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Quantitative Measurements Using Soft-X-Ray Streak Camera*

Robert L. Kauffman, Gary L. Stradling, Edwaro L. Pierce and
Hector Medecki

University of California, Lawrence Livermore National Laboratory,
P.0. Box 5508, Livermore, Californ 3 94550

ABSTRACT

A Soft X-Ray Streak Camera (SXRSC) is a fast timing instrument
sensitive to x rays from 100 eV to 30 keV. The 1nstruw§nt has excellent
time resolution {v 15 ps) and large dynamic range (n 1L°) which are
weli suited for measuring x-ray pulses produced by lase -fusion targets.
The SXRSC uses a tnin transmission photecattiode ta conve~t x-rays to a
secondary electron signal which is accelerated, focused, and deflected
onto a phospnor producing an image of the x-ray pulse tine history. In
the past, such instruments have been used only to make relative
measurements of the Lime history. At LLNL we have calibrated the SXRSC
in order to make absolute intensity measurements of the soft x-ray flux
from laser fusion targets, Such measurements will assist in
unnerstanding the laser plasma processes and conditions needed to attain
laser-provuced fusion. Because of the nature of the instrument, we have
calibrated it in the dynamic mode using a small laser-proguced pulsed
x-ray source, Details of the calibrations will be given. We have
measured the SXRSC response to be linear over more than two orders of
magnituge with the range iimited by the x-ray source strength. The
dynamic range of similar instruments sensitive to eptical light nas been
demonstrated to be greater than 10°. Based on first generation
calibrations, flux measurements are accurate to + 30% with tne largest
uncertainty in the calibrations Leing in determining the source spectrum
and intensity, The uncertainties can possibly be reduceo by a factor of
two by Detter source characterization, [n that case errors in SXRSC
measurements would approach those of other x-ray pulse detectors, such as
x-ray diodes,

* work performed under the auspices of the U.S. Department of Energy by
the Lawrence Livermore National Laboratory under Contract No.
W-7405-Eng-48.
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., INTRODUCTION

I

X-ray streak camera technology has been developed at LLNL (1) and
glsewhere (2) to time resolve x-ray pulses, primarily for application to
laser-fusion plasmas. Such plasmas are intense x-ray sources lasting for
nanoseconds or less. At LLNL @ soft x-ray streak camera {3} (SKRSC) has
been developed which is sensitive to x rays from 100 eV to greater than
30 keV. Its temporal resolution of 15 psec and dynamic range of greater
than 108 allows for detailed study of the target emission., Until
recently, its primary application nas been relative time history
measurements of the x-ray emission, Efforts have begun to absolutely
caliorate the SXRSC for quantitative measurements, In this article some
of the SXRSC properties are summarized emphasizing the quantititive
caliprations. The calibration method is discussed and some initial

results are presented.

1. PRINCIPLE QF OPERATION

The SXRSC operates similarly to optical streak cameras (4) developed
at LLNL which is an application of electron imaging technology. Signal
processing is illustrated schematically in Fig. 1. First, x rays are
converted to an electron signal at tne front of the image converter
tube. A thin transmission photocathode produces a signal of low-energy
secondary electrons at the rear surface whose intensity is proportional
to the x-ray intensity striking the front surface. A thin narrow slit
(v 100 pm wide) collimates the x rays in front of photocathode
resulting in secondary electrons oeing emitted over the slit area.
Electrastatic fields accelerate ana focus the Secondary electrons imaging
the slit onto a pnosphor at the rear of the image converter tuoe, The
image position at the rear of the tuoe is controllea by a set of
deflection plates in the image converter tube, By rapidly varying the
voltage on the deflection plates, the slit image position varies as a
function of time resulting in a two-dimensional image on the phospnor.
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The temporal history of the x rays is recorded in one dimension
orthogonal to the slit while the other dimension is the spatial variation
of tne x-ray signal along the slit. The light intensity of the phosphor
image is amplified with a microchannel plate intensifier (MCP) and
recoraed either with film or with an active readout CCD array. (5]

An example of x-ray data from a laser fusion target is shown in
Fig. 2. The data is recorded with a CCD array using an 8 pit digitizer.
In this example several x-ray channels are placed across the slit and
their time histories are recorded simultaneously, By combining such data
with calibrations discussed below, x-ray flux versus time can ve
measured,

The SXRSC signal, s, is related quantitatively to the incident x-ray
flux, Fx, by the expression

s= L& ()

mv
S

where d is the entrance s1it width and Vg is the sweep speed of the
geflection plates. The electron transmission efficiency, &, imege
magnification, m, and electron to light conversion efficiency, v, are
properties of the image converter tube and imag: intensifier. Tne
detection efficiency, n, for eitner film or CCD array averages over the
spectral output of the phosphor. Tne SXRSC response depends on x-ray
eneryy primarily through the pnotocathoge conversion efficiency, un.
Pnotocathodes normally consist of thin Au films evaporated on carbon
substrates although other substrate and cathoge materials are being
investigated. If the secondary electron spectrum and angular
distribution from the photocathode are independeat of x-ray energy, the
camera parameters, in parenthesis in Eq. (1), are also energy
independent. Tney can be replaced by a single constant, a,
characteristic of the instrument and independent of x-ray energy. Eq.
(1) then becomes

SX s uanx ) (2)

- TR
:
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where subscripts denote x-ray emergy dependence, Henke et al, (b) have
measured of the secondary electron spectrum for various photocathode
materials and found them independent of x-ray energy. The energy
dependence can also be tested by the energy dependence of the
calibrations,

Angther application of SXRSC technology is time dependent
measurements of x-ray source sizes, By using an x-ray imaging element
such as an x-ray micrescope (7) or pinnole {B) to image the x-ray source
onto the SYRSC slit, the time history of a spatial dimension is
recorded. Streaked spectroscopy can aiso be done by placing the SXRSC
s1it along the plane of aispersion of a diffraction device such as a

trystal (9) or grating, (10)
III. SXRSC PROPERTIES

Tne unique feature of the SKKSC s its excelient temparal response
although its dynamic range, seasitivity, and one dimension of information
also make the instrument attractive for pulsed x-ray medsurements.
Temporal response of the SXRSC is estimatea to be 15 psec which is an
orger of magnitude better than existing x-ray dicge-oscilloscope
systems. Fig. 3 illustrates the SXRSC temporal response to a series of
short x-~ray pulses separated by 500 ps. (11) The short x-ray pulses {v
70 psec) are created by irradiating a Ta foil with a series of 50 psec
laser pulses. Tne pulse shapes are very uniform with little instrumental
structure, Temporal data at the 50 psec resolution level can easily be
interpreted without complicated instrument response unfolding
techniques. Tne resolution limit of the SXRSC has not been directly
measured because a fast, intense x-ray source is not available.
Resolution of optical streak cameras having similar design has been
gemonstratea to oe in the sub-10 psec range. (12) Resolution of x-ray
streak cameras is expected to be similar. Measured secongary electron
distrioutions from x-ray photocathoges indicate that additional temporal
broadening due to the greater energy spread of the secondary electrons
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will not decrease temporal reselution significantly. {13) Direct
measurements of the temporal response are needed to better understand the
instrument response in the 10 psec range,

Spatial resolution is important especially for 1magihg and
spectroscopy applications. Spatial resolution is influenced by
vroadening in the photocathode and lignt detection systems as well as by
the quality of electron focusing optics. Fig. 4 shows portions of a
streaked image from SXRSC in which a 75-ym wire grid is placed in front
of the photocathode slit. On the left side of the raw data, the grid is
removed oisplaying the unmodulated pulse. A aigital scan along tne
cathode s1it, shown on the right of Fig. 4, displays the 15U-um period
indicating that features as small as 7 1.p./mu are clearly resolvable.
The noise in the data results from small scale fluctuations in the MCP
gain. Signmal statistics also contribute to the noise, especially in the
wings of the pulse.

Although specific tests have not been made, the dynamic range and
sensitivity of the SXRSC are also excellent, From data such as that
shown in Fig. 3, no significant broadening is observes at the
50 psec level over three orders of magnitude. A dynamic range of
I x 103 has been measured with an optical streak camera for 50 psec
pulses. {12) Tne SKRSC also has high sensitivity being determined by the
pnotocathode efficiency. From calibration data winimum detection levels
appear to be set by counting statistics due to single photon or electron
events in the photocathode, Increased sensitivity can be achieved by
widening the s1it which enlaryes tne getection area. work on optical
streak cameras indicate that slits as wide as 1 mm can be used by
changing the focus without significantly degrading the temparal
resolution. (14) Further studies are needed to assess if the tecnnique
is applicable to x-ray streak cemeras.

IV. X-RAY PHOTOCATHOOE RESPONSE

The useful spectral range of tne SYXRSC is Vimited by the x-ray
photocathode response, The low energy limit is set by the minimum x-ray




energy transmitted by the photocathode substrate. At high energies, both
photocatnode quantum efficiencies and x-ray intensity usually decrease
with increasing energy, limiting the useful range to less than about 35
keV. In early developient of x-ray streak camera technclogy, the image
converter tubes were sealed requiring a cathode window which could
withstand atmocpneric pressure. Be windows 8 m thick Timited the

useful range of operation to greater than 1 keV. Presently, the SXRSC
vses auxiliary punping eguipment allowing for thinner windows which do
not have to withstand atwospheric pressure. Present windows of
conmercially produced vapor-deposited carbon film (15) 40 ug/cm2

thick extend the range of sensitivity down to 100 eV. Tnese substrates
have proven to be stable under norma] cperation although they can De
destroyed if handled improperly, Thin polymer films are being tested to
reduce the lower x-ray limit and to improve detection capability around
the carbon K edge which is presently attenuated by the carbon windows.
The polymer filims should also have improved mechanical strength. LCffects
of these non-conducting catnode substrate on temporal resolution and
aynamic range are presently not known,

Photocathoge material, usuaily Au, i5 deposited on the substrate
window, [ts large absorption cross section makes Au an attractive
material especially at higner eneryies. Measurements by Day et al. (1b)
have shown that its quantum efficiency in tne sub-kilovelt region is also
nigh for a metal and relatively stable under normal applications. The
photocathode layer must be thick cumpared to the range of secondary
electron contributing to the signal, but relatively thin to minimize
absorption in the front region, or dead ‘ayer from where secondary
electrons cannot escape. Thin film Jayers also must be thick enough to
insure uniform deposition. Henke et al, (17) have found Au thicknesses
around 200 4 to be optimum, Quantum efficiencies for tnese
transmission photocathodes vary from 0,01 e /photon to 0.1 e™/photen
over the range from 100 eV to 10 keV, The Au surfaces are easily
prepared by vapor deposition and seem relatively stable when exposed to
air. (sl cathodes are also being investigated for increased sensitivity
(1)), Cs! quantum efficiencies are a factor five to tnirty greater than
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Au quantum efficiencies in the soft x-ray region. (17) Fig. 3 compares
the response of Csl and Au photacathodes to the same x-ray pulse train
illustrating the increased efiiciency. CsI may have a late time temporal
component evidenced by the residual signal between pulses in Fig, 3 which
may restrict its usefulness, Bateman and Apsimon (18) nave also
geveloped a low density CsI cathode which is being employed for x-ray

streak camera applications. (1Y)
V. ABSOLUTE FLUX MEASUREMENT

Apsolute flux measurements have begun at LLNL using the SXRSC taking
advantage of its excellent timing and large dynamic range. Such
measurements require an energy discrimination technique as well as
calibration of the instrument. Initial measurements, shown schematically
in Fig. b, use three broad-band channels defined using x-ray
mirror-filter pairs, Tne channels are placed across the SXRSC slit, so
that their time histories are recorded simultanecusly with a single
instrument, For future measurements the number of channels can be
expanded by adding more mirror-filter pairs., More precise spectral
definition can be obtained using narrow-band interference mirrors, (20)
or continuous spectral measurements can be made using a dispersive device
such as a transmission grating. (10)

The composition and spectral response of the three initial channels
are shown in Fig. 6. These broad-band Systems provide energy resolution

E. 3 - 5, with good channel gefinition. The transmission filters

ﬁgfine a spectral window just below the K or L edge of the filter
material, The x-ray mirrors act as low-pass filters having high
reflectivity in the spectral window of the filter, At higher energies
where the filters become transparent, the mirrors nave poor reflectivity
_suppressing this contribution to the signal,

The transmission filters and mirrors are calibrated individually
using auxiliary x-ray sources determining the spectral flux incident on
the SXRSC. Below 1 keV the calibrations use a proton-induced line source
(21). Resuits from a Ni mirror calibration is shown in Fig. 7. This
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mirror is made by vapor depositing 10ud A of Ni onto a flat amorphorus
carbon subsirate, Reflectivity measurements have been extended avove 1
keV using an electron bremsstrahlung source from a Ti target, The
reflectivity is predicted through the cutoff energy by a semiclassical
calculation, (22) while at higher energy the measured reflectivity is
less than predicted. At the nigher energies x rays are not totally
externally reflected at the surface but penetrate through the Ni layer to
the carbon suostrate. Lower reflectivity from the Tow Z carbon substrate
produces an observed reflectivity less than predicted for bulk Ni. Use
of higher Z films on a low Z substrate appears viable for improving the
low pass filter qualities of x-ray mirrors, Improved computational
capabilities now being developed for x-ray interference mirrors should be
useful in predicting their reflectivities.

VI, SXRSC CALIBRATIONS

SXRSC calipbrations are done in tne pulsed, or dynamic, mode using
the broad-band cnannels defined above. Such calibrations are necessary
because late time background siynals can interfere with a steady-state,
or d.c., calibrations, The background is easily suppressed
electronically in pulsed operation. ther transient field effects may
also affect d.c. calibration. For pulsed calipration, x-ray sources on
tne order of 10]8 photons/cmz-Sec are required, Tnese photon f luxes
are at least three orders of magnitude greater than obtainable from a
d.c, source but can be readily obtained from a pulsed x-ray source,

Present calibrations use laser-produced x-ray pulses. A schematic
of the calibrations is shown in Fig. 8. Laser pulses of around one joule
and 50 psec are focused at normal incidence onto targets of various
material. Three calibrated x-ray diodes (XRD) monitor the source at
459 to the target plane. The SXRSC views the target at 45° on the
opposite to the XRD's as shown in Fig. 8, The SXRSC is calibrated for
the three x-ray channels described in the flux measurements. The channel
response of the three XRD's have been matched as nearly as possible to
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the SXRSC channel responses. The SXRSC response, RSXRSC’ is related to
tne signal ratio from the two instruments as shown in Fig. 8, The signal
ratio is corrected for the difference in effective width of the two
corresponding energy channels and for the gifference in solid angle of
the two instruments. The XRD response, RXRD’ is the channel response
averaged over the input spectrum, The Rsxrse is similarly averaged by
the input spectrum.

The laser source spectrun is structured gepending on target material
with most of its eneryy contained below 1 keV for these irradiation
condgitions., Spectral intensities for several targets measured by tne
XRD's is shown in the top curve of Fig. 9, arg total conversion
efficiency from incident laser energy to x-ray output in tnis spectral
region is plotted in the bottom curve. While precise values depena on
irragiation conditions, the nigh 7 elements of Ta ana Au produce 2 more
intense x-ray source over this energy region. For lower Z elements, line
enission effects are more evident, For example, the intensities from Fe
and V targets are similar at 200 eV and 400 eV, but at 600 eV the ¥
intensity is an order of magnitude larger, approaching that of Ta and
Au. In this region V L-shell emission dominates the spectrum.
Preliminary high resoiution measurewents in this region, shown in Fig.,
10, display the complicated spectrum produced by these targets. Tne
spectra in Fig. 10 are taken using an Fe filter which cuts off the
spectrum at 710 eV, although the line structure extends to higher
energies, By suitaply mating the filter and target material, nigh
intensity emission in a relatiﬁe narrow band region may be possible,

SXRSC calipration data is similar to that shown in Fig. 2.

Intensity vs. time curves for the three x-ray channeis are integrated in
time and compared with the integral signal from the XRD's. An example of
the comparison for the 600 eV channel is shown in Fig. 11. Similar data
is obtained for the two lower energy chamnels. Tne XRD output has been
cenverted to apsolute fluences at the SXRSC, correcting for its solid
angle and channel width. The SXRSC signal unit, bit, is an arpitrary
value set by the CCD digitizer which is constant for the particuiar
instrument,
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Tne calibration value determined by the slope of the cata in Fig. 11
varies with target Z. The high Z, high intensity data are systematically
above the lower Z data. These systematics are due to broad-band
responses used for energy discrimination and to structure in tne source
spectrum, Even by incluaing these systematics, tne data group eoout &
mean value shown as the solid line in Fig. 11 with an ervor of + 20%,

The total errors in the flux measurements are estimated to be + 30% when
errors in the auxiliary calibrations are included.

Similar calibrations have been done on another SXRSC using Kodak
Royal X-Pan film as a detector. The calibration data are from Argus, a
larger, experimental laser. The data are from several experiments
accumulated over a number of months. The integrated SXRSC signal from
each of the three x-ray channels is plotted in Fig, 12 versus the x-ray
fluence from the same spectral region measured by a ten channel XRD
system. (23) Each film record uses a Stepwedge registered on the film
witn a constant, chromatically matched, Tight source, to relate a given
optical density to a light exposure. This procedure approximately
corrects for shot to shot variations in film developing ang film
response. Tne mean calibration value, shown as solid lines in Fig., 12,
relate the incident x-ray flux to the 1ight intensity, or exposure, The
aashea Tines in Fig. 12 represent the statistical errors of the data
which in this case are about + 18%4. Tne calibrations are linear over a
dynamic range of two orders of magnituge. The lower 1imit of the aynamic
range is 1imited by the sensitivity of the instrument. The upper limit
is set by target output from this shot series. Data from other
experiments nave shown linearity over at least another order of maynitude,

During the experiments several different photocathodes have been
used, A1l are 300 & of Au vapor deposited on SO-pg/cm2 thick
carbon foils. No systematic variations between different cathodes are
observed. Sensitivity appears stable over several months and is
reproducible within the errors of the measurements,

The calibrations can be used to infer the SXRSC instrument
response. The mean energy and wiath of the three channels are listed in




e e ez et ot s mimo v TEUTLTHYTNRE

- 11 -

Table I along with average photocathode response, fn. The average
photocathode response is calculated by averaging quantum efficiencies
measured by Henke et al. (17) over the x-ray channel assuming a flat
spectrum, Using these values the instrument response, o, is obtained
from the total channel response in Fig. 12 and is listed in Tablz I. The
results relate film intensity to electron current density from the
photocathode and are given in the final column in Table I. The values
are constant for the three channels within + 25% as woula be expected f
the photocathode secondary electron spectrum and angular dependence are
independent of energy as discussed in Section IV, The calibrations can
De extrapolated to other x-ray channels using these values without
requiriny each channel to be calibrated independently.

The instrument's sensitivity can be deduced from tne instrument
response. For a channel 1 mn wide and with 15-psec time resolution the
mininum measurable intensity is about 20 for a 100 um wide s]1t For

@ = 0.0¢2 this corresponds tu & current density of 900 e /cm -pS

from that area which translates into about 13 e” from the

photocathode. This lower Timit approaches the limit set by electron
statistics from these Au cathoces., Sensitivities can be increased by
using Csl cathodes which nave quantum efficiencies around one, Cathode
sensitiviiies greater than one would not increase the instrument
sensitivity because photon statistics would then limit the minimum
detection level,

VII. QUANTITATIVE ANALYSIS

Tne calibration values in the previous section can be used to reduce
relative time nistory data to average flux. As an example the raw data
from a representative Argus shut are analyzed, and resulting apsolute
flux values for the tiree energies are shown in Fig. 13, The data is
from an Au aisk irradiated with 35 joules of 0.53 um light with a
680 ps pulse, These can be summed appropriately to obtain total x-ray
flux from the target, Such data can help understand the complicated
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process of laser absorption and enefgy transport in laser~fusion
targets. By coupling the instrument with better resolutior devices
quantitative detailed spectral studies can be made.

VIII. CONCLUSIONS

The SXRSC is an instrument which nas demonstratea fast-timing
characteristics, yood dynanic range and high sensitivity making it useful
for measuring fast x~ray pulses sucn as those from laser-fusion taryets.
Efforts have begun to absolutely calibrate the instrument to make a
quantitative measurement, Measurements accurate to + 3U% are possinle
using the initial calibration scheme, The accuracy is limited by the use
of proad bana channels and x-ray diodes to monitor the source spectra.
Higher resolution measurements of the target spectrum may allow the
spectral dependence to be unfolded from the data. Narrower ciannei
definition would also improve calibrations. By using x-ray interference
mirrors to define a narrow band of x rays, the dependence on the x-ray
spectrum woulg decrease, A nore powerful calibration source is needed to
inplement such a scneme, These improvements could improve calibrations
s0 that SXRSC accuracies could approach XRU medsurenents., More accurate
flux monitoring detectors are needed for further improvement of tne
calibrations. For a wore accurate measurement, a.c. calibrations shoula
be explored, Present state-of-tie-art in quantitative SXRSC measurements
can still prove valuaple for puised x-ray flux measurements and energy

balance experinents.
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TABLE 1
ANALYSIS OF THE THREE CHANNEL RESPONSES

3 AE Rn Rn Afa M
(eV) (eV) (e7/ey) [Ie-psec)[ nt
] J/keV - cn e /cm- - psec
x 07 X IU]U

210 79 6.48 8.8 . 0.28
2.2 0,002

395 254 2.82 10.1 0.022
+2.5 + .02

600 234 7.20 19,1 0.018
+3.7 +.,002
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Fig. 1

Fig. ¢

Fig. 3

Fig, 4

Fig. b

Fig, 6

Fig. 7

Fig. 8

Fig, 9
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Schematic showing signal pracessing for an x-ray streak camera.

Example of SXKSC data. Top is tne two dimensional image of the
intensity vs iime recorded by a CCD array. Bottom is the time
history of three subkilovolt x-ray energies defined by filter
material laveled on each curve,

Example of the temporal response of the SXRSC to 70 psec x-ray
pulses separated by 500 psec for Au and CsI photocatnoces.

SXRSC response to 150 wm period modulations across the
entrance slit. On tne left is the raw data while on the rignt
is a digital scan of the data across the slit,

Schematic of spectral flux measurements using SXRSC. X-ray
mirror-filter pairs define taree suokilovolt x-ray channels
along the slit of the SKRSC.

Spectral response of the three SXRSC channels useu for the flux
measurements.

Example of the x-ray mirror caiibrations. Tne sub-kilovelt data
is taken using a proton-induced line source. Above 1 keV, an
electron premsstrahlung source is used.

Scnematic of the absolute calibrations. The SXRSC signals are
compared with signals from calibrated XRD's.

X-ray yields from the laser-produced source measured using
XRO's, The top curves show the spectral dependence of various
targets while the lower curve shows the Z denendence of the
total x-ray yield in the energy region.
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Fig. 10  High resolution measurements illustrating the complicated
structure from some targets in this energy region,

Fig. 11 Calibration data for SXRSC. Systematics in the data indicate
dependence on input spectra although ali data cluster around a
mean value shown as a solid line.

Fig. 12 Calioration curves for the taree x-ray channels. Tne solid
circies (o) are from Au targets irradiated using 2 W,
(A = 0.53 um) light ana open circles (o) using 3 u,
(A = 0.26 ym) liyht. Somne Ti (A, &) and Be (M, O)
data are also plotted.,

Fig. 13 Spectral fluxes from a typical shot derivea ysing calivration
values in Fiyg. 12, The x-ray pulse is frem an Au aisc
irradiated with 35J, 680 ps pulse at 2 wy laser light.
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A schematic of the calibrations

3 absolutely
" calibrated

Slab targets
of various x-ray diodes
materials
Incident laser
A=106um
€L ~ 1joule

7~ 50 ps-150 ps

Soft x-ray
stroak camera

Three x-ray
mirror-filter
pairs

fxap  AExpp  Sexasc
XRD ‘
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Rsyasc = B

The SXRSC calibrations

® Are done in the dynamic mode using 70-170 ps x-ray pulses
@ Use a broad band x-ray source with hy < 1keV

® Use transmission filters to define three coarse x-ray channels

@ Are done by comparing x-ray fluences measured by
calibrated x-ray diodes (XRD's) to the integral signal
from the SXRSC

Fig. 8
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