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We have developed a diagnostic system that measures the spectrally integrated (i.e. the total) energy
and power radiated by a pulsed blackbody x-ray source. The total-energy-and-power (TEP) diagnostic
system is optimized for blackbody temperatures between 50 and 350 eV. The system can view apertured
sources that radiate energies and powers as high as 2 MJ and 200 TW, respectively, and has been
successfully tested at 0.84 MJ and 73 TW on the Z pulsed-power accelerator. The TEP system consists of
two pinhole arrays, two silicon-diode detectors, and two thin-film nickel bolometers. Each of the two
pinhole arrays is paired with a single silicon diode. Each array consists of a 38� 38 square array of
10-�m-diameter pinholes in a 50-�m-thick tantalum plate. The arrays achromatically attenuate the x-ray
flux by a factor of �1800. The use of such arrays for the attenuation of soft x rays was first proposed by
Turner and co-workers [Rev. Sci. Instrum. 70, 656 (1999)]. The attenuated flux from each array
illuminates its associated diode; the diode’s output current is recorded by a data-acquisition system
with 0.6-ns time resolution. The arrays and diodes are located 19 and 24 m from the source, respectively.
Because the diodes are designed to have an approximately flat spectral sensitivity, the output current from
each diode is proportional to the x-ray power. The nickel bolometers are fielded at a slightly different
angle from the array-diode combinations, and view (without pinhole attenuation) the same x-ray source.
The bolometers measure the total x-ray energy radiated by the source and—on every shot—provide an in
situ calibration of the array-diode combinations. Two array-diode pairs and two bolometers are fielded to
reduce random uncertainties. An analytic model (which accounts for pinhole-diffraction effects) of the
sensitivity of an array-diode combination is presented.
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I. INTRODUCTION

Z pinches, laser-generated plasmas, and particle-beam-
heated targets serve as intense pulsed x-ray sources for
inertial-confinement-fusion, radiation-physics, radiation-
hydrodynamics, astrophysics, and other plasma-physics
experiments [1–7]. The spectrum of x rays emitted by these
sources can often be approximated as that of a blackbody.

Two of the most critical measurements that can be made
on such experiments are those of the total x-ray energy and
peak x-ray power radiated by the source. Because of the
nature of such experiments, the source is usually enclosed,
and hence is apertured in some manner. Consequently, only
part of such a source is available for diagnostic viewing.
For many experiments presently being conducted, it is
desired to measure energies and powers (radiated by the
apertured part of the source) as high as 2 MJ and 200 TW,
respectively.

As described in Refs. [2–18], intense x-ray sources are
often diagnosed using a filtered array of photoemissive

x-ray detectors (XRDs). Since both the filter attenuations
and XRD-photocathode sensitivities are functions of the
x-ray energy, it is necessary to perform a computational
unfold to obtain from the XRD output signals the x-ray
spectrum, and from this, the radiated energy and power
[8,12–14]. If one does not require the spectrum and only
wishes to obtain the energy and power, an unfold is not
required, as observed by Fehl and colleagues [18]. The
energy and power is obtained in Ref. [18] by a computa-
tional spectral-equalization process. Spectral equalization
can be achieved experimentally as well, with the use
of a complex filter and a single XRD, as demonstrated by
Kornblum and Slivinsky [19]. Radiated energies and
powers can also be measured with a transmission-grating
spectrometer, as described in Refs. [11,15,20–23], or a
diffractive-slit spectrometer, as described by Baker and
colleagues in Ref. [24].

An alternate diagnostic approach—one that does not
require filters, XRDs, or a spectrometer—is described by
Turner and colleagues [25]. The system described in
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Ref. [25] consists of an array of pinholes and a single
unfiltered diamond photoconductive detector. The pinholes
are used to attenuate the x-ray flux in an achromatic
manner. The attenuated flux illuminates the detector, which
has a sensitivity less spectrally dependent than that of an
XRD [8,12–19,26–30]. The system described in [25] pro-
vides direct measurements of the energy and power radi-
ated by an x-ray source. The measurements are performed
without an unfold procedure [8,12–14,23,24] or spectral-
equalization process [18,19]. However, since the measure-
ments are spectrally integrated, they provide no informa-
tion about the spectrum, which would have to be obtained
from other instruments.

Of course, pinholes and photoconductors have some
spectral dependence. Hence, the energy and power mea-
surements made with the system described in Ref. [25] are
meaningful only when the upper and lower limits of the
spectrum are consistent with the designs of the pinholes
and photoconductor, and when the response of the diag-
nostic system is not a sensitive function of the shape of the
spectrum.

In this article, we describe an x-ray-diagnostic system
that was motivated by and extends the work of Ref. [25].
The system outlined herein uses pinhole arrays similar to
that developed by Turner and colleagues [25]. However,
instead of diamond photoconductors, we use HS-1 silicon
diodes [31] that are apertured, as first recommended by
Porter [20]. Such diodes have a flatter spectral response,
and hence are less sensitive to the shape of the spectrum,
than XRDs [2–19], photoconductors [26–30], and unaper-
tured diodes [32]. In addition, as observed by Idzorek and
Bartlett [32], since silicon diodes are volume detectors,
their sensitivities do not change significantly over time, as
do surface detectors such as XRDs [12]. For these reasons,
apertured silicon diodes are used in various diagnostic
applications [11,15,20–24,33–36].

The diagnostic system described in this article uses two
apertured diodes and two pinhole arrays. Each of the two
pinhole arrays is paired with a single diode. The system
also includes two thin-film nickel bolometers [37,38] that
provide—on every shot—an in situ calibration of the two
array-diode combinations. Like the silicon diodes, the
bolometers are volume detectors.

Since the arrangement of detectors described in this
article measures the spectrally integrated (i.e., the total)
energy and power radiated by an x-ray source, we refer to
such an arrangement as a total-energy-and-power (TEP)
diagnostic system. We expect that TEP systems could be
applied to a wide variety of high-energy-density physics
experiments; the specific TEP described in this article is a
prototype designed to diagnose z pinches driven by the Z
pulsed-power accelerator [39–47].

The prototype is described in Sec. II. In Secs. III A, III B,
and III C, we develop an analytic model (which accounts
for pinhole-diffraction effects) of the sensitivity of an

array-diode combination. The model makes the simplify-
ing assumption that the x-ray spectrum can be approxi-
mated as that of a blackbody, and estimates the sensitivity
as a function of the blackbody temperature.

The bolometers that we use were originally developed
by Hanson [37] and have been developed further by
Spielman and colleagues [38]. Fehl and co-workers have
shown that the bolometers provide results that are consis-
tent with those of an absolutely calibrated calorimeter [48].
In Sec. III D, we briefly review the model presented in
[37,38] of the relative spectral sensitivity of a bolometer.
Analytic estimates of the maximum energy and power that
can be diagnosed by a TEP system are developed in
Sec. III E.

In Sec. IV, we present results of TEP measurements
performed on the Z pulsed-power accelerator [39– 47],
and compare these to measurements performed with the
XRD array described in Refs. [12,13,15,18]. We discuss
recommendations for future work in Sec. V.

II. DESIGN OF A TEP DIAGNOSTIC SYSTEM

In this section we describe the design of a prototype TEP
diagnostic system. The prototype includes two array-diode
combinations and two thin-film nickel bolometers.

The configuration of a single array-diode combination is
shown in Fig. 1. Figure 2 presents a detailed cross-sectional
view of the apertured-diode-detector assembly. Figure 3 is
a detailed view of the diode itself [31,32].

For the measurements described herein, the x-ray source
of Fig. 1 is a z pinch that is apertured so that 50% of the
total pinch height is visible to the diagnostic system. The
two array-diode combinations are nominally identical, are
separated by an angle of 0:1�, and view nominally the same
axial section of the pinch. The arrays and diodes are
located 19 and 24 m from the z pinch, respectively. A
single vacuum line-of-sight pipe contains the two array-
diode combinations. The pipe has space for a third; this
space is used instead for alignments performed with a
telescope and GAFCHROMIC HD-810 radiochromic
film [48,49]. The use of such film for the alignment of
x-ray diagnostics was first proposed by Fehl and colleagues
[48].

Each of the two pinhole plates is similar to that de-
scribed by Turner and co-workers [25]—i.e., each uses
10-�m-diameter pinholes in a 50-�m-thick sheet of tan-
talum. However, instead of using a square 16� 16 array of
pinholes in each plate [25], we use a square 38� 38 array,
with a center-to-center spacing between pinholes of
361 �m. Hence, each pinhole plate creates 1444 images.
Each image is demagnified by a nominal factor of
19=�24� 19� � 3:8 due to the pinhole-imaging geometry.

To protect the pinhole plates from debris generated by
the z pinch, we position a pinhole mask directly in front of,
and in contact with, each of the two plates. Each mask has a
38� 38 square array of 127-�m-diameter holes, each of
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which is concentric with a pinhole in a pinhole plate. Each
mask covers 90% of the area of its associated pinhole plate.
The fast shutter shown in Fig. 1, which closes within 1 ms
after the x-ray pulse, protects the array-mask combination.

The pinholes were laser machined in the tantalum plate
[25,50]. A scanning electron micrograph of a typical pin-
hole is presented in Fig. 4. The nominal diameter of each
pinhole is 10 �m. The actual diameter of each of the 1444
pinholes, in each of the two pinhole plates, was measured
with an optical microscope. The diameter of each pinhole
was determined from a least-squares analysis of the pin-
hole’s perimeter. Results of the diameter measurements are
summarized in Table I. We note that, even though the
standard deviations of the diameters are on the order of
10%, the ranges in diameters are large. Although optical
measurements do not give the effective diameters of pin-
holes for x rays with energies of interest, we expect the
optical results to be a reasonable approximation to the
diameters that would be measured with x rays.

As suggested by Fig. 1, the 1444 images produced by the
pinhole array overlap at the image plane, where the center-
to-center spacing between images is 361�24=19� �m �
456 �m. Each pinhole plate attenuates the x-ray flux by
a factor of �1800, which is sufficient to allow the flux at
the image plane to be measured with a silicon diode. A

detailed discussion of the pinhole attenuation ratio is pre-
sented in Sec. III A.

The aperture plate indicated in Fig. 2 is fabricated from
tantalum. The plate is located 250 �m in front of the diode.
The nominal dimensions of the aperture are 200 �m�
200 �m; the nominal aperture area is 4� 10�8 m2. The
aperture allows x rays to illuminate only the silicon region
inside the diode’s cathode-electrode ring, shown in Fig. 3.
Hence the aperture flattens the spectral sensitivity of the
diode, since without this aperture x rays would be detected
by the region of the diode outside the ring [20]. {The
silicon region inside the ring is coated with 8–11 nm of
silicon dioxide (SiO2); the region outside is coated with
800 nm [32,51].} We note that the HS-1 diode described in
Ref. [32] is not apertured. In this case, x rays illuminate the
diode both inside and outside the ring.

As indicated by Fig. 2, each diode is connected to an
SMA coaxial connector. The connector has a transmission-
line impedance of 50 �, and is in turn connected to a 50-�
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FIG. 2. (Color) Detail of the apertured silicon-diode detector
shown in Fig. 1. This drawing is to scale.

FIG. 1. (Color) Configuration of an array-diode combination.
The fast shutter and pinhole mask protect the pinhole array
from debris generated by the pinch. Both the mask and array
have 1444 holes arranged in a square 38� 38 array. The pin-
holes generate 1444 images at the image plane. Only three
pinholes and one image are shown here. The center-to-center
spacing of the pinholes is 361 �m. The pinhole array and diode
are located 19 and 24 m from the x-ray source, respectively.
(This drawing is not to scale.)
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data-acquisition system. This system includes coaxial ca-
bles, a circuit that permits the application of a 50-V DC
bias voltage across the diode, and a transient-waveform
digitizer. The digitizer samples the diode output signal
every 0.1 ns, and has a 10%–90% rise time of 0.35 ns.
The time response of the data-acquisition system as a
whole (not including the diode) is dominated by that of
the digitizer, and is 0.6 ns [12]. (The system is essentially
identical to that used by Chandler and co-workers for XRD
detectors [12].) The diode itself has a 10%–90% rise time
of 0.1 ns, and a 0.5 ns fall time [32].

The two thin-film nickel bolometers [37,38] fielded as
part of the TEP diagnostic system are nominally identical,
are located in a separate vacuum line-of-sight pipe 0:4�

from the silicon diodes, and view (without pinhole attenu-
ation) nominally the same x-ray source. The bolometers
are located 19 m from the source. Each bolometer consists

of a 2 mm� 12:7 mm rectangular nickel film that is 1 �m
thick. An aperture limits the exposed length of the film to
10 mm. The deposition of x-ray energy in the film in-
creases the temperature of the film and consequently, the
film’s resistance. The change in the resistance is measured
to infer the deposited energy. The bolometer design is
described in detail in Refs. [37,38].

Two array-diode configurations are fielded simulta-
neously to permit measurements of random variations in
the x-ray-power pulse shape obtained with the diodes. Two
bolometers are also fielded simultaneously to permit mea-
surements of variations in the values of the total radiated
x-ray energy. Average values of the diode and bolometer
signals are used to reduce random uncertainties by a factor
of 21=2.

III. ANALYTIC MODEL OF THE TEP

A. Spectral dependence of the pinhole-array
attenuation ratio

We define the pinhole-array attenuation ratio p to be the
ratio of the x-ray flux at the image plane (i.e., at the
location of the silicon-diode detector) to the flux that would

FIG. 4. Scanning electron micrograph of a single laser-
machined 10-�m-diameter pinhole in one of the tantalum pin-
hole plates. Each of the two pinhole plates has 1444 such holes.
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connection to
the diode’s
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aperture disk

HS-1
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diode

FIG. 3. (Color) Detail of the silicon diode shown in Fig. 2. (In
the above view, the diode is shown in its entirety, and not in a
cross section.) The back of the diode is covered by the anode
electrode, which is in contact with the two anode posts.
The dimensions of the diode are 0:96 mm� 0:96 mm�
0:45 mm. This drawing is to scale.

TABLE I. Parameters of the two laser-machined pinhole ar-
rays.

Parameter Pinhole array 1 Pinhole array 2

Number of pinholes 1444 (38� 38) 1444 (38� 38)
Average pinhole diameter 10:07 �m 9:12 �m
Standard deviation 0:74 �m 0:88 �m
Minimum pinhole diameter 5:47 �m 4:50 �m
Maximum pinhole diameter 13:54 �m 24:45 �m
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be present without the pinhole array and mask (i.e., the
array-mask combination) illustrated in Fig. 1.

1. Attenuation ratio excluding diffraction

We first estimate the attenuation ratio in the absence of
pinhole diffraction.

Since the pinhole array consists of a 38� 38 square
array of holes, and the center-to-center distance between
the holes is 361 �m, the size of the pinhole array is
13:357 mm� 13:357 mm. When projected onto the image
plane (from the center of the source), the array size in-
creases to 16:872 mm� 16:872 mm (since the array is
located 19 m from the source, and the image plane,
24 m.) There are 1444 images produced at the image plane.
The silicon-diode samples the small part of each image that
overlaps the diode, as illustrated in Fig. 1.

We assume that (i) the area of each image at the image
plane is much larger than the area of the diode’s aperture;
(ii) spatial variations in the image occur over distances
greater than 361�24=19� �m � 456 �m; and (iii) each
image can fit within a 16:872 mm� 16:872 mm square.
Under these conditions, it is straightforward to show that
the fraction ftrans of the x-ray flux at the array-mask com-
bination that is transmitted by the combination, and is
subsequently detected by the silicon diode, is approxi-
mately given by the following expression:

 ftrans�"� �
�a2

d2 �
��b2 � a2�

d2 exp	��Ta�"�xpin


�
d2 � �b2

d2 exp	��Ta�"��xpin � xmask�
: (1)

In the above equation " is the x-ray-photon energy, a is the
radius of a single pinhole, d is the center-to-center distance
between pinholes in the pinhole plate, b is the radius of a
single hole in the pinhole mask, �Ta�"� is the x-ray-
attenuation coefficient of tantalum (in units of inverse
length), xpin is the thickness of the tantalum pinhole plate,
and xmask is the thickness of the tantalum pinhole mask.
(Equations are in SI units throughout.) Equation (1) ne-
glects (i) x-ray penetration through the corners of the pin-
holes; (ii) x-ray scattering from the pinhole walls; and
(iii) fluorescence of the tantalum.

The first term on the right-hand side of Eq. (1) is the
fraction of the incident flux transmitted through the
pinholes themselves. The second term is the fraction
transmitted through the tantalum material of the pinhole
plate (outside the pinholes) that is exposed by the
127-�m-diameter holes in the pinhole mask. The third
term is the fraction transmitted through the tantalum ma-
terial of both the pinhole plate and mask, outside the holes
in the mask. Assuming

 a � 5 �m; (2)

 d � 361 �m; (3)

 b � 63:5 �m; (4)

 xpin � 50 �m; (5)

 xmask � 254 �m; (6)

and that the energy-dependent attenuation coefficient
�Ta�"� is as given by Refs. [52,53], we obtain the trans-
mission ratio ftrans�"� plotted in Fig. 5. As indicated by the
figure, ftrans�"� is dominated by the first term on the right-
hand side of Eq. (1); i.e., most of the x rays transmitted by
an array-mask combination defined by Eqs. (2)–(6) are
transmitted through the pinholes.

2. Attenuation ratio including diffraction

Because of x-ray diffraction by the pinholes, the actual
attenuation ratio differs from that given by Eq. (1). We
estimate the effects of diffraction using the following
arguments.

As discussed in the previous section, each silicon diode
samples the small part of each image that overlaps the
diode’s aperture, as suggested by Fig. 1. In the absence
of diffraction, each of the 1444 images at the image plane
would have a finite spatial extent. When in addition the
source, pinhole array, and diode are perfectly aligned, and
each image can fit within a 16:872 mm� 16:872 mm
square, the diode would sample radiation from throughout
the entire image. (For example, when each image is in the
shape of an 8:436 mm� 8:436 mm square, the diode
would sample a small part of each of �361 images.)
Under such conditions, the samples would be uniformly
collected from throughout the entire image, and the pin-
hole attenuation ratio would be approximately given by
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FIG. 5. (Color) The attenuation ratio p�"� � ftrans�"�fdiff�"� of
an array-mask combination. Also plotted are ftrans�"�, the at-
tenuation ratio in the absence of diffraction, and fdiff�"�, the
correction to the attenuation ratio due to diffraction. The quan-
tities are plotted as a function of the x-ray energy ". As shown in
the plot, diffraction considerably increases the attenuation for
energies below 100 eV.
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Eq. (1). [Since the aperture of each silicon diode has
dimensions on the order of 200 �m� 200 �m, and the
center-to-center spacing of the images at the image plane is
456 �m, the diode would sample radiation from approxi-
mately �200=456�2 � 19% of the image. The samples
would be collected uniformly from throughout the entire
image.]

In the presence of diffraction, however, each image has,
in principle, infinite extent. Since the pinhole array does
not extend infinitely over the plane of the array, the diode
cannot, in the presence of diffraction, sample x rays from
throughout the entire image. Consequently, diffraction
causes the x-ray flux at the silicon-diode location to be
less than that given by Eq. (1).

To estimate the effect of diffraction on the attenuation
ratio, we first consider the diffraction by a single pinhole of
monochromatic x rays emitted by a point x-ray source.
Assuming scalar Kirkhoff diffraction theory, and that the
diffraction angles of most interest are much less than a
radian, the fraction L of the total x-ray power at the image
plane that falls within a distance r of the center of the
image (created by the point source) is given by the follow-
ing relation [54]:

 L
�
2�"ar
chD

�
� 1� J2

0

�
2�"ar
chD

�
� J2

1

�
2�"ar
chD

�
; (7)

 D � Rd � Rp: (8)

In these expressions J0 and J1 are Bessel functions of order
0 and 1 (respectively), c is the speed of light, h is Planck’s
constant, D is the distance from the pinhole to the image
plane, Rd is the distance from the source to the detector
(image plane), and Rp is the distance from the source to the
pinhole. Equation (7) makes a thin-aperture assumption,
which is valid when the characteristic diffraction angles are
small.

Each pinhole plate of the TEP system has, of course, not
1 but 1444 pinholes. The diode detector samples a different
part of each of the 1444 identical images produced by the
source. Assuming that the source, pinhole plate, and de-
tector are perfectly aligned, and that the source is effec-
tively a point source, the detector would sample the image
out to a distance of approximately

 reff �
�n� 1�dRd
�1=2Rp

(9)

from the center of the image. Equation (9) assumes a
square array with n� n pinholes. The distance reff is an
effective radius of the pinhole array when the array is
projected from the pinhole-array location Rp to the loca-
tion Rd of the detector (image) plane.

The x-ray source can be considered as a point source
whenever the diffracted image is much larger than the
image would be in the absence of diffraction. It is straight-
forward to show that under this condition, and when

�xsourceD=Rp� � 2reff where xsource is a characteristic spa-
tial dimension of the source, the fraction of the x-ray power
in the diffracted image that is sampled by the diode detec-
tor is given by Eqs. (7)–(9):

 fdiff�"� � L
�

2�"areff

chD

�
: (10)

Equation (10) is reasonably accurate even when the source
cannot be considered as a point source, as long as
�xsourceD=Rp� � 2reff .

Consequently, when Eq. (10) is applicable and most of
the x rays transmitted by the array-mask combination are
transmitted through the pinholes, the pinhole-array attenu-
ation ratio in the presence of diffraction p�"� is approxi-
mately:

 p�"� � ftrans�"�fdiff�"�: (11)

For the TEP system described in this article,

 n � 38; (12)

 Rp � 19 m; (13)

 Rd � 24 m: (14)

Assuming Eqs. (2), (3), (7)–(10), and (12)–(14), fdiff�"� is
as plotted in Fig. 5. Assuming Eq. (11) and the functions
ftrans�"� and fdiff�"� plotted in Fig. 5, we obtain the func-
tion p�"� that is also plotted. As indicated by this figure, for
photon energies between 100 and 10 000 eV, an array-mask
combination defined by Eqs. (2)–(6) and (12)–(14) attenu-
ates the x-ray flux by a factor of �1800.

According to Eqs. (7)–(11), as n! 1, then fdiff�"� ! 1
and p�"� ! ftrans�"�. Hence for pinhole arrays with infinite
extent, the x-ray flux at the detector is unaffected by
diffraction.

B. Sensitivity of an array-diode combination as a
function of "

We define d��"� to be the differential x-ray flux (power
per unit area) in the energy interval between " and "� d"
that would be present at the diode in the absence of the
pinhole array. Given the experimental arrangement shown
in Fig. 1, the differential flux in the presence of the array
d��"� is then

 d��"� � p�"�d��"�; (15)

where p�"� is defined by Eq. (11).
The region inside the cathode-electrode ring illustrated

in Fig. 3 is covered with an 8–11 nm thick passivation layer
of SiO2 [51]. The active region of silicon beneath the
passivation layer is �14 �m thick, and there is no signifi-
cant dead layer [51]. We make the simplifying assumption
that, for x-rays with energies of interest, an electron-hole
pair is created in the active region for every 3.66 eV of
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energy deposited in the region; i.e., that the diode generates
0.273 A per W of power absorbed in this region [31].

Hence, the differential output current dI�"� of an aper-
tured silicon-diode detector due to the x-ray flux d��"� can
be expressed as follows [32]:

 dI�"� � �AdfSi�"�d��"� � �AdfSi�"�p�"�d��"�; (16)

where

 � � 0:273 A=W; (17)

 fSi�"� � fexp	��SiO2
�"�xSiO2


gf1� exp	��Si�"�xSi
g:

(18)

In the above equations � is the intrinsic sensitivity of the
silicon, Ad is the area of the diode’s aperture, fSi�"� is the
fraction of the x-ray flux incident upon the diode that is
absorbed by the diode’s active silicon region, �SiO2

�"� is
the attenuation coefficient of the diode’s SiO2 passivation
layer (in units of inverse length), xSiO2

is the passivation-
layer thickness, �Si�"� is the attenuation coefficient of the
active region of the diode (in units of inverse length), and
xSi the thickness of the active region. Equation (18) ne-
glects backscattering of x rays from the silicon, and energy
lost from the silicon due to electron loss and fluorescence.

From Eq. (16) we obtain an expression for the theoreti-
cal sensitivity S�"� (in units of A=W) of an array-diode
system:

 S�"� �
1

Ad

dI�"�
d��"�

� �fSi�"�p�"�: (19)

Equation (19) gives the sensitivity as a function of the
x-ray energy ", and is directly applicable when the x rays
are monoenergetic. Figure 6 plots both �fSi�"� and S�"� as
a function of " assuming Eqs. (1)–(19), and that

 xSiO2
� 9:5 nm; (20)

 xSi � 14 �m: (21)

Figure 6 assumes the x-ray-attenuation coefficients
�SiO2

�"� and �Si�"� given by Refs. [52,53].

C. Sensitivity of an array-diode combination as a
function of Tb

The total diode current I is obtained by integrating
Eq. (16):

 I �
Z 1

0
AdS�"�

d��"�
d"

d": (22)

Assuming (i) that the x-ray source is a Lambertian emitter,
(ii) the x-ray spectrum can be approximated as that of a
blackbody, and (iii) the experimental arrangement is as
indicated by Fig. 1, we have that [55]

 

d��"�
d"

�

�
As sin#

�2R2
d

�
2�"3

h3c2	exp�"=kTb� � 1

: (23)

In this expression As is the surface area of the apertured x-
ray source, # is the diagnostic viewing angle as defined by
Fig. 1, k is the Boltzmann constant, and Tb is the blackbody
temperature.

The area As is, of course, not necessarily the same as the
area of the source’s aperture. For example, for the mea-
surements described herein, the pinch is apertured so that
only 50% of the pinch length is viewed by the TEP system.
If 50% of the pinch (at stagnation) can be modeled as
a 2-mm-diameter 5-mm-length cylinder, then As � 3:14�
10�5 m2, which is not necessarily the area of the pinch’s
aperture.

Combining Eqs. (22) and (23), we obtain the diode
current as a function of the blackbody temperature I�Tb�
for the array-diode configuration presented in Fig. 1:

 I�Tb� �
�
2AdAs sin#

�h3c2R2
d

�Z 1
0

S�"�"3

exp�"=kTb� � 1
d": (24)

Assuming Eq. (24), the sensitivity ��Tb� [in units of
A=�W m2�] of an array-diode system can be expressed as

 ��Tb� �
I�Tb�

AdPs�Tb�

�

�
2 sin#

�h3c2�R2
dT

4
b

�Z 1
0

S�"�"3

exp�"=kTb� � 1
d"; (25)

where

 Ps � As�T
4
b (26)

0

0.1

0.2

0.3

0

5

10

15

20

10 100 1000 104

γ f Si

S = γ f Si p

γ f
 S

i  (
 A

 /  W
 )

S
  (10 -5

 A
 /  W

 )

photon energy ε (eV )

FIG. 6. (Color) The sensitivity �fSi�"� of an HS-1 silicon diode,
and the sensitivity S�"� � �fSi�"�p�"� of an array-diode combi-
nation. The quantity � is the intrinsic sensitivity of silicon
(which is 0:273 A=W), fSi�"� is the fraction of x rays incident
upon a diode that is absorbed by the diode’s 14-�m-thick active-
silicon region, and p�"� is the attenuation ratio of an array-mask
combination. The sensitivities are plotted as a function of the
x-ray energy ".
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is the total power radiated by the apertured source. Figure 7
plots ��Tb� as a function of Tb. This plot assumes Eqs. (1)–
(26) and that

 # � 78 degrees: (27)

As indicated by the figure, ��Tb� is relatively independent
of Tb for 50  Tb  350 eV.

D. Spectral sensitivity of a nickel bolometer

The design and sensitivity of a thin-film nickel bolome-
ter are described in Refs. [37,38]. In this section, we review
only the relative spectral dependence of a bolometer’s
sensitivity [37,38].

The relative sensitivity is determined primarily by the
fraction fNi�"� of the incident x-ray flux that is absorbed by
the 1-�m-thick nickel film that constitutes the bolometer’s
detecting element [37,38]:

 fNi�"� � 1� exp	��Ni�"�xNi
: (28)

Equation (28) neglects backscattering of x rays from the
nickel, and energy lost from the nickel due to electron loss
and fluorescence. Figure 8 plots fNi�"� as a function of ",
assuming �Ni�"� is as given by Refs. [52,53], and

 xNi � 1:0 �m: (29)

Equation (28) and Fig. 8 are directly applicable when the
x-rays are monoenergetic. When the x-ray spectrum can be

approximated as that of a blackbody at temperature Tb, the
fraction of the x-ray flux absorbed by the nickel film is
instead given by

 fNi�Tb� �
2�

h3c2�T4
b

Z 1
0

f1� exp	��Ni�"�xNi
g"
3d"

exp�"=kTb� � 1
:

(30)

Figure 9 plots fNi�Tb� as a function of Tb, assuming
Eq. (29) and the attenuation coefficient �Ni�"� given by
Refs. [52,53]. As indicated by the figure, the bolometer
sensitivity is relatively independent of Tb for 50  Tb 
350 eV.
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FIG. 7. (Color) The sensitivity ��Tb� � I�Tb�=AdPs�Tb� of an
array-diode combination, assuming the x-ray source emits as a
blackbody. The quantity I is the output current of a silicon diode,
Ad is the area of the diode’s aperture, and Ps is the total x-ray
power radiated by the apertured source. The sensitivity is plotted
as a function of the blackbody temperature Tb.
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FIG. 8. (Color) The fraction fNi�"� of x rays with energy "
incident upon a 1-�m-thick nickel film that is absorbed by the
film, as a function of ".
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FIG. 9. (Color) The fraction fNi�Tb� of the x-ray flux incident
upon a 1-�m-thick nickel film that is absorbed by the film,
assuming the x rays have a blackbody spectrum. The fraction is
plotted as a function of the blackbody temperature Tb.
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E. Maximum energy and power that can be diagnosed
by a TEP system

1. Maximum energy

The maximum value of the total radiated x-ray energy
that can be diagnosed by a TEP system is determined by
the peak value of the temperature reached in the tantalum
pinhole plates and nickel bolometers.

Neglecting thermal diffusion and radiative cooling, the
peak temperature rise �T in a tantalum plate exposed to a
normally incident pulsed soft x-ray fluence (energy per unit
area) is highest at the surface of the tantalum. Assuming
that the x-ray spectrum is that of a blackbody at tempera-
ture Tb, it is straightforward to show that �T is given by

 �T �
�

�TacTa

Z 1
0
�Ta�"�

d�Ta�"�
d"

d"; (31)

 

d�Ta�"�
d"

�

�
As sin#

�2R2
Ta

�
2�"3

h3c2	exp�"=kTb� � 1

: (32)

In these expressions � is the temporal width of the radiation
pulse, �Ta is the tantalum mass density, cTa is the specific
heat of tantalum at constant pressure, and d�Ta�"� is the
differential x-ray flux (power per unit area) at the surface of
the tantalum. Equation (31) assumes �Ta and cTa are ap-
proximately constant for tantalum temperatures of interest.
Expressions analogous to Eqs. (31) and (32) are obtained
for the nickel film of the bolometers.

Equations (31) and (32) assume that over the time period
�, the blackbody temperature Tb is constant. Under this
condition, the total energy radiated by the apertured x-ray
source Es is

 Es � �Ps � �As�T4
b: (33)

Figure 10 plots �T=Es as a function of Tb for both tanta-
lum and nickel, assuming

 RTa � Rp � 19 m; (34)

 RNi � 19 m: (35)

The melting points of tantalum and nickel are 3017 �C
and 1455 �C, respectively. If we choose to limit the theo-
retical temperature rise �T in the tantalum to 2900 �C, and
assume that the x-ray source can be approximated as a 200-
eV blackbody, we estimate that the maximum radiated
energy that can be diagnosed by the array-diode system
described in this article is 1.74 MJ. If we choose to limit the
temperature rise �T in the nickel to 1400 �C, we find that
the maximum energy that can be diagnosed by the bolome-
ter is 2.39 MJ. (Hence if the TEP views 50% of the length
of a z pinch, the corresponding energies radiated by the
entire pinch would be 3.47 and 4.78 MJ, respectively.)

As suggested above, the actual temperature rise is less
than that calculated by Eq. (31) due to thermal conduction
and radiative cooling. We also do not consider here the

additional energy that would be required to complete the
phase transition from solid to liquid.

Equation (31) suggests that if a pinhole plate were
fabricated from a material with a lower atomic number
(and hence, a smaller x-ray-attenuation coefficient) than
that of tantalum, the plate would experience a lower tem-
perature rise at its surface. However, tantalum is an attrac-
tive pinhole-plate material precisely because of its high
atomic number. It addition, tantalum has a high mass
density and a high melting point, and thin sheets can be
laser machined to produce small pinholes. Similarly,
Eq. (31) suggests that the temperature rise at a bolometer’s
surface could be reduced by choosing a material other than
nickel. However, nickel is attractive because of its high
temperature coefficient of resistivity, and reasonably high
mass density, atomic number, and melting point. Nickel
can also be used to make the�1-�m-thick films necessary
for a bolometer. Nevertheless, tantalum and nickel are
discussed here only because they provide reasonable over-
all performance; for a given application, it may be possible
to identify other materials with superior characteristics.

2. Maximum power

According to Idzorek and Bartlett [32], when the bias
voltage applied to an HS-1 silicon diode is 50 V, the diode
response is approximately linear for output currents as high
as 0.2 A. According to Fig. 7, the ratio Ib�Tb�=Ps
�10�15 A=W when Ad � 4� 10�8 m2 and 50  Tb 
350 eV. Hence over this temperature range, we estimate
that the maximum value of Ps that can be diagnosed by the
diodes of the TEP system (when the diodes are operated in
the linear regime) is 200 TW. When the TEP system views
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FIG. 10. (Color) The temperature rise at the front surface of the
tantalum pinhole plate, and also that of the nickel bolometer, per
unit energy radiated by a blackbody x-ray source. The quantity
�T=Es is plotted as a function of the source’s blackbody
temperature Tb.
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50% of the length of a z pinch, the corresponding power
radiated by the entire pinch would be 400 TW.

The 200-TW limit assumes that the pinhole array con-
sists of 10-�m-diameter pinholes on a 361-�m grid.
Higher x-ray powers could be diagnosed with smaller-
diameter pinholes; however, smaller pinholes are more
difficult to machine, and have larger diameter variations
and increased diffractive effects. Alternatively, the pin-
holes could be spaced farther apart; however, this would
reduce the fraction of each image that is observed by the
array’s associated diode. Nevertheless, we note that the
200-TW limit discussed above could be increased by de-
creasing the x-ray transmission of the pinhole array.

IV. ENERGY AND POWER MEASUREMENTS
OBTAINED WITH THE TEP

In this section we present typical measurements ob-
tained with the prototype TEP system described in
Secs. I, II, and III. The measurements are summarized in
Fig. 11, Table II, and Table III.

The measurements were obtained on Z-accelerator shot
1075. An array of five filtered XRDs were also fielded on
this shot [12,13,15,18]. The XRD array and the TEP’s two
silicon diodes were separated by 0:4�, and viewed nomi-
nally the same axial section of the pinch. The XRD array
and bolometers were separated by 0:6�, and also viewed
nominally the same region of the pinch.

Figure 11 plots three normalized x-ray-power wave-
forms. Two of the waveforms were produced by the silicon
diodes; the third is a spectrally equalized linear combina-
tion of the five XRD signals [18]. The linear combination is

approximately proportional to the x-ray power, as dis-
cussed by Fehl and colleagues in Ref. [18]. The normalized
standard deviation of the pointwise difference between the
two silicon-diode waveforms is 0.7%. The pointwise dif-
ference between each of the silicon-diode waveforms and
the XRD waveform is on the order of 1%. It is interesting to
note that the ripples in the tails of the silicon-diode signals
are similar to the ripples in the linear combination of the
XRD signals.

The x-ray-energy measurements obtained with the TEP
system are summarized in Table II. The two bolometer
measurements differ by 14%. This discrepancy is due to
uncertainties in (i) the mass densities, specific heats, and
temperature coefficients of resistivity of the two nickel
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FIG. 11. (Color) X-ray-power waveforms recorded on
Z-accelerator shot 1075 by the two silicon diodes of the TEP
system. Also shown is a spectrally equalized linear combination
[18] of five filtered XRD detectors [12,13,15,18] that were
fielded on the shot. All three waveforms have been normalized
to facilitate comparisons of the pulse shapes.

TABLE II. Summary of radiated x-ray-energy measurements
performed on Z-accelerator-shot 1075. Each energy is that which
is radiated until 27.5 ns after peak x-ray power. The measure-
ments given here are for 50% of the length of the z pinch; the
energy radiated by the entire pinch is twice that given here.

Detector
Total radiated
x-ray energy

Bolometer 1 0.788 MJ
Bolometer 2 0.896 MJ
Bolometer average 0.842 MJ
Silicon-diode 1

[processed assuming Eq. (25)]
0.811 MJ

Silicon-diode 2
[processed assuming Eq. (25)]

0.915 MJ

Silicon-diode average 0.863 MJ

TABLE III. Summary of radiated x-ray-power measurements
on Z-accelerator-shot 1075. The measurements given here are
for 50% of the length of the z pinch; the peak x-ray power
radiated by the entire pinch is twice that given here.

Detector
Peak radiated
x-ray power

Silicon-diode 1
(normalized to the average bolometer energy)

72 TW

Silicon-diode 2
(normalized to the average bolometer energy)

74 TW

Silicon-diode average
(average of the above two powers)

73 TW

Silicon-diode 1
[processed assuming Eq. (25)]

69 TW

Silicon-diode 2
[processed assuming Eq. (25)]

81 TW

Silicon-diode average
(average of the above two powers)

75 TW

XRD array
(spectrally equalized linear combination
of five XRDs [18], normalized to the
average bolometer energy)

74 TW
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films; (ii) the widths and thicknesses of the films; and (iii)
the current and voltage measurements used to infer the
resistance change of the films [37,38]. We note that the
sensitivity of a bolometer is inversely proportional to the
square of both its film width and thickness [37,38]. Also
contributing to the discrepancy is the fact that, since the
two bolometers were slightly displaced from each other,
they viewed slightly different regions of the pinch. (Work is
in progress to reduce the discrepancy to below 14%.)

The average of the two bolometer measurements is
given in the 3rd row of Table II, which indicates that the
energy radiated by the apertured pinch (i.e., by 50% of the
pinch length) was 0.842 MJ.

We also obtain an estimate of the radiated energy from
the silicon-diode signals. Using Eq. (25), the measured
values of the average pinhole diameters given in Table I,
and measured values of Ad for each of the two diodes, we
obtain the x-ray energies listed in the 4th and 5th rows of
Table II. The two diode measurements differ by 13%. This
discrepancy is due to uncertainties in (i) the areas of the
tantalum apertures used to aperture the diodes; (ii) how
well each diode aperture was aligned with its associated
diode’s electrode ring, and (iii) the diameters of the pin-
holes that contributed the most to the diode signals. (We
estimate that on Z-shot 1075, the blackbody temperature of
the pinch near peak x-ray power was 200 eV. At this
temperature, the x-ray spectrum peaks at 560 eV. At this
energy, diffractive blurring of the image is such that for
each array-diode combination, �20 pinholes are respon-
sible for half the diode signal. Because we do not presently
have a method of determining the precise relative position
of a pinhole array with respect to its associated diode, we
do not know which 20 of the 1444 pinholes contributed to
each diode’s signal on shot 1075. Hence we are forced to
use the average measurements listed in Table I.) Also
contributing to the discrepancy is the fact that the two
diodes viewed slightly different regions of the pinch.

The average of the two diode measurements is given in
the 6th row of Table II, which indicates that the energy
radiated by the apertured pinch (i.e., by 50% of the pinch
length) was 0.863 MJ.

As indicated by the 3rd and 6th rows of Table II, the two
methods described above give radiated energies that are in
reasonable agreement. However, agreement at the level
indicated by Table II must be considered fortuitous, for
the following reasons. As discussed above, for each array-
diode combination,�20 pinholes were responsible for half
the diode signal. Assuming the pinhole measurements
presented in Table I, we estimate that the 1� uncertainty
in the average area of any 20 pinholes is 5%; the 2�
uncertainty is 10%. Consequently, since we take the aver-
age of two diode signals, we cannot expect the energy
measurements given in the 3rd and 6th rows of Table II
to agree to within better than �10%=21=2� � 7%.

The average bolometer energy given in the 3rd row of
Table II is used to perform an in situ calibration of the two

array-diode systems, as follows. As indicated by Table II,
the bolometers find that the energy radiated by the aper-
tured pinch until 27.5 ns after peak x-ray power was
0.842 MJ. We assume that the silicon-diode signals plotted
in Fig. 11 are proportional to the x-ray power Ps, as
suggested by Fig. 7. We integrate the diode signals, and
set each integrated signal at time t � 75:5 ns (which is
27.5 ns after peak power) equal to 0.842 MJ to obtain the
proportionality constant for each of the two array-diode
combinations. This method provides the peak x-ray powers
listed in rows 1–3 of Table III.

We also estimate the x-ray power from the silicon diodes
without using the bolometer energy. We use Eq. (25), the
measured pinhole diameters given in Table I, and measured
values of Ad for each silicon diode to obtain the x-ray
powers listed in rows 4–6 of Table III. The powers listed
in rows 4 and 5 differ by 17%, which we attribute to the
same factors listed above for the difference between rows 4
and 5 of Table II.

As indicated by Table III, the average power obtained by
normalizing the diodes to the bolometer energy (the power
given in the 3rd row of Table III) is in good agreement with
the average power obtained from the theoretical array-
diode model given by Eq. (25) (the power given in the
6th row of Table III). However, for the reasons given
above, agreement between these two powers at the level
indicated by Table III must be considered fortuitous, since
we cannot expect these powers to agree to within better
than 7%.

Given the inherent uncertainties in the diode measure-
ments discussed above, we expect that the x-ray power
obtained by normalizing the silicon-diode signals to the
average bolometer energy is more accurate than the power
obtained using only Eq. (25).

In addition to the peak x-ray-power measurements dis-
cussed above, we also obtain a power measurement from
the normalized linear combination of the XRD signals
[18]. This power, which is given in the 7th row of
Table III, is consistent with the powers given in the 3rd
and 6th rows of the table.

V. RECOMMENDATIONS FOR FUTURE WORK

The TEP system described in Secs. I, II, and III has a
sensitivity that is relatively flat for blackbodies with tem-
peratures between 50 and 350 eV. For temperatures below
50 eV (i.e., when the characteristic x-ray energy is below
140 eV), pinhole diffraction reduces significantly the sen-
sitivity of the array-diode combination, as indicated by
Figs. 5–7. For temperatures above 350 eV (i.e., when the
characteristic x-ray energy is above 990 eV), the x-ray-
absorption efficiency of the bolometer decreases signifi-
cantly, as indicated by Figs. 8 and 9.

The temperature range of the TEP system could be
extended below 50 eV by increasing the spatial extent of
the pinhole array. (Increasing the extent would also make
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the system less sensitive to slight misalignments.) The
temperature range could be extended above 350 eV by
designing a nickel bolometer with a film thicker than
1 �m, or using a film with a higher atomic number or
mass density. Alternatively, the bolometer could be re-
placed by a calorimeter with an absorber that is less
transparent to x rays than 1-�m-thick nickel, such as the
calorimeter described by Fehl and colleagues in Ref. [48].

The limits discussed in Sec. III E on the energy and
power that can be diagnosed by a TEP system could, of
course, be increased by moving the system’s pinhole ar-
rays, diodes, and bolometers further from the source.
However, this might require the development of an im-
proved alignment process. The system described herein is
aligned manually, which is somewhat tedious, since the
arrays and diodes are located 19 and 24 m from the source,
respectively.

Since the bolometers are used to provide the total radi-
ated x-ray energy and, in addition, in situ calibrations of
the array-diode combinations, systematic uncertainties in
the TEP measurements could be reduced by improving the
accuracy of the bolometer measurements. Random uncer-
tainties could, of course, be reduced by fielding more than
two array-diode combinations and two bolometers.
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