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ABSTRACT

In this paper, we describe a technique using a crystal spectrometer, a silicon-diode detector, and a filtered photoconductive detector to monitor
photon energies in the L-shell (0.9-1 keV) and K-shell regimes for nickel and copper hybrid X-pinch x-ray sources. The detectors, system
cabling, and an 8 GHz digital oscilloscope in combination enable time resolution better than 200 ps for photoconductive detectors and
700 ps for silicon-diode detectors of the K- and L-shell radiation signals, respectively. We substantially improve the relative timing of signals
obtained using the oscilloscope by using an x-ray streak camera with a crystal spectrometer to monitor the L-shell line spectra and, separately,
the K-shell line spectra relative to the continuum burst to better than 17 ps time resolution. This combination of instruments enabled and
validated a new method by which plasma conditions in nickel and copper X-pinches can be assessed immediately before and after the ~30 ps
continuum x-ray burst produced by 370 kA hybrid X-pinches. In general, the method described here can be applied to observe otherwise
highly filter-absorbed radiation in the presence of a broad spectrum of higher energy radiation by combining x-ray crystals and detectors.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0150183

I. INTRODUCTION

X-ray bursts produced by X-pinches are short-lived, um-scale
pulsed x-ray sources that are commonly used for radiography.'~
In this paper, our x-ray source is called a hybrid X-pinch, the
details of which will be described shortly. Understanding the implo-
sion dynamics of the smallest, <1 ym, of these hot plasma micro-
pinches, which we will refer to as hotspots in this article because
of their x-ray spectral properties, is difficult due to their extreme
plasma conditions and short lifetime, «<1 ns, during which the
continuum-dominated soft x-ray intensity peak characteristic of a
hybrid X-pinch occurs.*™

It is of interest to understand the dynamics of the formation
of hybrid X-pinch hotspots for fundamental physics reasons, such
as whether the process of radiative collapse®® plays an important
role, and for studies of the atomic physics of the ultrafast multi-
ple ionization processes that occur in high energy-density plasmas
in such materials as nickel (Ni) and copper (Cu). The K-shell line

radiation spectrum enables diagnosing the plasma conditions during
and immediately after the hotspot x-ray burst, typically being indica-
tive of 1 keV or even higher electron temperature and ion density
above 102 cm~3.7 Investigating L-shell emission in a time-resolved
manner can enable an improved understanding of the plasma condi-
tions just before hotspot formation. Here we present a new method
to accomplish this goal in the spectral range of interest.

L-shell radiation emission from Ni and Cu requires consider-
ably less extreme plasma conditions than K-shell emission and is
found experimentally to be most intense in the x-ray spectral band
from 0.9-1 keV, as we will show. Above 1 keV, silicon diodes (SiDs)
and photoconductive detectors (PCDs) can be used in conjunction
with filter pairs to investigate the radiated energy with ~200 ps
time resolution for short-lived hotspots.”® In addition, single fil-
ters can be used to block soft radiation and allow the measurement
of all radiation above a specific energy. However, due to the sig-
nificant absorption of practical filter materials in the x-ray range
of 0.9-1 keV for elements of relevance in this research, i.e., with
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FIG. 1. Transmission of x-rays through 1 um Al, 2 um Mylar, 5 ym Ta, 25 ym
Be, and 2 um aluminized Mylar (<2000 A Al layer) with photon energies ranging
from 0.5 to 3 keV. There is strong absorption in the <1 keV range as well as high
transmission above 1 keV, except for the 5 um Ta filter, which absorbs virtually all
the radiation within the range shown (<10~° transmission). Furthermore, the alu-
minized Mylar exhibits a transmission profile that closely resembles that of regular
Mylar, with the primary distinction lying in its visible light transmission.

Z = 25-30, measurements are difficult. The transmission curves for
Al, Be, Ta, aluminized Mylar, and Mylar in the 0.5-3 keV range are
shown in Fig. 1. The figure makes it evident that the transmission is
substantially reduced below 1 keV, allowing radiation above 1 keV to
overpower the signal’s L-shell radiation component in the 0.9-1 keV
range if these filters are used.

The new measurement method described here utilizes x-ray
crystal diffraction to determine the radiation range observed when a
SiD or a PCD is placed at the focal point of a spherically or cylindri-
cally bent crystal, which we will refer to as the “crystal view” signal,
unlike the standard direct line of sight on the load, which we refer to
as the “direct view” signal in this paper. The energy of the x-ray pho-
tons delivered to the focal point, where a detector can be placed, is
determined by a combination of factors including the crystal lattice
structure, the dimensions of the crystal, and the Bragg angle. This
technique was validated by comparing it with filtered direct view
detectors in the >1 keV regime. The method was then extended to
the [0.9-1 keV] regime, which has not been explored previously. The
time-resolved L-shell radiation on the SiD detector was also com-
pared with K- and L-shell spectra recorded on different shots with an
x-ray streak camera. By this means, we confirmed, with much higher
time resolution, the timing of the K- and L-shell radiation relative to
the hybrid X-pinch continuum pulse, thus validating the use of the
crystal view and direct view detector signals for the relative timing
of x-ray signals without the streak camera.

Il. EXPERIMENTAL ARRANGEMENT

The XP pulsed power machine is capable of driving exploding-
wire loads with current (I) up to 400 kA and 50 ns 10%-90%
rise time, enabling the formation of hotspots with intense radia-
tion in the K- and L-shell energy ranges for low to mid-Z-elements
(Z < 30).""* A typical XP dI/dt and PCD signal are shown in
Fig. 2(a). The load used in the present experiments is the hybrid
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FIG. 2. (a) Typical XP dl/dt signal (in blue) and direct K-shell emission through
a 5 um Ta filtered PCD signal on a 500 MHz oscilloscope (in orange). (b) The
HXP configuration consisting of two tungsten conical electrodes and a single wire
connecting them.

X-pinch (HXP), which consists of two conical electrodes with a sin-
gle wire connecting them, as shown in Fig. 2(b). A tungsten alloy
(W 95%, 2% Ni, and 3% Cu) was used as the material for the coni-
cal electrodes due to its high melting point as well as its toughness,
enabling reuse for several pulses (<5) before resurfacing was neces-
sary. The cone angle is 60°, and the axial hole is 1 mm in diameter.
The number of micropinches formed can be controlled by adjusting
the gap distance between the two electrodes, with larger gap dis-
tances leading to multiple micropinches and a smaller gap distance
(<1.5 mm) typically leading to one.*”

A Molybdenum (Mo) wire load was used for the validation
shots using L-shell radiation in the range 2.3-3 keV. Ni and Cu wires
were used for the L-shell (<1 keV) radiation shots. For measuring the
time-resolved radiation, SiDs (model AXUHS5 from Opto Diode'?)
with a surface area of 1 mm? and a rise time of 700 ps were uti-
lized, biased with a voltage of 40 V. Additionally, a diamond PCD
(model DRD301010-SMA-HBFF from Alameda Applied Sciences
Corporation’*) with a surface area of 3 x 1 x 1 mm? and a rise time
of 200 ps was used, biased with a voltage of 300 V. A 500 MHz Tek-
tronix digital oscilloscope that could tolerate relatively large voltage
pulses was used for the highly variable direct view SiD and PCD sig-
nals, while a high sensitivity 8 GHz Tektronix digital oscilloscope
(model MSO64) was used for the reliably small crystal view signals
to assure the voltage-sensitive channels of the latter device were not
damaged.

Figure 3(a) shows a schematic diagram of the experimental
arrangement, including the positioning of the crystal view SiD and
the direct view PCD and SiD. Adjusting the Bragg angle of the x-ray
crystal enables the selection of a specific radiation energy range that
will be focused at position 2 in Fig. 3(b). Placing the SiD detector at
the crystal focal point results in the recording of a measurable voltage
on the oscilloscope due to the <1 keV radiation. The potassium acid
phthalate (KAP) crystal used in the Cu L-shell shots was cylindri-
cally bent with a 250 mm radius of curvature (ROC), while the mica
crystal used in the Mo validation shots was spherically bent with a
100 mm ROC. The cylindrically bent KAP crystal (2d = 26.63 A)
made the alignment process easier, as illustrated in Fig. 4, as align-
ing the focal point of the spherically bent mica crystal on the 1 mm?
SiD surface was challenging. To determine the x-ray energy range
reflected by the KAP crystal, an imaging plate was positioned at the
Rowland circle. The measurement revealed an approximate energy
range of 939-1265 eV (9.8-13.2 A) for the reflected x-ray energies.
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FIG. 3. (a) Schematic diagram of the experimental arrangement showing the position of the SiD and where the image plate (IP) or film would have been if it was a standard
time-integrated crystal spectrometer. The distance between the HXP and the direct view x-ray detectors (SiD and PCD) is 69.5 cm, indicated in the figure as L1. The distance
between the HXP and the crystal is 71 cm, indicated in the figure as L2. The path to the streak camera is also shown. (b) A magnified schematic view of (1) the bent crystal,
(2) the SiD, and (3) the IP position in a normal spectroscopic setup. (c) Photograph of the experimental arrangement with lead tapes used to prevent reflected and direct HXP

radiation from reaching the SiD at the crystal focal point.

FIG. 4. Cylindrical crystal setup illustrates the ease of aligning the crystal focal line
on the 1 mm? SiD sensor surface relative to focusing a 1 mm focal spot from a
spherically bent crystal on it.

A 1 ym Al filter was used for the copper L-shell crystal view SiD
to block UV and visible light reflected from the spectrometer walls,
the crystal holder, and the glass substrate. Alternatively, one can use
diamond PCDs that are sensitive to radiation above the bandgap of

diamond (>5.5 eV),'? which would remove the requirement of using
a filter and improve the time resolution of the signals obtained. The
bias voltage applied to the PCD would have to be great enough that
the signals obtained are of sufficient voltage levels to be detected
by the oscilloscope used due to the significantly lower sensitivity of
PCDs compared to the SiDs used.

A low-magnification Kentech x-ray streak camera was used
in combination with a spherically bent mica crystal to observe the
Ne-like L-shell emission of Cu in the 953-1240 eV energy range
(10-13 A). The crystal had a 2d spacing of 19.86 A and a ROC
of 186 mm. The streak camera was operated at a sweep speed of
172 ps/mm and a total sweep duration of 6.8 ns for all the pulses
presented in this paper. The microchannel plate image intensifier
system restricted the data’s resolution to 0.1 mm on a 40 mm dia-
meter output screen, resulting in a temporal resolution of about
17 ps.” The streak camera photocathode consisted of 3000 A of KBr
and 500 A of Al deposited on a 1 um Lexan substrate.

lll. EXPERIMENTAL RESULTS

After accounting for the x-ray detector signal relative timing for
cable, oscilloscope channel, and photon path time-of-flight delays,
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FIG. 5. 40 um Mo wire SiD signals from direct and crystal views are shown in blue
and yellow, respectively, both filtered with a 2 um aluminized mylar filter. The thin
layer of Al'is used to prevent visible light and UV from reaching the silicon sensor.
In orange, there is a direct view of 25 um Be filtered PCD signal.

three 40 um Mo wire control shots demonstrated that direct view
and crystal view SiD signals peaked at the same time reproducibly.
The XP machine is not powerful enough to produce K-shell Mo
radiation, so the radiation shown in Fig. 5 for all three detectors is
dominated by Mo L-shell emission in the range of 2.3-3 keV. It is
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important to note that the filters used effectively absorb the M-shell
radiation, thereby excluding its contribution to the observed radia-
tion. All three signals are normalized to 1, where the actual peaks
of the PCD signals were ~5-15 V. However, the signals obtained
from the crystal view SiD of the Mo L-shell radiation were on the
order of a couple of hundred millivolts. The filter used for both the
direct view and crystal view SiDs for the Mo wire control shots was
2 pm aluminized Mylar, which transmits over 90% in the 2.3-3 keV
band. The third order of a 100 mm ROC mica crystal was used to
obtain the SiD L-shell radiation emission from Mo.

As can be seen in Fig. 5, the direct view and crystal view SiD
signals and the PCD signal match the timing of the signal peaks
and the signal rise times very well. However, it is worth noting
that the shape of the SiD signals differs from the PCD signal shape.
Based upon Ref. 1, this discrepancy can be attributed to the presence
of a 1-2 ns duration electron beam that impacts the width of the
x-ray peaks, followed by >10 ns duration, lower intensity e-beams.
The non-zero voltage that persists for several hundred nanoseconds
may be a result of a detector circuit effect due to the detector bias
voltage driving a long-lived current through the intensely irradiated
detector. It should be noted that SiDs are significantly more sensi-
tive than PCDs, with orders of magnitude differences, making them
more susceptible to the impact of such e-beams. The 25 ym Be fil-
ter transmits >84% of the 2.3-3 keV radiation in the Mo L-shell
energy ranges while blocking all radiation below 1 keV. The three

a) b)
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FIG. 6. (a) SiD and PCD direct view signals showing Cu K-shell radiation, along with a crystal view signal filtered with a 1 um Al filter showing the 50 um Cu wire L-shell
radiation; (b) L-shell time-resolved spectrum obtained from the streak camera during the same shot, showing the secondary micropinch shown by the crystal view signal with

a similar separation time of [3hs.
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FIG. 7. (a) K-shell direct view signal in black and L-shell crystal view signal in blue, showing that the L-shell radiation for the 50 um Ni wire started ns before the hotspot
formation. (b) Streak camera Ne-like Ni from an identical load but a different shot showing the early L-shell radiation in the static position.
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Mo hybrid X-pinch shots were reproducible in showing these fea-
tures, encouraging carrying out similar tests with Cu and Ni with
L-shell radiation below 1 keV.

Following the validation of the technique, Cu and Ni L-shell
radiation signals were collected and compared with the streak cam-
era. The streak camera is aligned along a crystal that views the whole
wire. Figure 6(a) shows the K-shell emission on the filtered direct
view detectors and the L-shell emission on the crystal view SiD, indi-
cating the co-existence of L and K-shell radiation during the x-ray
burst from the hotspot. However, there is a secondary L-shell peak
that cannot be seen in the direct view detectors and can only be seen
in crystal view and on the L-shell streak camera film, showing the
value of such a technique.

This technique was also used for Ni L-shell radiation, show-
ing L-shell radiation starting ~25 ns before the K-shell radiation.
This behavior was also observed at the static position of the streak
camera for Ni shots, as shown in Fig. 7(b), a feature that has
not been studied previously. Such a radiation region would be
of interest to understand the compression phase of the plasma
leading to the formation of the intense K- and L-shell emitting
hotspots.

IV. CONCLUSION

In summary, we used a combination of an x-ray crystal spec-
trometer, a silicon-diode (SiD), and a filtered photoconductive
detector (PCD) to measure the relative shape and timing of the
L-shell and K-shell radiation of Ni and Cu hybrid X-pinches. By
placing a SiD at the focal point of an x-ray crystal, we were able
to investigate a previously unexplored energy range that is affected
by the high absorption of practical filter materials. We confirmed
the validity of the relative timing determination technique by com-
paring it to direct-view PCDs, SiDs, and a fast-sweep x-ray streak
camera using Mo L-shell radiation in the 2.3-3 keV energy range.
In general, this approach enables the study of any x-ray energy
range determined by an x-ray crystal with a high temporal resolu-
tion (700 ps) for long time scales. If the SiD can be replaced by aPCD
in the crystal view channel, the time resolution would be improved
to ~200 ps.
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