ton count in the simulation is comparable to what was
measured for the head electrons but substantially less for the
tail. However, the peak in the Bremsstrahlung signal (Fig.
11(a)) calculated at the PINs in Lsp is larger than what was
measured. A 2.5cm detector was used in Lsp, which calcu-
lated the total number of photons over the full 27 in azimuth,
without any shielding; increasing the measured area and solid
angle by 39x. Recall the PIN diodes are shielded in a 3" di-
ameter steel housing capable of attenuating photons that are
not normally incident with energies <500keV which have
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calculated values near 10”. Incorporating these scale factors
we have calculated and measured photon counts slightly
greater than 10° for photons with E > 500keV.

As was shown in the TRAK and Lsp calculations above,
the 1 MeV electrons begin to scrape at 90 cm and electrons up
to 2.7MeV scrape as far downstream as 180 cm. It is likely
that the most downstream PIN, PIN4 at z =71 cm, is not pick-
ing up the highest energy X-rays, E>2MeV, as is shown
with the Bremsstrahlung spectrum calculated with Lsp in Fig.
11(b). This is because electrons with this energy do not strike
the wall until z > 130 cm and photons with greater energy are
more forward scattered. The maximum calculated photon
energy is 1.4MeV at PIN1, z=22.9cm, and up 1.7MeV at
PIN4, z=71cm. We have used the Lsp and TRAK codes to
quantify the source and distribution of the Bremsstrahlung
generated due to the scraping of the overfocused electrons
extracted from the diode during the rise and fall of the pulse.
PIN and PMT measurements provide a temporal dose in
agreement with these codes. Preliminary X-ray attenuation
measurements have been made with several levels of tungsten
attenuation, however in order to perform a detailed X-ray and
gamma spectral measurement, a localized array of PIN diodes
or DRDs with staged increases in attenuation is required.
Axially displacing this array would provide a global spectral
measurement as an expansion to this work.

V. CONCLUSIONS

We have developed two excellent computational models
in TRAK and Lsp of the dynamics of the electrons extracted
and overfocused through the diode. Particle simulations indi-
cate X-rays are generated due to low energy (E <3 MeV)
electrons scraping the beam pipe over a range of 90-180 cm
downstream of the cathode shroud. <10% of the charge
throughout the whole ~100ns pulse impacts the stainless
steel beam pipe to generate a calculated value of >10"
Bremsstrahlung photons.

We have developed X-ray and y-ray diagnostics, which
provide a spatial and temporal profile of the Bremsstrahlung
distribution that is generated downstream of the diode indi-
cating a dose dependence on the diode voltage >V* and
detected photon counts of nearly 10° at a radial distance of
1m or an equivalent dose of 40 urad at 1 m. We will con-
tinue to develop more precise measurements of the
Bremsstrahlung spectrum generated due to beam scraping
with additional radiation diagnostics, in addition to X-ray
imaging. We also plan to improve our beam quality by
designing a collimator for the off energy electrons to reduce
unwanted Bremsstrahlung generation and transport of lower
energy electrons further down the accelerator lattice.
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