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Abstract

We report on the results of point-projection ion deflectometry measurements from a mid-size
university z-pinch experiment. A 1 MA 8 kJ LTD generator at the University of Michigan (called
MAIZE) drove a hybrid x-pinch (HXP) with a deuterated polyethylene fiber load to produce a
point-like source of MeV ions for backlighting. In these experiments, 2.7 MeV protons were
generated by DD beam-target fusion reactions. Due to the kinematics of beam-target fusion, the
proton energies were down-shifted from the more standard 3.02 MeV proton energy that is
released from the center-of-mass rest frame of a DD reaction. In addition to the 2.7 MeV
protons, strongly anisotropic beams of 3 MeV accelerated deuterons were detected by ion
diagnostics placed at a radial distance of 90 mm from the x-pinch. Numerical reconstruction of
experimental data generated by deflected hydrogen ion trajectories evaluated the total current in
the vacuum load region. Numerical ion-tracking simulations show that accelerated deuteron
beams exited the ion source region at large angles with respect to the pinch current direction.

Keywords: ion deflectometry, proton imaging, z-pinch, hybrid x-pinch, ion acceleration,
magnetic fields, deuteron beams
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1. Introduction

Ion deflectometry is a diagnostic technique for measuring elec-
tric and/or magnetic (EM) fields based on the observed accel-
eration and/or deflection imparted on a probing ion beam. It
is a reliable diagnostic tool for the study of strong transient
EM fields in high energy density (HED) plasmas, especially
in laser-produced plasmas [1]. In this technique, high-energy
ion beams are emitted into a region of interest (the interac-
tion region) to be deflected by the studied EM fields result-
ing in a distortion of the ion image, the deflectogram, recor-
ded on the ion detector. The net ion deflections are manifes-
ted by the displacements of the detected ions on the detector
with respect to their positions in the absence of EM fields.
Because the ion deflections are gradual, the individual ion
displacements are proportional to the strengths of the EM
fields integrated along the individual ion paths, i.e. the path-
integrated EM fields. The magnitudes of the ion displacements
(and ion deflections) are inferred from the perturbed ion flu-
ence or from the displacements of the fiducial features on
the experimental deflectogram. In the literature, ion deflecto-
metry is sometimes distinguished from ion radiography when
the beam-plasma interactions are significant and need to be
evaluated. However, the terms deflectometry and radiography
are often used interchangeably. In the contemporary laser-
generated plasmas, ion deflectometry/radiography is capable
of visualizing of the EM fields while measuring their spa-
tial distribution with pm-spatial and ps-temporal resolution,
which is mainly determined by the size of the ion source and
the duration of the ion emission, respectively.

This diagnostic method has not been fully developed for z-
pinches, although z-pinch and laser-generated plasmas often
utilize similar diagnostics. The main obstacle to its implement-
ation in z-pinches is the generation of an adequate ion back-
lighting source (i.e. ion backlighter). In the classical deflec-
tometry setup, the ion source must emit ion beams with: (a)
high energy to avoid collisions with the plasma background
(typically, several MeV for densities of HED plasmas); (b) a
sufficient number of emitted ions able to reach the detector
and generate an ion image of sufficient contrast; (c) a short
duration of the ion burst compared to the temporal scale of the
transient EM fields to obtain a clear image with a sufficiently
short exposure; and (d) a high laminarity (the transverse pos-
ition and velocity of each ion in the beam are linearly propor-
tional to one another) ensuring that any distortion or displace-
ment of the ion image can be unambiguously attributed to an
ion ray deflected by local EM fields. In contemporary laser-
plasma experiments, an ion (usually, proton) source satisfy-
ing these conditions is obtained by the interactions of a short-
pulse high-power laser pulse with a target via ion accelera-
tions, namely, the Target Normal Sheath Acceleration [2, 3],
or via the fusion reactions (DD, D3He, and T3He) producing
multi-MeV protons [4, 5]. Therefore, the first deflectometry
experiments of z-pinch B-fields were conducted at facilities
with access to intense lasers [6-8].

The first self-sustained deflectometry measurements of the
z-pinch B-fields not requiring intense laser pulses were per-
formed in 2019 on 3 MA deuterium hybrid gas-puff z-pinch
driven by the GIT-12 generator [9]. In these experiments, a
rapid current disruption of the plasma neck in the z-pinch gen-
erated strong transient electric fields that accelerated hydro-
gen ion beams up to energies of tens of MeV [10]. Although
the ion source was proved to be not point-like [11], the ion
deflectometry measurements were made possible by modi-
fying the classical experimental setup and using the distant
on-axis pinhole camera where the ion beams were projected
through a nearly point-like aperture. In other words, the non-
point-like ion emission of the ion source was circumvented by
the point-like projection of the pinhole camera. Even though
the maximum recorded energy of the hydrogen ions in these
experiments reached up to 60 MeV [12], almost all results of
the deflectometry measurements were based on recorded data
of the 2.3 MeV deuteron beams. Since hydrogen beams with
comparable energies were detected on the 1.4 MA MAGPIE
facility at Imperial College London in the UK [13], and on the
0.7 MA HAWK facility at the Naval Research Laboratory in
Washington, D.C., USA [14], the ion deflectometry measure-
ments seem feasible at university-scale pulsed-power devices
with much lower stored energies and currents than GIT-12
without requiring intensive lasers.

This paper represents another step toward the implement-
ation of ion deflectometry in z-pinches by introducing and
verifying the concept of a point-like ion source generated by
the hotspot of a hybrid x-pinch (a micro z-pinch) producing
MeV fusion protons and accelerating 3 MeV deuteron beams.
In addition, this paper presents deflectrometry-based measure-
ments of the load current in a mid-size pulsed-power device,
a 1 MA 8 kJ linear-transformer-driver (LTD) generator (called
MAIZE) at the the University of Michigan, MI, USA [15, 16].
Experimental results from neutron and x-ray detectors used in
the same experimental campaign are presented in [17].

The paper is organized as follows: section 2 introduces the
basics of ion deflectometry in azimuthal B-fields. Section 3
introduces the experimental setup of the hybrid x-pinch at
MAIZE. Section 4 presents experimental results and their
discussions. Section 4.1 presents the experimental results
from the neutron time-of-flight (nToF) and diamond photo-
conductive diode (PCD) detectors, the fast framing cameras
(FFC), and the ion step-wedge-filter spectrometer. These res-
ults provide information about the energies of detected neut-
rons, x-rays, and ions. Based on the experimental evidence,
deuteron beams were accelerated up to >3 MeV energies.
Section 4.2 shows the experimental images of 2.7 MeV pro-
tons and 3 MeV deuterons. In two shots, we estimate the total
pinch current and the size of the deuteron and proton source
by evaluating the ion deflections via numerical ion tracking
simulations. Section 4.3 discusses the specific angular distri-
bution of the simulated deuteron and proton beams, which was
emitted at large divergence angles. Conclusions of the experi-
mental results and future prospects are provided in section 5.
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2. Basics of ion deflectometry in the z-pinch
geometry

In figure 1(a), we present the basic principles of ion deflec-
tometry in the azimuthal magnetic field B, of an azimuthally
symmetric z-pinch plasma. A laminar ion beam is fired from
a point-like source into the B-field region where the ions
undergo continuous lateral deflections caused by the magnetic
Lorentz force F = Qv x B, where Q and v are the ion charge
and velocity, respectively, until they are finally deflected from
their initial direction by a net deflection angle a.. After leav-
ing the B-fields, the deflected ions travel balistically to the
ion detector (typically a filtered stack of radiochromic films
[18-20] or CR-39 track detectors [21, 22]), which records the
spatial distribution of the deflected ion beam, i.e. an ion-beam
profile image. This image manifests the net displacements of
individual ion rays caused by the deflection of their trajectories
in the studied B-fields. To evaluate the ion displacements A&,
the recorded ion image is compared with a reference image
representing the ion beam’s profile in the absence of B-fields.
This reference ion image is obtained either from the known
beam profile prior to the deflections, or by placing a fiducial
object with distinctive features (usually, a solid grid called a
deflectometry grid or the D-grid) between the ion source and
the B-field region.

Inside the B-field region, the Lorentz force acts on each
individual ion ray, changing its direction but not its energy.
Therefore, after an arbitrarily long time interval between #
and #1, the ion velocity vector v is rotated from the initial direc-
tion vy = v(f) to v; = v(#1) but its magnitude is kept constant
(Ilvoll = ||v1]])- We can characterize this rotation by a velocity
shift vector Av = v; — v (see figure 1(b)), which is given by
the integral of the magnetic force

:g/lvadt. @))]
m J,

In practice, it is impossible to follow deflected ion trajector-
ies in time, so it is convenient to parameterize the integral in
equation (1) with an ion path length /¢ instead of the time vari-
able ¢, and then, write

Av = B x de, )

m.Jo

where L = f vdt is a total length of the deflected ion traject-
ory and d¢ = vdt is its oriented path element. The integral on
the right side of equation (2), referred to as the path-integrated
or line-integrated B-fields, represents the sum of the continu-
ous ion rotations, characterized by the deflection angle «, and
the cumulative effect of the B-fields on individual passing ions.
The dependence between the magnitude of the path-integrated
B-fields and the deflection angle « is given by the general mag-
netic deflection equation [23], derived from equation (2) as

follows
L
avii_ 0 /BxdeH. 3)
0

. (%) 2v
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Figure 1. (a) A schematic illustrating the basic principles of ion
deflectometry in magnetic fields. After an ion ray is emitted from
the ion source into the B-field at the initial (divergence) angle § and
passes through the B-field region, its initial direction is rotated by
the deflection angle « and it reaches the ion detector plane at the
final (observation) angle 2. (b) A cartoon illustrating the rotation of
the ion velocity vector in B-fields during ion deflection.

The deflection half-angle «/2 in equation (3) comes
from the bisection of the ion velocity triangle (illustrated in
figure 1(b)), which is always isosceles due to the constant velo-
city magnitude and can therefore be divided into two right tri-
angles, where we can apply trigonometric functions.

Since it is usually difficult to estimate the spatial dimen-
sions of the specific B-fields to calculate their magnitude, the
evaluation of the magnitude of the path-integrated B-fields
|| /B x d&|| or its components are the fundamental quantities
provided by standard ion deflectometry measurements.

Assuming only azimuthal B-fields B, path-integrated
B-fields fOLBg, x d€ have only two non-zero components
f;‘ B,dz and ffr:)' B, dr, where zo =z(to), z1 = z(t1), ro =
(o), and r; = r(1). Then, equation (2) leads to corresponding
deflection equations for the components of the velocity shift
Av, and Av,

Q

21
B,dz )

20

Av, =v(cos{) —cosf) =
and

Av, =v(sinQ —sinf) = %/ B,dr. )

o

Equations (4) and (5) describe the ion velocity shifts using
only the angular rotation of the ion velocity from the initial
and final angles 6 and () (see figure 1(b)). We define 6 and
Q) as oriented angles from the deflectometry axis, a line per-
pendicular to the ion detector. The angle € corresponds to the
initial divergence of the ion beam so we call it the divergence
angle. The angle €2 is an angle of incidence at which the ions
are detected, so we call it the observation angle. The orienta-
tion of ¢ and 2 depends on the direction of the initial and final
velocity vectors vy and v; with respect to the deflection axis,
respectively. The deflection angle « is given by the difference
between the initial and final angles o = {2 — 6. It is oriented
in the same direction as the observation angle 2. This means
that if the ion is deflected in the opposite direction to the ini-
tial divergence angle € (see the example in figure 1(a)) and
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a) Axial deflectometry

focusing defocusing
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Figure 2. Fundamental ion deflections in the cylindrical azimuthal
B-fields of a z-pinch. (a) Axially propagating ions are deflected
radially by azimuthal B-fields. Depending on whether the ions pass
through azimuthal B-fields in or against the direction of the current
(i.e. downstream or upstream), they are deflected either toward or
away from the pinch axis (i.e. focused or defocused). (b) Radially
ions traveling are deflected axially by azimuthal B-fields.
Depending on whether the ions are propagating radially toward or
away from the z-pinch axis, they are deflected either in or against
the direction of the current (i.e. downstream or upstream).

reaches the ion detector on the opposite side of the deflection
axis, the deflection strength is equal to the sum of both angles
and |a| = |Q|+|6].

Based on the direction of the deflectometry axis, there are
two fundamental configurations of ion deflectometry in azi-
muthal B-fields of the symmetric z-pinch, that is, the axial
and radial deflectometry (see in figure 2). In the axial deflec-
tometry (figure 2(a)), the ions propagate axially through the
azimuthal B-fields, and thus the deflecting force is predomin-
antly radial (F, = Qv,B,,), producing the radial displacements
Ar proportional to the path-integrated B-fields fz zl B, dz. The
radial displacements lead to the focusing of the ion beam
(Ar < 0) if it is directed downstream with respect to the dir-
ection of the z-pinch axial current density J, or lead to its
defocusing (Ar > 0) if it is directed upstream. In the radial
deflectometry (figure 2(b)), ions propagate radially through the
azimuthal B-fields, and thus the deflecting force is predomin-
antly axial (F, = —Qv,B,,), producing the axial displacements
Az proportional to frzl B, dr. The axial ion displacements are
upstream when the ions move toward the z-pinch axis or down-
stream when they move away from it.

Our analysis [23] of the general principles of ion deflec-
tometry in z-pinch B-fields and later the experimental
measurements [9] have demonstrated that the ion beams fired
axially into the z-pinch can investigate the specific distri-
bution of the B-fields inside the z-pinch. To map the mag-
netic fields along the z-pinch axis, the electrodes must be per-
meable for passing ions from the ion source and to the ion
detector. This is possible in specific z-pinch configurations,
where the electrodes are in the form of meshes (for example,
in gas puffs) or do not face each other (for example, in plasma
focuses). However, in the classical experimental configuration

of z-pinches (or x-pinches), the electrodes are solid, and access
to the plasma along the z-axis is limited. Therefore, in that
case, azimuthal B-fields can be probed only in the radial dir-
ection. Accordingly, the first deflectometry measurements (in
2012 [6] and 2014 [7]) in z-pinches were performed in the
radial configuration. The downside of the radial deflectometry
is that ions emitted radially must transverse vacuum B-fields
around the z-pinch plasma before reaching it and after leav-
ing it (see figure 2(b)). Because the ion path in these external
B-fields are much longer than inside the z-pinch plasma, ions
are deflected by the vacuum B-field much more than by the
internal B-fields. It means that the specific distribution of the
z-pinch current density affects the experimental data only mar-
ginally. The upside of predominant influence of the external B-
fields is that the B-fields outside the cylindrical conductor have
a known profile B, = pol/2mr, where 1 is the permeability
and / is the pinch current. Assuming that the ions do not pass
the z-axis, we can calculate the path integral on the right-hand
side of equation (5) as follows

Av, =v(sinQ) —sinf) = g'u—olln (m) . (6)

m 2w 1o

Therefore, the ion deflections are determined by only
one non-geometric parameter: the total z-pinch current /.
Furthermore, it follows from equation (6) that the velocity shift
Av, and the deflection angles « are identical for all ions in
B-fields of the symmetric z-pinch with the given current /.
This means that ions emitted in the r-z plane with compar-
able radial velocities will be deflected by a similar amount,
resulting in nearly uniform ion displacements in the detector
plane, shifting the deflectogram in the ion detector as a whole
without significant distortion. Due to the almost uniform ion
displacements, the radial ion beams stay predominantly lam-
inar throughout their deflections and fall onto the detector as if
projected ballistically from a small virtual source. Therefore,
the net displacement of the ion beam in the detector plane cor-
responds to a shift of the virtual source to the opposite direc-
tion. Moreover, due to the uniform ion displacements in the
deflectogram, the radial deflectometry measurements in the
azimuthally symmetric setup require only a small number of
identified points in the recorded deflectogram to determine its
vertical shift.

3. Experimental configuration on the MAIZE
generator

Our experiments were performed using the LTD generator
MAIZE with the low inductance of 20 nH and stored energy of
8 kJ [16]. We proposed that the MAIZE generator is capable
of driving a point-like ion deflectometry source of MeV pro-
tons produced via beam-target fusion reactions due to deuteron
beams emitted from hot dense plasmas reacting with the target
plasmas. For this purpose, the experimental load of MAIZE
was a deuterated polyethylene [C,Dy), fiber (or simply, a CD,
fiber) arranged in an experimental configuration of a hybrid
x-pinch.
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The hybrid x-pinch represents a simplified concept of a
classical x-pinch. Classical wire x-pinches [24, 25] are made
by crossing several thin wires of high Z materials (e.g. tung-
sten). When a high current passes through them, they begin
to ablate and create hot dense plasmas at the crossing point of
the x-pinch, called the hot-spot, which emits intense soft x-ray
(SXR) radiation. Accordingly, the classical wire x-pinches are
commonly used for point projection x-ray radiography [26—
29]. In the hybrid x-pinch (HXP) configuration [30-32], the X-
shape of the x-pinch is formed by the conical shape of the solid
electrodes instead of the crossed wires. Moreover, the crossing
point of the classical wire x-pinch, i.e. the x-point, is replaced
by a narrow (=~0.5-3 mm) gap between the tips of the elec-
trode inserts connected by a thin CD, fiber. When the voltage
is applied, the current flashes rapidly across the surface of the
fiber, which begins to ablate and transform into a localized hot
dense carbon-deuterium plasma, called a micro-z-pinch, sim-
ilar to the micro-pinch that forms in the classical wire-based
x-pinch. The electrode inserts in the hybrid x-pinch must be
hollow along the z-axis to allow the ablated plasma to flow out
of the crossing region. The length of the electrode gap must be
small to avoid secondary hot-spot formation. The advantages
of hybrid x-pinches over classical wire-based x-pinches are
that hybrid x-pinches are simpler to construct and field experi-
mentally and possibly easier to model due to the simpler (cyl-
indrically symmetric) geometry. For the purposes of ion back-
lighting, an essential feature of the hybrid x-pinch configura-
tion is that it can drive loads of almost any material, including
low-conductivity deuterated polyethylene plastic, due to the
small distance between the tips of the electrode inserts.

For the optimal ablation rate and the formation of the hot
spot, the current rate dI/dz of the generator must be for both
classical and hybrid x-pinches matched to the optimal lin-
ear mass density of the experimental load. Typically, >1 kA
ns~! is required, and therefore MAIZE is well suited for x-
pinch experiments. Note that MAIZE’s relatively low induct-
ance allows rapid energy delivery into the load.

The cross-sectional schematic of the experimental setup on
MAIZE is shown in figure 3. The current was delivered from
the capacitor bank through the magnetically insulated trans-
mission lines (MITL) to the load region. In the load region,
the current propagated along four 12.8 mm thick axisymmet-
rically arranged stainless steel posts, called the return current
rods, located at radial positions that were 64.5 mm from the
setup axis. After the rods, the current continued through the
outer part of the anode, a stainless-steel plate, and then con-
verged onto the central conical electrode inserts installed to
reduce the anode-cathode (AK) electrode gap from ~24.5 mm
to 1-3 mm. The half-angle of the electrode cone was ~50°.
The deuterated polyethylene fiber connecting the electrodes
(see figure 3(b)) was stretched through the holes drilled inside
the electrode inserts. Due to the small distance between the
tips of the conical electrode inserts, the electrical current ran
through only a short length of fiber, creating the micro-pinch.
After leaving the load region, the current was diverted back

(a) Experimenta| setup Return lon detector

C
i Anode R(L;:'jrent

Current

(b) Side-on view 1P
(c) lon deflectometer -

Figure 3. (a) Experimental setup of the radial deflectometry
measurements using the point-like ion source driven by the CD,
fiber hybrid x-pinch performed on the MAIZE LTD generator. (b)
Side view of the conical electrodes and plastic holders for the D-grid
and the pinhole disk of the installed ion deflectometer and pinhole
camera, respectively. The photo was taken before the vacuum
pumping of the experimental load region which pushed the electrode
inserts closer together than shown (namely, to the 2.8 mm distance
stated in the text). (c) Side view of the ion deflectometer showing
the vertical shift of the shadow of the deflectometer grid (D-grid) in
the detected ion signal caused by deflections of ions in the B-fields.

into the MITL. The hot dense carbon-deuterium plasmas gen-
erated from the ablated CD, fiber provided a highly localized
source of MeV protons via DD beam-target fusion reactions.
They allowed us to perform in-situ radial deflectometry meas-
urements of the x-pinch current.

To capture the ion deflections, a fiducial deflectometry grid
(i.e. the D-grid) cut from a 1 mm thick CR-39 plastic was
placed between the electrodes at a radial distance of 59 mm
from the axis (see figure 3(a)). The grid lines of the D-grid
were 0.4, 0.9, and 1.4 mm thick and were separated by a
1.6 mm distance (see figure 3(b)). The D-grid was inserted
into a circular slot inside a round plastic holder, which was
connected to an ion detector case by two 7 mm thick rods (see
figure 3(a)). The radius of the holder was 8.4 mm. The ion
detector with a piece of the CR-39 plastic was placed 29 mm
behind the D-grid holder and inside the ion detector case. It
displayed the image of the deflected ion beam with the imprin-
ted D-grid shadow (see figure 3(c)). Since ions propagated
radially outward through azimuthal B-fields (see illustrated
ion trajectories in figure 3(a)), the ion beam was displaced
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Figure 4. (a) The layout of diagnostics investigating the ion,
neutron, visible light, and x-ray emission of the CD; fiber hybrid
x-pinch. Side-view of the conical electrodes before the vacuum
pumping with the line of sight directed (b) toward the ion beam
spectrometer and (c) towards the PCD detectors.

axially downstream (in the direction of the current). From the
vertical displacement of the D-grid shadow Az’ in the recor-
ded ion beam (see figure 3(c)), we could evaluate the total
pinch current / at the time of ion emission.

The measurements of the ion displacements from the exper-
imental ion images require the reference ion image. The D-
grid installed relatively far from the ion source (=59 mm)
to avoid possible breakdown of the AK gap could not cap-
ture the initial directions of ion beams before deflection. Thus,
we could not establish the initial beam profile. Instead, we
reconstructed the reference image from a geometric projection
of the D-grid image without any B-fields onto the detector
plane. The ion displacements Az’ (see figure 3(a)) evaluated
this way represented only a part of the actual ion displacements
A illustrated in figure 1. However, they still unambiguously
indicated the ion deflections.

Besides the detector measuring ion deflections, called the
ion deflectometer, additional diagnostics were installed on
MAIZE to analyze the ion emission and the x-pinch plas-
mas (see figure 4(a)). The ion beam spectrometer shown in
figure 4(b) measured the energy and anisotropy of the ion
emission. In addition to the ion spectrometer, we used an ion
pinhole camera detector to study the ion source. The pinhole
camera was installed at the same distance from the ion source
as the ion deflectometer and with the identical plastic holder.
In contrast to the ion deflectometer, the circular slot inside
the plastic holder of the pinhole camera contained a small

0.5 mm thick lead sheath, into which a 0.6 mm wide circular
pinhole, i.e. the aperture of the pinhole camera, was pierced.
Since the plastic holder did not cover the entire CR-39 detector
behind it, the pinhole camera detector could not only detect
ions passing through the pinhole and thus capture the image
of the ion source, but also detect ions traveling around the
plastic holder and thus capture the partial image of the ion
beam. Given the size of the pinhole and the magnification of
0.49, these two images could not overlap for any realistic ion
source size.

In addition to the ion emission, three types of diagnostics
detected the light radiation from the hot plasmas. A FFC
captures images of the x-pinch plasmas in the visible light
spectrum. Three fielded diamond PCD detectors shown in
figure 4(c) measured the temporal distribution of the emis-
sion of 21 keV x-rays. The neutron yields were determined
by two types of detectors. The first one was the beryllium
neutron activation detector relying on the *Be(n, )®He reac-
tion and the subsequent 3~ decay of °He. The second type
of installed neutron detector was Bubble Detector-Personal
Neutron Dosimeters (BD-PNDs) [33, 34]. These detectors
utilize a superheated fluid that vaporizes and produces bubbles
after absorbing a defined dose of neutron radiation. The cal-
ibrated sensitivity of the BD-PNDs was /15 bubbles/mrem,
which corresponds to a dose of 29 x 10® n-cm™2-rem™!
assuming a monoenergetic 2.45 MeV DD neutron emission.
Finally, the time-resolved hard x-ray and neutron diagnostic
was provided by two nToF scintillator detectors. The total load
current was measured by a Rogowski coil residing in a slot cut
into the anode surface of the power feed, at a major radius of
11 cm. The additional diagnostics used on MAIZE during this
experimental campaign are presented in [17].

4. Experimental results of shots 3010 and 3012

In the configuration of the hybrid x-pinch with the CD, fiber
load, we performed 18 shots in total. The anode-cathode gap
and the fiber diameter varied from 1.6 mm to 3.4 mm and
from 80 pum to 160 pm, respectively. The average neutron
yield was (15.6 +9.6) x 105. However, this section focuses on
the experimental results obtained in two most important shots,
namely, shots 3010 and 3012.

In shots 3010 and 3012, the measured neutron yields were
the highest, ~1.4 x 10® and ~2.8 x 107, respectively, and the
ion signals of recorded deflectograms were the strongest (see
figure 5). The experimental setup was the same for both shots.
The output voltage was 140 kV, and the total circuit current
reached ~500 kA with a rise time of ~200 ns. The distance
between the conical electrode tips after the vacuum pump-
ing was set at ~2.8 mm. The thickness and mass density of
the used polyethylene fiber were ~160 pm and ~0.9 g/cm 3,
respectively. The CR-39 detectors in the ion deflectometer and
the pinhole camera were both covered by 50 pum thick alu-
minum detector absorbers.

Figure 5(a) shows the CR-39 detector used in the ion
deflectometer in shot 3010. The recorded ion fluence is by
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Figure 5. Experimental ion deflectograms captured by CR-39
detectors used by the ion deflectometer in shots 3010 and 3012 and
the ion pinhole in shot 3010. The CR-39 images (b) and (c) were
inverted and their contrast was enhanced to reveal shadows in the
faint background signal produced by fusion protons. In (a), the
distinct and sharp signal was produced by the anisotropic deuteron
beams and recorded by the ion deflectometer in shot 3010. In (b), a
faint D-grid shadow was produced by fusion protons recorded by the
ion deflectometer in shot 3012. Red and green dotted lines in (a) and
(b) are used to indicate similar features of the D-grid shadow. (c)
The shadow of the plastic pinhole holder in the proton background
captured by the ion pinhole camera’s CR-39 detector in shot 3010.

order of magnitude higher than in other shots. The D-grid
shadow in the deflectogram is distinct and quite sharp. Since
the ion deflectometer is an integrated diagnostic, the sharpness
of the D-grid shadow indicates (i) the short duration of the
ion backlighting compared to the evolution of the deflecting
B-fields and (ii) that the ions were projected onto the CR-39
from a small virtual source. From the thickness of the hori-
zontal penumbra of the D-grid shadow, the radial width of the
virtual ion source was ~0.2 mm. The height of the virtual ion
source estimated from the vertical penumbra was ~0.6 mm.
Because the assumed ion deflections in the B-field outside the
x-pinch were nearly uniform and moderate, the ion beam was
predominantly laminar. Therefore, we can assume that the spa-
tial scales of the virtual ion source corresponded to the spatial
dimensions of the real ion source in the x-pinch. However, in
the vertical (axial) direction, the ion image could have also
been influenced to some extent by the temporal evolution of
the deflecting B-fields.

The spatial distribution of the ion fluence in the deflecto-
gram in shot 3010 was highly anisotropic and, hence, con-
trasting to the more uniform and expected distribution of the
beam-target-fusion-driven proton beams. Interestingly, such a
uniform ion signal was captured in this shot by the ion pin-
hole detector (see figure 5(c)). Due to the low recorded ion
fluence, this CR-39 detector was thoroughly cleaned; then, its
scanned image was digitally inverted, and its contrast signific-
antly increased to visualize the faint ion signal. There was no
visible signal behind the pinhole itself, probably due to the

low fluence of the proton beam. Nevertheless, we observed
a shifted shadow of the pinhole holder (identical to the D-
grid holder illustrated in figure 3(c)), manifesting the displace-
ments of deflected ions. The lack of the strong ion signal in
this CR-39 detector hinted the anisotropy of the ion emission
in shot 3010 observed by the ion deflectometer. The pinhole
camera was adjacent to the ion deflectometer (see the side-
view in figure 3(b)), and still, the ion fluence detected by the
pinhole camera detector was significantly lower than in the ion
deflectogram shown in figure 5(a). Similarly uniform and low-
fluence ion signal was captured by the ion deflectometer in
shot 3012 (see figure 5(b)). In the inverted and enhanced CR-
39 image, a diffusive shadow of the D-grid appeared in the ion
background. For easier recognition of the D-grid shadow, its
distinctive features, i.e. the partial frames of the grid gaps and
the lower edge of the thickest grid line, were highlighted by
green and red dotted lines, respectively.

Actually, the anisotropy of the ion emission detected by the
ion deflectometer in shot 3010 was only one of several obser-
vations that led us to conclude that the intense ion signal in
this shot originated from deuteron beams accelerated by strong
induced electric fields generated by a rapid disruption of the
z-pinch current, and that the diffusive ion signals recorded in
this shot by the pinhole detector and in shot 3012 by the ion
deflectometer were produced by beam-target DD-fusion pro-
tons. Other evidence for this hypothesis based on experimental
results of multiple diagnostics in shot 3010 is presented in the
following subsection.

4.1. Experimental results from non-deflectometry diagnostics
in shot 3010

In addition to the anisotropy of the ion signal, further evidence
for multi-MeV deuterons in shot 3010 was provided by the
experimental data of the nToF detectors and their comparison
with the obtained data from the PCD detectors.

The nToF detectors in shot 3010 were placed at a radial
distance of 1 and 2 meters from the x-pinch, and were shiel-
ded by a 5.4 cm thick lead brick and a 1.3 cm thick lead
plate, respectively. As shown in figure 6(a), both nToF detect-
ors in this shot were saturated despite the strong shielding of
the near detector and the greater distance from the x-pinch
of the far one. Nevertheless, in the signal from the far nToF
detector, we can see two clipped signal peaks, which were sep-
arated by a moderate signal dip. Since the nToF detector can
detect both hard x-ray or fast neutron emissions, we needed
to determine which emission produced which peak in the far
nToF detector’s signal. In general, x-ray photons can be dis-
tinguished from the fast neutrons due to their different velocit-
ies leading to the different travel times. However, this requires
additional information about the time of the x-ray and neutron
emission. To that end, we investigated signals of three PCDs
(see figure 6(b)) installed at a radial distance of ~100 mm from
the x-pinch. Note that the signals from the nToF and PCD
detectors were synchronized to exclude all delays caused by
the signal processing.
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Figure 6. Signal data from shot 3010. (a) Signal traces of neutron time-of-flight (nToF) scintillator detectors installed at radial distances of
1 and 2.5 m from the x-pinch and protected by 5.4 cm and 1.3 cm thick lead shielding, respectively. (b) Traces of the circuit current (in
black) and the PCD detectors (in blue, orange, and green) synchronized with the time stamps of selected FFC frames (in red). The first and
the second clipped peaks in the nToF signal correspond to the 0.6 MeV x-rays and the 4.1 MeV neutrons, respectively, both emitted at the
approximate time of the first x-ray pulse recorded by the PCD detectors, i.e. the x-ray pulse closest to FFC frame C, at approximately 112 ns.

Figure 6(b) shows two major pulses in the time-evolution
of the x-ray emission recorded by the PCD detectors, which
might suggest that there were also multiple bursts of the neut-
ron and x-ray emission. However, the analysis of the clipped
peaks in the nToF signal and their relative positions to the x-
ray pulses in the PCD signal led us to conclude that the first
clipped peak in the nToF signal was associated with the hard
x-ray emission and the second with the neutron emission. The
estimated time of both the hard x-ray and neutron emissions
corresponded to the first x-ray peak in the PCD signal.

Other explanations could be ruled out assuming that the x-
rays and neutrons were produced approximately at the same
time. On the one hand, the first clipped peak in the signal from
the far nToF detector could not be associated with the neutron
emission because the time difference between its onset and
the first PCD signal pulse was so short that it would imply
relativistic neutron energies, which were unrealistic. On the
other hand, the second clipped peak in the nToF signal could
not originate from the hard x-rays because its onset, which
we associated with the nToF signal dip, was so far away from
the two PCD signal peaks that it would imply that the x-rays
traveled from the source to the nToF detector slower than the
speed of light. In addition, the delays of the nToF signal onsets
between each other and from the first PCD pulse fit to the light
travel times between the corresponding detectors. Therefore,
we concluded that the onset of the x-ray emission in the nTOF
signal corresponded to the first PCD pulse. However, due to
the significant width of the x-ray clipped peak in the nTOF

signal, the hard x-rays may have also been produced at the
second PCD peak.

Due to the signal saturation, we could not derive the neut-
ron energy spectrum. To estimate at least a lower bound on the
highest energy neutrons detected, we first needed to determ-
ine whether the neutron emission in the nToF signal corres-
ponded to the first or the second PCD peak. From the time
differences between the dip of the nToF signal and the PCD
peaks, we found that if the neutrons were emitted at the time of
second PCD peak, then the neutron energy would be roughly
equal to =30 MeV. This seems unrealistic because the energy
of the incident deutron beams participating in the beam-target
fusion would be in tens of MeV. Therefore, we concluded that
the time of the neutron emission approximately coincided with
the first PCD peak. As a result, we estimated that the highest
energy neutrons detected were at least 4.1 MeV. Accordingly,
the neutron energy corresponding to the delay of the center of
the neutron peak was 2.3 MeV.

From the angular energy dependence of the neutrons
produced in the beam-target D(d,n)*He fusion reaction on
the energy of the incoming deuteron beams (see figure 7),
assuming the target deuterium was stationary, it follows that
the detected 4.1 MeV fusion neutrons were generated by
20.9 MeV deuteron beams. Such high deuteron energies were
likely achieved via the ion acceleration mechanism discussed
in this paper. Based on the transmissivity coefficient [35] for
the x-rays passing through the 54 mm thick lead layer protect-
ing the near nToF detector, the minimum energy of the hard
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Figure 7. Angular dependence of the deuteron beam energy on the
energy of the neutrons produced in the beam-target D(d, n)3He
fusion reaction. The target deuterons are assumed to be stationary
during the fusion reactions, and the angles are given by the
directions of the incoming deuterons and outcoming neutrons in the
laboratory frame. The dashed line corresponds to the neutron energy
of 4.1 MeV measured by the far nToF detector.

Figure 8. Visible light images of hybrid CD; fiber x-pinch captured
by the fast frame camera (FFC).

x-rays was 0.6 MeV, which further supports the hypothesis of
an acceleration mechanism because the hard x-rays originate
in impacts of accelerated electrons with the electrode system.
Indirect evidence of the accelerated deuteron beams over
the DD fusion protons was provided by FFC images (see
figure 8), which captured the evolution of the hybrid X-pinch
plasmas. Comparing their time stamps with the nTOF and
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Figure 9. (a) CR-39 detector of the ion spectrometer in shot 3010.
Individual bins on the CR-39 highlighted by dotted lines were
shielded by Al strips of different thicknesses defining the energy
ranges of detected ions. The first bin capturing an anisotropic and
highly saturated ion signal corresponded to energy interval with a
mean energy of ~2.4 MeV in case of protons and ~3 MeV in case
of deuterons. (b) and (c) Comparison of microscopic photographs of
tracks etched in two CR-39s used by the ion spectrometers for shot
3010 and during five shots from 3022 to 3027. The captured area
lied near the saturated ion signal, as indicated by the purple arrows.
The photo (c) shows much less tracks despite the fact that
accumulated neutron yield during the five shots was comparable to
the one in shot 3010. (d) Energy spectra of fusion DD protons
measured in two ion spectrometers along the position of the green
arrow highlighted in (a). The first was used for shot 3010 (in orange)
and the second accumulated protons in shots from 3022 to 3027.

PCD signals in figure 6, we found that the estimated time of
the x-ray and neutron emission at 111 ns nearly corresponds to
the frame C at 112 ns. Interestingly, this FFC frame displays
wide and weakly radiating necked plasma, contrasting with the
narrow and highly radiating pinch shown in frame A at 82 ns.
Therefore, it is likely that the detected ions were accelerated by
the disruption of the deuterium plasma neck rather than from
the beam-target fusion around the hot, dense carbon-deuterium
plasmas of the hot-spot.

Additional evidence for the multi-MeV deuteron emission
in shot 3010 was provided by the experimental results of
the ion step-wedge-filter spectrometer (see figure 9). In this
detector, a piece of CR-39 was protected by a plastic mask with
several narrow windows (bins). In each window, the CR-39
was covered by an Al strip absorber of different thickness,
which determined a lower energy threshold of the detected
protons and deuterons. The thicknesses of Al filters were 50,
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60, 64.5, 70, 74.5, 80, 84.5, 90, and 100 pm, which based
on The-Stopping-Range-of-Ions-in-Matter (SRIM) tables [36]
correspond to energy thresholds of 2.27, 2.54,2.66,2.78, 2.91,
3.04, 3.14, 3.26, and 3.48 MeV for protons or 2.87, 3.23,
3.38,3.57,3.71,3.88,4.02,4.17, and 4.46 MeV for deuterons,
respectively. Accordingly, the window-to-window variation of
the ion fluence allows us to estimate the energy ranges of the
protons and deuterons detected corresponding to each window
of the ion spectrometer. In figure 9(a), we observe that the
strong ion signal of the ion spectrometer was only under the
50 pm thick Al filter corresponding to >2.27 MeV protons or
>2.87 MeV deuterons. The recorded ion signal was similarly
anisotropic as in the deflectogram of the equally shielded CR-
39 detector in the ion deflectometer, shown in figure 5(a). In
the other windows covered by >60 pm Al filters, the strong ion
signal disappeared and we detected only more uniform and low
fluence ion background. It means that either the anisotropic
ion beam hit only the first spectrometer’s window but not any
other, or that the energies of the detected protons or deuterons
fit into the energy range of this specific spectrometer window,
namely, 2.27-2.54 MeV for protons and 2.87-3.32 MeV for
deuterons.

Both types of hydrogen ions probably contributed to the
ion fluence in this ion spectrometer window, but our micro-
scopic analysis of the CR-39 detector, shown in figure 9(a),
proved that, in this shot, the number of accelerated deuter-
ons predominated over the beam-target DD fusion protons.
This analysis revealed that the number density of the indi-
vidual etched ion tracks was much higher than the number
of protons given by the estimated neutron yield. The number
of fusion-produced protons should be the same as the number
of the fusion neutrons due to the almost same probability of
the two branches of the DD fusion reactions, i.e. D(d,p)T and
D(d,n)*He. Therefore, a substantial number of ion tracks must
have been created not by DD fusion protons but, most likely,
by the accelerated deuterons. Figures 9(b) and (c) illustrate this
by comparing images of an enlarged surface area of two CR-39
detectors. The former was used only in shot 3010, and the latter
was used consecutively in five shots 3022 to 3027. Although
the neutron yield in shot 3010 was comparable to the neutron
yield accumulated during these five shots, the number of the
etched ion tracks in shot 3010 was more than an order of mag-
nitude higher.

All the evidence discussed above led us to conclude that
the dominant ion signal captured in shot 3010 by the ion spec-
trometer (figure 9(a)) and the ion deflectometer (figure 5(a))
were predominantly produced by ~3 MeV deuterons and that
the DD-fusion protons contributed only to the secondary ion
signal in the background. To estimate the energy of the proton
background, we analyzed the etched tracks in the ion spectro-
meter used in shots 3022-3027. To investigate only the pro-
ton signal in shot 3010, we inspected the etched tracks that
were far from the saturated region of the ion spectrometer,
i.e. at the vertical position of the green horizontal line high-
lighted in figure 9(a). We found that for both spectrometers, the
number of detected protons peaked at the energy of 2.7 MeV
(see figure 9(d)), which we used as an estimate of the min-
imum detected proton energy for the rest of the ion diagnostics.

Since the ion deflections are inversely proportional to the ion
momentum (see equation (3)) and thus to the square root of
the beam energy, the uncertainty in the estimated proton and
deuteron energies given by the energy range of the spectro-
meter window will not significantly influence the deflecto-
metry measurements.

4.2. Measurements of the total pinch current

To measure the x-pinch current and further understand the
behavior of the MeV deuteron beams in these experiments,
we implemented the MAIZE’s experimental setup illustrated
in figure 3(a) into our numerical ion-tracking code written in
Numpy Python and using the Just-In-Time compiler Numba
for the algorithm parallelization.

In contrast with the ideally symmetric geometry assumed in
section 2, the real experimental setup on MAIZE has several
asymmetries, which were included in our numerical model to
reflect the experimental setup realistically. Firstly, figure 3(b)
shows that the conical electrodes were not perfectly con-
centric. This influenced the formation of the x-pinch plasma
which was horizontally displaced by roughly 1.5 mm (see
FFC images in figure 8). The significant horizontal displace-
ment of the ion source can also be seen in the experimental
data in figure 5 because they show that the D-grid shadows
in both shots 3010 and 3012 as well as the pinhole holder’s
shadow in shot 3010 are closer to the left side of the CR-
39 detector. Therefore, analyzing the experimental deflecto-
grams, we estimated that the ion source was horizontally shif-
ted from the center of the setup by ~2 + 0.5 mm. Accordingly,
in addition to the size of the simulated ion source, we set its
position as an input parameter for our numerical simulations.

Secondly, the B-fields were not azimuthally symmetric
because the outer boundary of the B-field region was delim-
ited by four return current rods influencing the B-field distribu-
tion in the x-y plane. Therefore, the mapped B-fields were not
uniformly azimuthal and the ions detected by the ion deflec-
tometer and the ion pinhole detector, shown in figure 4(a),
situated close to the return current rods, were slightly affected
by the local non-azimuthal B-fields. In our numerical model,
simulated B-fields were generated by axial currents flowing
through the surface of five ideal cylindrical conductors: a
micro-z-pinch located within the edges of the tips of the con-
ical electrodes and four return rods symmetrically arranged
around the center of the geometry and with the opposite cur-
rent polarity to the micro-z-pinch. The micro-z-pinch’s loca-
tion, size, and current were input parameters.

To determine ion displacements from the experimental
data, we needed a reference ‘no-deflection’ ion image cre-
ated without the influence of the B-fields by ballistic projec-
tion of the ion source onto the detector plane. To that end, we
required an estimated position of the ion source. In particular,
its vertical position was the most important due to the predom-
inantly axial direction of the ion deflections. Assuming it is
anywhere in the 2.8 mm anode-cathode gap between the cone
tips would result in a significant error in the ion displacement
measurements. To estimate the position of the ion source in the
experiment, we used the shadows of the D-grid and pinhole
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Figure 10. Measurements of D-grid shadow displacements in images of the ion deflectometers used in shots 3010 and 3012. (a) Front-view
photo of the plastic D-grid holder of the ion deflectometer and the Al absorber covering the CR-39 detector. (b) Photo of the Al absorber in
shot 3010 with the burned-in shadow of the D-grid on its surface. (c) The reference ion image which was reconstructed from the burned
D-grid image on the Al absorber, and from which the D-grid shadow displacements can be determined. (d) Experimental 3 MeV deuteron
deflectogram in shot 3010 showing the D-grid shadow displaced due to the ion deflections in the B-field. (e) Synthetic ion deflectogram
obtained via numerical ion tracking simulations by fitting to the experimental deflectogram in shot 3010. (f) High-contrast and inversed
experimental ion deflectogram in shot 3012 showing a faint D-grid shadow in the 2.7 MeV proton background. (g) Synthetic deflectogram
in shot 3012 fit to the experimental data of the ion deflectometer. The axial displacement of the deuteron D-grid shadow is in magenta, the

axial displacement of the proton D-grid shadow is in green.

holder that were burned into the surface of the Al absorbers
used in shot 3010 in the ion deflectometer and in the ion pin-
hole camera, as shown in figures 10(b) and 12(b), respectively.
The burn damage was most likely created by the heat of the
plasma debris ejected after the total disruption of the x-pinch
due to instabilities. Assuming that B-fields did not signific-
antly affect the damaging plasma and that the source of the
plasma debris was close to the ion source, we estimated that
the ion source was in the middle of the anode-cathode gap
within the 0.5 mm uncertainty, which correlates with the
vertical position of the plasma neck observed in figure 8(c).
The resulting reference image of the D-grid shadow is shown
in figure 10(c). Note that the burned-in shadows on the Al
absorbers are horizontally shifted similarly to the ion signals
on the CR-39 detectors. This suggests that the location of the
plasma source was indeed correlated with the location of the
ion source.

Figure 10 demonstrates the axial displacements of the D-
grid shadows of 3 MeV deuterons in shot 3010 and 2.7 MeV
protons in shot 3012. We measured that the D-grid shadow
shifts in these shots were equal to 5.4 4+ 0.3 mm and 8.2+
0.4 mm, respectively. By fitting the estimated displacements of
the D-grid shadows and the overall shape of the experimental
data in figures 10(d) and (f), we used our numerical simula-
tions to create synthetic deuteron and proton deflectograms
for shots 3010 (figure 10(e)) and 3012 (figure 10(g)), respect-
ively. The simulated ion beam in both shots were monoener-
getic and had a uniform profile. The corresponding simulated
ion trajectories are shown in figure 11. Based on our numer-
ical simulations, we measured that the total load currents were
350 £ 30 kA for shot 3010 and 330 4 50 kA for shot 3012.

The estimated current for shot 3010 was lower than the
~2390 kA circuit current measured by the Rogowski coil in the
time of the first x-ray peak recorded by the PCD detectors (see
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Figure 11. Simulated trajectories of the 3 MeV deuterons and the
2.7 MeV protons in hybrid x-pinch B-fields. The initial angles at
which the simulated ion beams were emitted are indicated by the
color of the individual trajectories. (a) Simulated trajectories of 3
MeV deuteron corresponding to the synthetic deuteron deflectogram
in shot 3010. (b) Simulated trajectories of 2.7 MeV proton
corresponding to the synthetic deuteron deflectogram in shot 3012.
The initial (divergence) angles indicated are relative to the direction
of the pinch current, which is in the negative direction of the z-axis.

figure 6). In contrast, the estimated value for shot 3012 was
higher than ~300 kA measured by the Rogowski coil during
the x-ray peak (see [17]). The discrepancies in the estimated
currents for deuterons and protons can be explained by the dif-
ferent durations and times of emission of these two hydrogen
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Figure 12. Measurements of displacements of the pinhole holder’s
shadow in the CR-39 image obtained by the pinhole camera detector
in shot 3010. (a) Front-view photo of the plastic pinhole holder of
the pinhole camera and the Al absorber covering the CR-39
detector. (b) Photo of the Al absorber with the burned-in shadow of
the pinhole holder on its surface. (c) Experimental and (d) synthetic
2.7 MeV proton deflectograms showing the pinhole holder shadow
displaced due to the proton deflections in the B-field.

ion species. The E-fields that accelerated the deuteron beams
to energies of 3 MeV must have been very short in duration
relative to the E-fields that accelerated the deuteron beams
responsible for the beam-target DD fusion protons.

The estimated uncertainties of the measured currents pre-
dominantly originated from the uncertainty in the locations of
the ion source and the pinch axis, and from the uncertainty
of the placement of the CR-39 detectors inside the ion dia-
gnostics. However, our simulations revealed several additional
bounding conditions of the simulated system that allowed us
to find the most reliable fit. For shot 3010, the relative ver-
tical position of the ion source to the ion detector was in our
simulations found not only from the burned-in D-grid images
on the Al absorbers but also from the vertical position of the
anode plate, whose shadow determined the upper edge of the
synthetic deflectogram shown in figure 10(e). Furthermore,
based on the estimated thickness of the thinnest gridline in the
experimental deflectogram, we inferred that the 3 MeV deu-
teron source in shot 3010 was ~0.6 mm tall and ~0.2 mm
wide, while the 2.7 MeV source in shot 3012 was ~0.8 mm
tall and ~0.5 mm wide. If the error of the current meas-
urements were caused only by the size of the ion source,
it would be £10 kA in the case of the deuteron image in
shot 3010 and £20 kA in the case of the proton image in
shot 3012.

In our simulations, it was necessary to place the ion source
at the outer radial edge of the conical electrode tips; otherwise,
the emitted ions hit the anode or were too deflected to reach
the ion detector. This results from the required initial diver-
gence of the emitted ions, which they needed to compensate
for their subsequent deflections to reach the ion detector (see
the simulated ion trajectories in figure 11). The relative hori-
zontal position of the ion source in the parallel direction to the
detector plane was chosen not only by the shift of the ion sig-
nal to the left side of the CR-39 detector but also by its relative
position to the return current rods. Since the distance from the

outer edge of the closest return current rod to the D-grid holder
was 10 mm and to the ion beam axis 18 mm, local B-fields
around this current rod slightly rotated ions and the ion deflec-
togram in the detector plane (see figure 10(g)). Furthermore,
we found that the specific B-field profile and the pinch radius
had only limited effect on the current measurements due to
the small pinch cross-section, assuming there were no signi-
ficant currents radially outside the outer edge of the conical
electrode tip. In contrast, the location of the pinch axis, which
we assumed to be different from the axis of the ion source,
had a more significant effect on the ion trajectories because it
determined the magnitude of the B-fields along the entire ion
trajectory. When the axis of the pinch with a small radius was
placed in our simulations too close to the ion source, deflec-
tions of emitted ions were too strong to reach the ion detector.
Therefore, we estimated that the location of the ion source was
~1 mm from the pinch axis.

In addition to the results of the ion deflectometers, figure 12
displays the axial displacement of the pinhole holder’s shadow
in 2.7 MeV proton signal in shot 3010, which we measured
to be 9.2+ 0.5 mm. Using numerical simulations, we estim-
ated that the total current during the proton emission in shot
3010 was equal to 360 = 50 kA, which corresponds to the cur-
rent estimated from the synthetic deuteron deflectogram in the
same shot (see figure 10(e)). Note that the upper part of the
synthetic proton deflectogram in figure 12(d) does not corres-
pond to the experimental data shown in figure 12(c). The recor-
ded ion tracks in the upper part of the CR-39 detector may be
from less deflected ions, which might be caused by the signi-
ficantly larger proton source or the time-varying current during
the proton emission.

4.3. The angular distributions of simulated deuteron and
proton beams

Figures 11(a) and (b) show simulated trajectories of 3 MeV
deuterons and 2.7 MeV protons corresponding to the synthetic
deflectograms in shot 3010 and 3012 shown in figures 10(e)
and (g), respectively. To compensate for their magnetic deflec-
tions, the beams of both ion species were emitted at large
divergence angles 6 with respect to the pinch current direc-
tion, which is in the negative direction of the z-axis. Ions emit-
ted at even larger angles would hit the anode plate and could
not be detected. Ions emitted at smaller angles than those dis-
played would drop too quickly and also would not be able to
reach the ion detector. Nevertheless, the divergence angles 6
retrieved from the ion simulations, which are greater than 90°,
imply that both ion species were emitted in a direction that is
largely opposite to that of the pinch current.

In the case of the 2.7 MeV protons, the observed directions
can be explained by the angular dependence of the energy
of the protons produced in the beam-target DD fusions, as
shown in figure 13. This figure demonstrates that the fusion
protons are emitted with a certain probability in every direc-
tion, but their energy depends on the emission angle and the
energy of the deuteron ‘beam’ hitting the deuterium ‘target’.
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Figure 13. Angular energy distribution of ‘beam’ deuterons
Ep(Ep,0) hitting stationary ‘target’ deuterons. The distribution is a
function of the proton energy E, and the proton emission angle 6 of
beam-target fusion protons. The red area corresponds to the third
bin in the spectrometer, with the peak of fusion protons centered at
~2.7 MeV. The lime area corresponds to the calculated emission
angles of simulated proton trajectories.

Therefore, the fusion protons emitted at angles greater than
90° have energies less than the 3 MeV of energy released from
the DD fusion reaction. Moreover, it follows from the range
of the proton divergence angles estimated from the numerical
simulations (the lime area in figure 13) and the proton ener-
gies estimated from the ion spectrometer (the red area) that the
‘projectile’ deuteron energy was 150 + 50 keV. This suggests
that the estimated divergence roughly agrees with the meas-
ured proton energy because the ‘projectile’ deuterons with
energies close to this energy estimate have the highest cross-
section o(Ep)/Ep of the fusion reaction D(d,p)T related to
the deuteron energy [37].

In the case of the 3 MeV deuterons, the explanation of the
large initial divergence angles is difficult and probably bey-
ond the scope of this paper, because our numerical simula-
tion code implements only a simplified model of a source of
monoenergetic (already accelerated) deuterons. In reality, the
deuteron beams are accelerated by E-fields and, at the same
time, deflected by B-fields in the region of the ion source. One
possible explanation is the presence of a radial electric field
that could balance the magnetic deflections and deflect ions
radially towards the ion detector. Our experiments with hybrid
gas-puff z-pinch GIT-12, presented in [12], hinted at the exist-
ence of a radial E-field. This was based on the experimental
results of the ion beam-profile detector, which indicated incid-
ent angles of detected 20 MeV deuterons reaching up to 70°.
However, significantly more experimental data are required to
support this hypothesis.

5. Conclusions and future prospects

This paper presents further development of ion deflectometry
in z-pinches by implementing it on a mid-size university
device for the first time and providing the proof of concept for
generating multi-MeV ions for self-sustained point-projection
deflectometry measurements in z-pinches. The hybrid x-pinch
carbon-deuterium plasma driven by the MAIZE LTD gener-
ator at ~500 kA was capable of producing the 2.7 MeV pro-
ton emission via DD fusion reactions in multiple shots. In
shot 3010, with the neutron yield of 1.4 x 108, two species
of hydrogen ions with MeV energies were produced from a
sub-mm source. Besides 2.7 MeV DD protons (which, due to
beam-target dynamics, were down-shifted in energy from the
standard 3.02 MeV that occurs in the DD reaction’s center-
of-mass rest frame), highly anisotropic 3 MeV accelerated
deuteron beams were observed with temporally short emis-
sion durations. The radial direction of these beams suggests
an unidentified mechanism for deflecting ions to large diver-
gence angles. Based on the numerical simulations reproducing
the experimental proton and deuteron images, the total pinch
current was estimated in shots 3010 and 3012 to be 350 £ 30
kA and 330 +£ 50 kA, in reasonable agreement with the total
current measured by MAIZE’s Rogowski coil.

The reproducible emission of MeV protons from a local-
ized source opens the possibility of using the z-pinch-driven
ion backlighting to probe other high-energy-density plasma
objects. For example, the localized source of MeV hydrogen
ions in the center of a fast MA pulsed-power generator might
be used for ion imaging of a secondary z-pinch situated in the
return current circuit. In closing, we note that detecting MeV
deuteron beams accelerated into large divergence angles will,
in general, help us better understand the ion acceleration mech-
anisms occurring in z-pinches and ion diodes.
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