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L. INTRODUCTION

This report summarizes the results which were obtained under an ongoing,
multiyear program to develop miniature, low power, light weight mercuric iodide
(Hgl>) x-ray spectrometers for future NASA space missions. The developments
reported here are for the period ending September 30, 1989 (which includes a three
month no-cost extension period requested Ey the Principal Investigator).

In earlier progress reports we have reported on the potential advantages, in
space applications, that might be derived from the use of Hglp x-ray fluorescence
spectrometers operating at, or near, room temperature. Such Hgly systems offer the
promise of being developed into high resolution, elemental analysis instruments whose
performance can equal that of spectrometers based upon cryogenically cooled silicon
and germanium. Many space instruments, such as the Scanning Electron Microscope
and Particle Analyzer (SEMPA) currently being developed by Jet Propulsion
Laboratory (JPL), to be flown on the Mariner Mark Il comet mission, can greatly
benefit from the use of a Hglp x-ray spectrometer.

As a result of collaboration between the USC Institute of Physics technical staff
and JPL, it was demonstrated that Hglp detectors can be employed in a high resolution
x-ray spectrometer, operating in a scanning electron microscope. An energy resolution
of ur)lder 200 eV has been achieved for a system that was set up external to USC (at
JPL).

Based upon the encouraging results obtained to date on this program, we expect
to see continued future progress in the areas of energy resolution, more optimal
detector encapsulation, and sensitivity to low energy x-rays.

A second part of the project, carried out in collaboration with the Laboratory of
Astrophysics and Space Research of the University of Chicago, concerned the
development of Hgly x-ray detectors to augment alpha backscattering spectrometers.
These combination instruments allow for t%e identification of all chemical elements,
with the possible exception of hydrogen, and their respective concentrations.

Additionally, we report on further investigations of questions regarding radiation
damage effects in the Hgl detectors. This includes joint studies between USC and the
University of Chicago, which build upon the encouraging initial results obtained from
earlier irradiation tests using high energy protons.

In the succeeding sections we report upon the following topics:

* Basic development of detectors and low noise amplification electronics
(including energy resolution enhancement, detector fabrication studies for
improved electrical properties, input FET selection, reduction of FET operating
temperature, detector surface passivation and encapsulation, and longevity
under high vacuum and temperature cycling testingg.

* Continued development of the x-ray spectrometer for SEMPA space
applications.

* Development of x-ray and alpha backscattering spectrometers for space
applications.



* Continued investigation of detector radiation damage effects using high energy
protons.

II. RESULTS

A. Basic Development of Detector and Low Noise Amplification Electronics.
1. Further Improvement of Energy Resolution.
a. Background

A key element in x-ray spectroscopy systems, particularly for arrays of light
elements, is the quality of the energy dispersive detector. For such analyses, a system
energy resolution on the order of 200 eV (FWHM) is required. To date, this ordinarily
has required the use of cryogenically cooled silicon or germanium x-ray detectors. In
some cases, proportional counters also can be used, and it was specifically to compete
with these devices that our first mercuric iodide detector studies were addressed. As
Hgly detector performance steadily improved, however, this goal has been changed
from proportional counter performance to that of a cryogenically cooled silicon
detector.

Work done at the University of Southern California has shown that the energy
resolution for a mercuric iodide (Hglp) spectrometer can approach that of silicon or
germanium spectrometers. A major advantage to the use of these Hglp systems is that
they do not require liquid nitrogen for cooling. Over the past few years, total Hgl
system resolutions have been progressively lowered from initial values of 750 eV or
more, to 300eV (FWHM) for the 5.9 keV Mn-K, line, when both the detector and its
preamplifier were operated at room temperature, or slightly below. The resolution,
measured for the 1.25 keV Mg-K line, was 245 eV (FWHM) (1-3).

More recently, though, even better (lower) resolutions, to 175 eV (FWHM) for
the 1.5 keV Al K, line, have been obtained when mercuric iodide detectors were
coupled to low noise electronics (4). For that result, moderate cooling, obtained from
a small thermoelectric cooler, was used on the preamplifier's input field effect transistor
(FET) to lower it's temperature to approximately -40 C. (A Marlow model MI 3026
miniature 3-stage thermoelectric device was used). The detector was cooled to about
@ C. The resolution with the one-stage Peltier cooler for the 5.9 keV Mn-K,, line was
225 eV (FWHM).

Even more recently, in collaboration with JPL, a best-ever, total system
resolution of 198 eV (FWHM) was obtained for the 5.9 keV K, line of Mn, using a
thermoelectrically cooled system which was installed in the Scanning Electron
Microscope and Particle Analyzer (SEMPA) instrument. The noise contribution for
the thermoelectrically cooled electronics was about 152 eV (FWHM). This result,
published in Reference 5, is presented in Figure 1. It should be noted that this high
energy resolution result has been obtained not only at the USC laboratories, but also
outside, in tests made at JPL.

The foregoinF thus represents the achievement of a major milestone, and
confirms the general feasibility of the use of Hgly detectors for high resolution
spectroscopy applications in space instrumentation (6-8).



b. Detector Fabrication .
It has been noticed that the interface between an evaporated palladium contact

and the HgI% crystal is a source of excess electronic noise. We have conducted several
tests with different Hgly crystals in order to help understand and clarify this effect.

Several detectors were fabricated using identical processinE and handling
techniques. Crystal thicknesses and electrical contact areas were kept constant. The
detectors also were tested under identical conditions, using the pulser method for
determining the electronic noise contribution. These detectors showed variations in
their electronic noise of about 100 eV (FWHM). These variations could not be
accounted for by the small differences in their leakage currents, so some other factor
was suspected as the cause.

Figure 2 shows the equivalent circuit of the detector-preamplifier system. Rg
represents the equivalent series resistance of the contact-crystal interface. Variations in
Rg may significantly change the detector noise performance.

Calculations that have been done using Equation (1) from Reference 1 show
that the experimental noise values are much higher than would be expected. This
discrepancy can be attributed to the added noise resulting from a contact having
additional equivalent series resistance. This effect is particularly important for the case
of short shaping times, where the predominant noise contribution does come from the
equivalent series resistance.

The contributing factors to the total equivalent series noise resistance are shown
in the following equation:

R¢' = Rg + Rsg(Cd/Cin)%,

where :
R¢' = total equivalent series noise resistance, ohms
Rs = FET equivalent series noise resistance, ohms
Rgg = detector equivalent series noise resistance, ohms
Cq = detector capacitance, farads

Cip = total input capacitance of the detector and
preamplifier, farads

By subtracting the FET equivalent series noise, it is possible to establish the
contribution from the contact-crystal equivalent series resistance. We made use this
method for testing and characterizing different interfaces on Hgly crystals. In order to
change the crystal-contact interface conditions, we used several different detector
preparation and processing methods to attempt to modify and control and minimize the
value of Rgq:

* Vary the concentration of the etching solution (from 1% to 30%).

* Expose the detector surface to different atmospheres, including dry air, wet
air, Np, Ar, prior to evaporation of the metal contact.



* Examine different contact metals.

* Investigate the use of an intermediate layer between the Hglp surface and the
metal contact layer.

Some improvements have been observed with these changes, gmd further
investigations will be made. Final results will be reported at a later time.

c. FET Selection

We have been able to achieve significant improvements in the electronic noise
by experimenting with newly developed FET structures made by the Interfet
Corporation. One new FET, type SNJ141.03, has a geometry which produces a better
figure of merit (i.e., the ratio of transconductance to input capacitance, gm,/C;) for this
application. Using this FET, the electronic noise was reduced by about 25 eV for 6 1
pF capacitance Hgly detectors. In the SEMPA system operating at JPL, changing the
FET from a 2N4416 to an SNJ14L03 reduced the noise from 175 eV (FWHM) to 152
eV (FWHM). Energy resolution for the Mn K, peak was accordingly improved, from
225 eV (FWHM) to 198 eV (FWHM).

d. Reduction of the FET Operating Temperature

Optimal FET performance in detector preamplifier applications is achieved
when the operating temperature is maintained at about 120° K-140° K. Although this
cannot be achieved with our three stage Peltier cooler, it is nevertheless important to
minimize the temperature that is obtained. The main part of the expected
improvement will come from the reduced series noise of the FET, because of the
explicit dependence of this term on temperature, and also because the
transconductance of the FET increases with decreasing temperature. An additional
decrease in noise can be expected because lowering the temperature decreases the gate
current of the FET. In order to lower the temperature of the FET as much as possible,
we have continued work on a project to optimize the FET/Peltier cooler thermal
system.

One key aspect which received careful examination was the thermal design of
the FET's support structure. Collaborating researchers at JPL made a detailed
computerized thermal analysis of our present design. As a result, we were able to
identify the main sources of thermal loading of the Peltier cooling. Decreasing the
thermal conductive load presented by the FET support structure, and replacing the
direct LED pulsed light input with an optical fiber input (for resetting the FET),
zignjficantly lowered the total thermal load for the Peltier cooler used in the present

esign.

2. Detector Surface Passivation and Encapsulation.

Proper Hgly surface passivation and device encapsulation are critical for
insuring long term detector reliability, an obvious prerequisite for multi-year space
flight apglications which may sometimes subject the detectors to adverse conditions.
Although unprotected mercuric iodide crystals do not exhibit gross short or long term
effects when exposed to normal laboratory storage environments, various gases and
vapors, including moisture, can adversely affect detector performance. This is evident
when one considers, e.g., the effects that surface moisture could have on the leakage
currents for these devices, which normally are measured in picoamperes.



One of the most interesting and challenging aspects of this development has
been learning how to provide a protective, impermeable, x-ray transparent coating for
the Hgly that will not degrade the electrical performance, but that will insure the
survival of the device during a seven year space mission, such as the Mars Mariner IL

Several promising surface treatments have been identified to date, and although
more work is required, it is seems certain that at least one of the candidate
encapsulation materials will prove suitable for the long term protection of Hglp
detectors. The materials which have undergone initial development and testing are
silicones, acrylics such as Conap CE-1170 and polymethylmethacrylates (PMMAs), and
Parylene.

Some room temperature curing silicone compounds that worked well in a
laboratory atmosphere provided little protection against Hglp evaporation in vacuum,
perhaps because the vacuum removed moisture from the compounds.

The coatings which were applied as liquids and which cured by solvent
evaporation, such as the acrylics, proved to be chemically compatible and an excellent
barrier to evaporation, and appeared to work well in protecting the detector. However,
applying an appropriately thin coating to a detector from any solvent based system was
found to be impractical for two major reasons: First, most solvent based systems have
the problem that Hgly is significantly soluble in the solvent. Second, it was difficult to
control the thickness of the coating so that, simultaneously, the coating over the active
area was thin, while the coating at the edges was thick enough to prevent evaporation.
The solubility of the Hgly resulted in the applied coatings always containing small
amounts of Hgly that produce noticeable x-ray absorption. Typically, the difficulty in
thickness contro% resulted in detectors that had significantly attenuated low energy
s%nsitivity due to excess thickness on the active area, but were still poorly coated at the
edges.

This x-ray absorption in the coating can readily be seen in the bremsstrahlung
spectrum from a pure carbon target excited with electron beam in a scanning electron
microscope. Figure 3 shows the superposition of two bremsstrahlung spectra. The
absolute geights of the spectra are arbitrary, but the relative low energy performance of
each detector can be estimated by comparing their response below 5 keV to that above
5 keV where the attenuation of each is minimal. The upper curve was obtained from an
early detector that had no protective coating over the active area, so that the x-ray
intensities are not significantly attenuated above 1.8 keV (the peak at 1.78 keV is
probably fluorescence of Si-K lines from nearby silicone rubber). The lower curve is
the spectrum obtained with a PMMA-coated detector that clearly shows the Hg-M
absorption edges as well as significantly attenuated x-ray intensities below about 3 keV.
Small absorption edge artifacts are tolerable, but the loss of low energy sensitivity due
to Hglp and PMMA absorption would limit such a detector's usefulness in analyzing for
light elements, such as Na and Mg.

The Pa?'lene coating has several desirable attributes, including its method of
application, polymerization and deposition from a vapor, which allows for a very
uniform and well controlled coating thickness. Corners and edges are typically coated
to the same thickness as are open surface areas. The relatively low atomic number of
these coatings make them close to ideal for being relatively transparent windows for x-
rays entering the detector.

The most effective coatings tested to date have been such polymers, deposited
from the vapor phase. The most extensively studied has been polymerized dichloro-di-



1,4 xylylene (Union Carbide Parylene-C). Tests including storage at elevated
temperatures (80 to 100°C), dipping in KI solutions, and many months operation in
vacuum have clearly demonstrated that this material is chemically compatible with
Hgl, and a good barrier to Hgly diffusion and external corrosive materials.

As a consequence, we have recently obtained a system for Parylene-C
deposition, specially designed and built for this purpose at JPL. Figures 4a and 4b show
photographs of a custom built Parylene system. The system required some "fine tuning"
to minimize exposure of the Hglp crystals to the vacuum before initiation of the
polymer deposition, and to better control the thickness of the deposited layers. We now
are ready to start a program to determine the optimum thickness of the coating. It is
estimated that this will be in the range of 1 xm to 4 um. We will test specially prepared
samples using the above described techniques (elevated temperature, KI solution,
vacuum). Finally, detectors coated with precisely controlled thicknesses of the coatin
will be examined in our testing system, under 10°0 Torr vacuum and thermal cycling, tor
the long term stability of their spectral response characteristics.

A 2 um thickness of Parylene-C produces about 10% attenuation of x-rays at 2.8
keV. In order to minimize the attenuation of x-rays at low energies, we considered
other Parylene-C alternatives. Polymerized di-para-xylylene (Union Carbide Parylene-
N) shoulghave more desirable, low attenuation properties, since it does contain
chlorine atoms, with their accompanying high x-ray absorption. However, this material
has only undergone preliminary evaluation by us and it may be necessary to use thicker
Parylene-N coatings, because of its relatively higher permeability for some materials.

A full description of this work is presented in Reference 5.
B. Longevity and High Vacuum Operation

As the Hgly x-ray detector project progressed, the long-term behavior of the
detector became one of the major considerations. Long-term stability is an important
criterion in all applications, especially space missions. The duration of the mission (e.g.,
about seven years for the Mariner Mark II) places severe demands on the spectrometer,
particularly on the Hgly detector itself. The system probably will not be operating most
of the time, particularly during transit to the target, except for possible periods of test
and calibration. This consideration led our group to remeasure Hglp x-ray detectors
that had been fabricated as long as seven years previously, in the very early stages of
Hgli development. These Hgly detectors had not been stored under any controlled
conditions, but were simply kept in plastic boxes in the laboratory.

We found that energy resolution tended to improve slightly with age and storage
time. The results seem to be evidence that there is no internal degradation mechanism
at work in the Hgly crystal itself, over a time period of seven years.

Work on a laboratory research prototype version of the SEMPA instrument at
JPL, and other space mission applications, provided the need for development of Hglp
x-ray detectors compatible with a vacuum environment. Unprotected Hgl) crystals are
not compatible with long term operation under vacuum conditions, and so must be
coated or otherwise sealed for such an operation, as was described in the previous
section.

For comprehensive testing of detectors and encapsulants under vacuum and/or
thermal cycling conditions, a special aﬁparatus with four separate detector chambers
has been constructed. Each chamber houses a detector and input field effect transistor,



placed on separate thermoelectric coolers. All test chambers are connected tg a
common turgomolecular and ion pump manifold to achieve vacuums to <10™ Torr, or
equivalent to conditions in the SEMPA instrument. Figure 5 shows the photograph of
the described system.

For the past several years we have been testing detectors encapsulated with
Parylene-C, apé)lied by a commercial source, for longevity under conditions of high
vacuum (< 10" Torr), with temperature cycling (to simulate conditions anticipated for
the SEMPA instrument during the Mariner Mark II mission). An Hglp system is also
undergoing continuous testing in the SEMPA instrument at JPL.

We have been monitoring the detectors' stability performance by measuring
their energy resolution for the Mn K, line, the electronic noise (pulser width) and their
peak-to-background ratio. There has been no noticeable changes in the four tested
detectors. Certain variations in the results, which are above statistical error, we
attribute to changes of the ambient temperature and the lack of stabilization of this
parameter in our present system.

Recently we finished also temperature cycling experiment performed on two
detectors in the four detector system described above. Two chambers were provided
with external heaters in order to keep the temperature of the chamber body at about
4(r C. This feature is also shown in Figure 5. Detectors were cooled with Peltier
elements to the temperature of about -20°C. Simple dprogrammable timer was switching
gower to the Peltier coolers, allowing for very rapid detector temperature change,

etween -20°C and +40 C. These particular temperature limits were chosen in order to
match the anticipated temperature extremes which will be experienced by the base
plate on the Mariner Mark II mission. The results of this experiment, which was carried
to 300 cycles, are presented in Table I. Three hundred full temperature cycles is
believed to exceed the number of anticipated temperature changes during the Mariner
Mark II mission. There is no noticeable changes in the detectors' performance.

The results of this experiment confirm the good encapsulation properties of
Parylene-C, and also verify our technique for detector mounting on the ceramic
substrate. Temperature and mechanical shocks did not stress the crystal to such an
extent as to generate changes in its electrical characteristics.

C. Continuation of the Development of the X-ray Spectrometer for SEMPA Space
Applications.

A miniaturized Scanning Electron Microscope and Particle Analyzer (SEMPA)
is under development by the Jet Propulsion Laboratory for use on the Mariner Mark II
Comet Rendezvous Asteroid Flyby (CRAF) mission, scheduled for launch in 1993.
This instrument is designed to image individual dust grains with a resolution of 40 nm
and be capable of x-ray analysis of individual grains, on a sub-micron scale, with an
energy resolution of 200 eV at 5.9 keV.

The requirements of an interplanetary mission place severe constraints on the
selection of analytical instruments, including the choice of an x-ray detector for
SEMPA. The use of a Si(Li) detector would require the use of a costly radiative cooler
to achieve the required near liquid nitrogen temperatures. There is evidence that a
Si(Li) detector system can be operated at degraded performance level with
thermoelectrical cooling, however high electrical power and heat dissipation capacity
would be needed. Therefore, the use of a Hgly detector was identified as a good choice
to minimize power consumption and weight of the SEMPA instrument since the



preamplifier input FET and detector would clearly need to be cooled using only small
thermoelectric coolers.

The Hgl, detectors which have been under development at USC offer
substantial advantages in terms of decreased power requirements and fewer
thermal/mechanical design difficulties, while still approaching the performance of the
cryogenically cooled Si(Li) units.

While not all of the required final goals for the instrument have been achieved
yet, tests of the Hgly systems were quite successful, and have showed a stea(g',
consistent improvement in overall performance, as the result of carefully addressing the
issues of geometric configuration in the SEM, compact packaging that includes separate
thermoelectric coolers for the detector and FET, x-ray transparent hermetic
encapsulation and electrical contacts, and a clean vacuum environment. By focusing
efforts on these specifics, a promising trend of improvement in x-ray performance has
been achieved. At this time, the feasibility of an Hglp x-ray detector having 200 eV
(FWHM) resolution has been demonstrated.

Specific areas which were addressed during this program included the following:

* Improvinﬁ the construction of the Hgly x-ray Erobe to include better thermal
design for the FET cooler and its heat sinking the scanning microscope body.

* Extending the probe sensitivity to lower energy x-rays by optimization of the
beryllium electron backscatter shield and by optimization of detector
encapsulation, as described in section I11.A.2, above.

* Testing advances in the detector and low noise electronics (described in the
previous sections) outside of our own laboratory, in particular, in the specific
environment of a scanning electron microscope.

D. Development of Mercuric Iodide X-ray and Alpha Backscattering Spectrometers for
Space Application.

The Laboratory for Astrophysics and Space Research of the University of
Chicago, under NASA auspices, ﬁas been developing an instrument for obtaining the
chemical composition of remote planetary bodies. This instrument is based on three
interactions which occur when alpha particles from a radioactive source are incident
upon sample matter:

* Elastic scattering of alpha particles by nuclei (alpha mode)
* (a,p) nuclear reactions with certain light elements (proton mode), and

* excitation of the atomic structure and subsequent emission of characteristic x-
rays (x-ray mode).

This instrument has a long history in space applications. The first two modes
have been used in the past to obtain the first detailed chemical analysis of the lunar
surface during the Surveyor missions to the Moon in 1967-68. Since then, the
instrument has been improved and miniaturized substantially. One substantial
improvement was the addition of the x-ray mode to the alpha and proton modes. It

was realized that a significant amount analytical information from the instrument was
being lost by not utilizing the x-rays emitted from the analyzed sample.



As it turns out, the same radioiﬁtlive alp 4yaarticle source that is used for the
alpha and proton modes (in this case “*“Cm or <" *Cm) is also a very effective x-ray
excitation source. This excitation is caused by both the alpha particles themselves
(more effective for lower Z elements) and by the L-series x-rays of the radioactive
source, which are very effective for the higher Z elements.

The inclusion of the x-ray spectroscopy mode improved the overall performance
of the Alpha particle instrument by increasing its accuracy and by extending the
sensitivity for some important elements down to the ppm range.

In the past, for the x-ray mode, cryogenically cooled Ge or Si(Li) x-ray detectors
have been considered for flight instruments. For some specific cases, where it is
applicable, the requirements for cryogenic operation is not a problem. For example, in
the proposal for an alpha particle experiment on the penetrant for the CRAF mission,
the whole penetrant would have been buried under the surface of the comet, and that
would provide the cooling required for the Si(Li) x-ray detector.

Another specific case, in which the University of Chicago was involved, was an
alpha backscattering instrument for experiments on board the two Soviet Phobos
spacecrafts to provide the chemical composition of the Martian satellite Phobos (and
perhaps Deimos). This instrument is based on the University of Chicago's Mini-Alpha
design and used a Si(Li) x-ray detector for its x-ray mode. This was possible because
the nighttime temperature of Phobos' surface is cold enough to be in the operational
regime of the Si(Li) detectors.

However, for vast majority of space applications, the prevailing environmental
conditions are such that they will preclude the use of cryogenically cooled Ge or Si(Li)
x-ray detectors. There, x-ray detectors operable at room, or near room, temperatures
are needed.

Mars is a classical case where room temperature x-ray detectors will be needed.
The planet has a tenuous atmosphere (pressure about 5-7 Torr, mostly CO, with some
argon) that prevents ambient temperatures from ever being cold enough for Ge or
Si(Li) detectors.

For arguments identical to those given above for the SEMPA instrument, it is
highly desirable for the alpha particle instrument to have a detector system with high
resolution, but without the penalty imposed on the instrument by the detector’s
cryogenic requirements. Mercuric Io ide x-ray detectors offer an alternative solution
for high ambient temperature applications that are not amenable to the use of Si(Li) or
Ge detectors.

E. Continuation of a Program on Radiation Damage of Hglp Detectors.

Radiation damage to semiconductor detectors is known to occur during space
flight. Over a multi-year mission, the accumulated damage from cosmic rays and their
products can result in changes in the operating properties of solid state detectors. In
severe cases the detector can be damaged to a point that it stops functioning
completely.

There is practically no data in the literature on radiation damage of Hgl x-ray
detectors. Some very preliminary results have been obtained with gamma detectors by
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Becchetti et. al. (9). Recently, we have performed some preliminary tests of mercuric
iodide x-ray detectors to assess their vulnerability to such radiation.

For that purpose six medium quality Hgl x-ray detectors were selected and
their characteristics (leakage current, FWHM 012 Fe-55 x-ray line, electronic noise, peak
to valley ratio of x-ray line, etc.) were measured before the irradiation. All tests were
done with a resistor feedback preamplification system. Electronic noise level and
energy resolution were not considered as the highest priorities in those tests. These
detectors then were exposed to an external beam of 10.7 MeVlarotons from the
Argonne National Laboratory accelerator, at fluxes up to a 10 protons/cm2, to see at
what point changes in detector performance could be observed. These irradiations
were performed during short periods and represent the worst case in detector damage.
Usually during transit in space, the rates of irradiation from cosmic rays are much
lower, and the detector is self-annealing during that period.

After the irradiation, the same characteristics were measured again and
compared with the data obtained before the radiation. Table II lists parameters
measured before and after each detector's irradiation. From these results, it is obvious
that all six detectors survived the irradiation without any appreciable change in their
performance. The small observed changes can be explained in terms of variations in the
test conditions.

In many space applications, the expected accumulated doses can be even higher
than the above doses. It is important, therefore, to determine the limits to which Hglp
x-ray detectors can resist this radiation damage.

Similar studies, at much higher proton energies, are planned to be done in
Europe. For that purpose, we will take advantage of radiation damage studies to be
made on high purity Ge detectors which will be used in a Mars Observer gamma ray
experiment. Professor Heinrich Wnke of the Max Planck Institute in Germany will
allow us to irradiate several of our Hglp x-ray detectors at the same time that the Ge
detectors were irradiated in the accelerator, using a 2 GeV proton beam. In this way

we will be better able to evaluate the effect of radiation damagegon Hgl x-ray
detectors from cosmic rays, over the wide range of energies which are expected during
space missions.

I11. SUMMARY AND CONCLUSIONS

The data and other developments which are presented in this final report offer
proof of the overall feasibility of mercuric iodide x-ray spectrometer detectors for a
number of potential space applications. These Hgly systems provide the advantages of
small size, light weight, high energy resolution, and %reedom rom the requirement for
cryogenic operating temperatures (as needed by Si(Li) detectors).

Further efforts are required in several areas, however, to develop the system to
the level of flight hardware. These include additional work to refine and complete the
processing procedures, such as the Parylene encapsulation of the detectors, continued
studies to determine radiation damage limits, and ongoing development to improve the
specialized low noise, low power electronics.
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V. LIST OF FIGURES & TABLES

Figure 1. X-ray spectrum obtained with Hglp detector from manganese target.
Figure 2. Equivalent input circuit of the detector-preamplifier system.

Figure 3. Two x-ray pulse height spectra of bremsstrahlung radiation from carbon
targets. The two spectra were obtained with different Hglp detectors.

Figure 4. Photographs of custom designed system for Parylene deposition. 4a is an
overall view of the whole system, and 4b shows a close up of the
deposition chamber with the bell jar removed.

Figure 5. Photograph of a special apparatus with four separate detector chambers for
longevity testing under conditions of high vacaum and temperature

cycling.

Table 1. Detector temperature cycling results.

Table 2. List of detector parameters before and after irradiation.
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Nn-8(t) = input signal
(in)w - gate leakapge current noise
”[wl = detector equivalent parallel noise

resistance
HQ” = equivalent series noise resistance of the

contact-crystal interface
Pq = equivalent resistance of the FET shot noise
Fd = detector capacitance
”i = preamplifier input ecapacitance

L |

Figure 2. Fquivalent input circuit of the detector-
preamplifier system.
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Figure 4. Photographs of custom designed and built system
for Parylene deposition;
a) Whole system b) Close up of deposition chamber
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Figure 5. A photograph of a special apparatus with
seperate detector chambers for lonpgevity under high
and temperature cycling testing
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TABLE 1

DETFECTOR TEMPRATURE CYCLING RESULTS

PESOLUTION (FWHM) N (eV)
DATE PULSER/Mn K /PEA¥X TO # OF CYCLES
NACKGROUND

pR/03/87 2068/34R/151 REFORE CYCLING
on/as/ar san/ama/isa  qpovs
on/1a/mr geasacriisa c0 cvs
on/o6/eT  amesasasist seiso cvs
0as2i/er 2at/a62/121  ann cvs

PETECTON NG-9Ff

orR/nnr /a7 an0/298/204 RFFORE CYCLING
or/n7/aT asaszamseas s oevs
onsiaser  sam/ees/eet s ovs
oe/t7/eT  sam/ani/ean t0cvs
onfpa/nt  saaszem/zse tnovs _
nafar/er oanaensesa op ok
oastasnr  san/asaszas  ise cvs
tesen/er sas/aoaseas  aoooevs

¥ FULE CYCLE WAS CHANGED FROM 4 DOURS TO 2 HOUPRS.,

ORIGINAL PAGE I8
OF POOR QUALITY
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AND AFTER

DETEC

TARLE 11

Leakage
current
{(pA)

TOR PARAMETERS PREFORE

PROTON TRBRADIATION

A FWIIM(eV) Peak to
Pulser Nackground

Ratio

427 152:1
280 2201
85 151
204 152:1
21 46 :1
270 43 : 1
3IGA ne st
AR} 67:1
4272 192:1
50 248 :1
426 215:1
400 1O/ 1

Total dos Fwpm (
het.# (protons/em”™ )} hefore
after
NR-RT' D 10‘2 473
457
k7-110vo 10! 539
502
9
Ne-8F? n,.0xt0 394
409
F11-5LU2> ¢, 6x10 A79
406
N12-G1 4 BXIO‘O 490
426
SR-928T4 A.QXIQIQ 407
491
L P
o) AT
FFCYJ "



14

V1. APPENDIX - RECENT TECHNICAL PAPERS

PRECEDING PAGE BLANK NOT FILMED



[ R TS YRS TN AP N

PERFORMANCE AND DURABILITY OF HGI
X-RAY DETECTORS FOR SPACE MISSIONS

J. S. Iwanczyk
Y. J. Wang
J. G. Bradley
J. M. Conley
A. L. Albee
T. E. Economou

Reprinted from
IEEE TRANSACIIONS ON NUCLEAR SCIENCE
Yol. 37, No. 1, 1989 |

i



— A ——ret

JEEE Transactions on Muclear Science, Vol. 36, No. |, I'cbruary 1989

PERFORMANCE AND DUHARIL!TY OF H(‘,l? X-RAY NDFTECTORS FON SPACFE MISSIOINS

et
"BCEDING PAGE By ANK N
A o

J.S. Iwanczyk, Y.d. Wang
Jnstitute of Physics, University of Southern Callfornin
AG40 Admiraity Way, Sulte 214, Marina del lRley, CA 90202

J.C. Bradley, J.M. Conley
Jet Propulsion Laboratory, Callfornia Institute of Technology
4800 Oak Grove Drive, Pasadenn, CA 91109

AL,

Albee

W Californla Institute of Technology
1201 Fast California Rivd,, Pasadena, CA 91125

T.F. Economou
Enrlco Ferml Institute, Unlversity of Chicago
a31 FEast 56th Street, Chicago, 1L. 60637

Abstract

Considernble recent progress has been achieved In
gl detector fabrication technology and ampitfication
eleclronles.  An energy resolution of 198 eV (FWIIM)
has been obtained for the Mn ko line of 5.2 keV in a

practical x-ray probe without the use ol cryogenic
cooling. Netectors prepared with Parylene-C
encapsulation have demonstrated perfect reliability In

two-year tests under high vacuum, and temperature and
bias cycling. Other gt used o
demonstrate _proton rndy\tmn damape reslstance to
levels of 10 ° protons/fecm”™ at 10.7 MeV.

detectors  were
Introduction

A  key element in x-ray spectroscopy  systems,
particularly for narrays of light elements, is the qunlity

of the energy dispersive detector. A system  enerpy
resolution of 140 to 200 eV (FWHM) at 5.9 keV is
typically required depending on  the napplieation. To
date, this ordinarity has required the use  of
cryogenically cooled sillcon  or  germanium x-ray
detectors. Necent work has shown that the energy

resolution for a mercuric iodide (Hpl ) spectrometer can
approach that of silicon or germanlum spectrometers.

A mnajor advantage to the use of n lgl, system In
many applicatlons is that it does not require liquid
nitrogen for cooling (1-3). 1t is this advantape that has
led to & program to evnluale and develop such a
system for the Scanning  Flectron  Microscope and
Particle  Analyzer (SEMPA)} instrument (4,5,8) being
developed for NASA's Mariner Mark 1l Gomet
Rendezvous/ Asterold Flyby Mission (6). This mission
has a planned duration in excess of seven years and
thus makes considerable demands on  long term
reliabllity of the spacecraft as well as sclence
instruments such as SEMPA. At the start of the
program the ultimate ability of Iligl_ detectors to meet
both the SEMPA resolution requirement (200 eV) and
the longevity requirement was quite uncertain,

Significant progress has been achieved In  Hgl
detector performance through improvements  Dboth hi
fabrication technology and low noise  amplilication
electronics. Significantly lmproved spectral response
has been achieved with the Introduction of a guard-ring
detector contact and a collimating metal shicld close in
front of the detector. Especinlly at high count rates,
these two advancements have minimized nolse
contributlons from charge generation and collectlon in
regions with weak electric fields (2,7). Reduction in
preamplifier electronic nolse has been nachleved through

utilization of newly developed FFET structures made by

the Interfet Corporation, One new FET, type
SNJ14L03, has a geometry with a better figure of
merit (l.e,, the ratio of transconductance to input

capacitance, 1 /C)) for low capneitance detectors and
thus glves lower nolse for our application,

Spectral Pesolution

The SEMPA laboratory research prototype, shown in
Figure 1, hns been a test-bed for the evaluation of
Improvements to practical detector systems. The x-rny
probe system used for ultimate resolutlon tests s In

the lower left part of Figure 1. The details of the
probe system are shown schematically in Figure 2. The
H(zl? detoctor used had an  actlve aren of 6 mm .,

Figure 1. The SEMPA (Scanning Flectron Microscope
and Partlcle An‘r‘lyznr) Iaboratory research prototype.
i
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1t was maunted 10 mm from the target and intercepted

8.05 sterndinp solid  angle. The detector leakape
current  was  less than 0.1 pA and thf detector
capncitance was less than 1 pl. The system uses A

singrle  stage thermocteetrie ooglr‘.r to reduce the
detector temperature ta nbout 0 C. The prenmpllﬂer
input FET is cooled to ahoul -4(\"(‘, with a three stage
thermoelectric cooler. The detector s prolenlnd from
bnekseattered 15 keV electrons by an g ym Re window.
The detectar  system is  exposed Lo the vacuum
environment of the SEM cnlu_nan. The typical system
operating  pressure of 3 x 1D Torr is achteved by a
liquid nitrogen trapped In  this
thcrn\oelec!rlcnny cooled system A

diffusion
negl, spectrometer

pump.
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Figure 2. General configuration of the Hgl2 detector in
the SEMPA instrument,
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Figure 3. Manganese spectrum taken with the net,

SEMPA prototype detector,

best-ever, totnl resolution of 19R eV (FWIM) was
obtained for the 5.9 keV kg line of Mn, Figure 3. The
eteetronic noise contribhution for this system was ahout
152 ev (FWiM} mensured by pulser method, The main

gmplifier was @ Tenneclec TC244. The triangular
shaping mode wus chosen with the peaking time of
2R.8 )1 S,
hetector Fncapsulants

Proper Nerl surface pnsslvn(lon and device
encapsulation are eritical  for insuring  long term
detector rellability. Although unprotectcd mercuric
fodide crystals do not exhibit gross short or long term
effects  when exposed to normal lsboratory storage

and particularly a
adversely affect
protective

environments, various gases, vapors,
vacuum environment, can rapidly,
detector  performance. geveral excellent
surface treatments have been identified to date. The
materiols which have undergone initlal development and
testing are siticones, acrylics such as Conap CFE-1170
and pnlymelhylmethunrylnlc (PMMA), and parylenc (a
Hnion Carbide product).

Some room tlemperature curing silicone compounds
that worked well in a laboratory atmosphere provided
little protection pgainst  I'gl evaporation in the

removed molsture
especially
harden

vacuum, perhaps because the vpcuum
from the com pounds. Some coatings,
acrylies, which are applied in A solution and
with solvent evaporation, have proven to be chemically
compatible with IIRI? and an excellent barrier to gl
evaporntion. However, applying an approprintely thin

conting to a detector from Bany solvent based system
wns found ta be impractical for two major reasons:
¥irst, most solvant based  systems have the problem
that Bl is significantly soluble in  the snlvent.

Second, it was difficult to control the thickness of the
thnt, simultancously, the coating over the
pclive area was thin, conting at the edges
was thick enough to prevent evaporation. The solubility
of the Hgl resulted in  the apptied coatings always
contalning  “small pnmounts of Hel that produce
noticeable x-ray absorption. Typ\cnlly,' the difficulty in

conting 50
while the

thickness control resulted  In detectors  that had
significantly reduced  low energy sensitivity due 10
excess coating thicknesses on the active areas, but

were still poorly coated at the edges ().

Parylene coatings have several desirable attributes,
inchuding  their method of application, pnlymerlzntlon
and deposition from @ vapor, which allows for a very
untform and  well controlled conting thickness even in
submicron layers. Carners and  edges are typically
caated to the same thickness as are open surface areas.
The low atomic number of some Parylenes make them
useful  as  x-TRY transparent windows. The most
extensively tested has been pqumerized dichloro-di-1,4
xylylene (Union Carblde parylene-C).  Tests of coating
performance have included storage of coated MNgi
crystals at elevated temperatures (7500 to ﬂ()OC,
dipping in K1 solutions, and many months operation in a
vaeuum, These test have clearly demonstrated that
this material is chemically compatible with ligi_  and an
barrier to IIg!2 Jdiffusion  and ‘ex ternal
corrasive materinls.

"

Inttinl parylene-C tests perforn'.od on units
whose coatings were applied by vendors, including the
Union Carbide service Center, in San DNiego, CA.
These initial  tests were sufficiently promlising to
warrant bullding a smanl) scale coating system for owur
1shoratory that would allow optimization of the coating
pracess and properties for this application. After some
Initial  fine tuning, the system consistentty produces
water-clear contings that appear superior to cosatings
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which are routinely obtained from commercinl vendors.
A praclical thermal/vacutm  process for Hp,l7 crystnl
coating wnas developed Lo minimize exvosure  of the
Hgl, crystals to the vacuum belore fnitintion of the
polyh\er doposition, Farly conting tests showed thnt
exposure of the Il to the vacuum tongrer than 20 to
25 minutes prior o polymer deposition could lead to
degraded finnl detector performance. A simple laser
interferometer system has been developed  to help
control the thickness of the deposited layers.

As a check on reliability, in additlon to  visunally
examining the quality of tost «:Uulinp,s under the
microscope, tests for pin holes and permeability have
been przrfnrmod using a Ki etching solution (potnssium
fodide solutions are extremely corrosive to NHet, ). A
number of detectors with Parylene-C conlin;zs' wore
tmmersed in a 10% KI solution kept at 75-r0"C.  The
thicknesses of the Parylene coalings ranged from 2 to
4 M, After about one month, the solution wns
checked and determined to be over A0% Ki, due to
evaporation. The crystnls were protected by the
coating and no effects were found within this period of
more than one month. An  anconted crystnl  would
completely dissolve in a [cw minutes.

Recently we have started experimentation with other
parylencs beeause of the x-ray attenuntion of Parylene-
¢. The chlorine content of the 2 micron thickness of
parylene-C produces an undesirable  10% attenuation of
x-rays at 2.8 keV as well as significantly incrensing
attenuation at energles  below 2 keV. parylene-N
(pol_ymoriw-d (Ii—pnrn—xylylmm) contains no chlorine and
so produces less x-ray attenuation for a given thickness.
Because parylene-N hns sipnificnnily different
evnpornlimn/polymorlzn!inn properties  than -¢, n new
deposition process is being  developed  to produce  the
optimum protective contings. Tests shmilar o that
used for rvalunting Parylene-C will be uzed with the
new conlings.

Longevity Test

The long-term stability of the dotectors  Is an
important eriterion in nll npplications, especinlly spiee

m Issions. puring the C RAF mission, the SEMTPA
instrument will be aperating  to perform x-ray analyses
only a smnall fraction of the time. During flight from

earth to the comet (severnl yenrs) the instrument  will
be idle.
instrument will be under vncuum conditions and exposed
to thermnl cycles induced by sun expasure and  from
other nearby sclence Instruments being turned off and
on. These storage and cycling conditions led us to n
detalied evaluation of the durability of Hﬂl2 deteclors,

However, durlng the entire mission, the

In order to detect any inherent failure mechanisms in
the detectors, we have remeasured the charncteristics
of llgl_ = x-ray detectors that had  heen fabricated as
long ns seven years previously in the very eorly stages
of gl development at the University of Southern
Califoriiia (USC). These MNgl, detectors had not been
stored under any controlled conditions, but were stmply
kept in plastic boxes in the laboratory. We found that
the cnergy resolutions of all  detectors tended o
improve slightly with oage and storage time, The
results scem to be evidenece that there is no Internal
degradntion mechanism at work in the Bpi crystal

Iteelf, over @ time period  of  seven y(!nrs.' These
detectors  had all  been protected by acrylic and/or
silicone  conatings. The apparent improvements in

performnnce Aare probably due to improvements in the
electronies used for the monsurements,

For comprehensive testing ol detectors and
encapsulants under  vacuum and/or thermal cycling

.

condltions, A specinl apparalus with four separate
detector chambers  was constructed. fach chamber
houses a detector and  the pream plifier input  feld
effect  transistor, each attached lo =n separate
thermoelectric coolers. All of the test chambers are
connpcted to & common turbomolecular and_ lon pump
manifold to nchleve clenn vacuums to 10 Torr, oOr
equivalent 10 conditions in the SFMPA Instrument.

For the past two years, four detectors encapsulnted
with Parylene-C, applled by n commercial source, have
been undergoing testing in this system. The coating
thicknesses are estimated to be pbout 4 M. These
detectors have also undergone bins cyeling due to power
failures nt n rate of about once per month. Figure 4
glves & summary of energy resolution tests conducted
at  the Institute of Physics, use. The tests on
detectors  NG-OF7 (in chamber #1) and  N3I-1F2 (in
chamber #2) started In Pecember 19R6. The tests on
detectors NE-OF8 (in chamber #1) and N3I-1F1 (in
chamber #4) started in November 19RR, We have been
wmonitoring  the detectors’ stability performance by
mensuring  their energy resolution for the M K line,
the electronic naise (pulser width) and their peak-to-
hackground ratios. Curves 1 to A4 in Figure 4 show the
cnergy resolution versus time for detectors NE-9F7, NI-
1F2, NR-OFR and N-1F1, respectively. There have
been no noticeable changes in the parameters of tested
detectors.  Certaln variations in the results, which are
greater than expected [from stnlistics, nre attributable
to changes in the ambient temperature and the lnck of
stabilization of this parameter in our present system.
Nuring a one week short-term test, resolution  was
ohserved to vary about 25 eV. This variation could
only be cnused by system calibration errors, amblent
temperature changes, and changes of the amplifier and
coaling  power supplies between measurements. From
Figure 4 we cnn sne  that the long-term resolution
varintions of four detectars were not far beyond these
short-term resolution  chanres, and that there is no
clenr systematic trend. Tests on these four detectors
are still continulng.

hetector NA-1F2 {in chamber 1°) and detector NG-
ar R (in chamber #13) were also subject to temperature
cycling, during part of the two-yenr test period. Two
chambnrs were provided with external heaters in order
to keep the temperature of the chamber body at about
40“(3. Drtectors were cooled with peltier elements to
nhout —7,n°(‘,. A simple on/ofll prugrnmmnb]e timer
periodically switched power to the Peltier coolers,
causing very rnpldn detector temperature changes
between +40 and -20 C. The intervals of power on and
off were from 1 to 2 hours. The nactual detector
tempxratures chanped  between extremes in 1 to 2
minutes. These temperature extremes were chosen to
approximate the limits which will be experienced by the
SEMTPA  base plate during the GRAF mission, The
results of this experiment, which wns carrled to 3no
cyceles, are presnnled in Table 1. As can be seen from
the table, there were no significant changes In the
detectors' performance. Three hundred such
temperature cycles exceeds the anticipated number of
those cycles for the SEMPA instrument during the
CRAF mission, and the temperature changes in the
mission are expected to be more gradunl and, therefore,
less stressful for the detector.

The SEMTA x-ray prohe  system also serves Lo test
the durability and longevity of Ngl_ detectors used in

its routine aperatlons. Routine inStrument operations
subject the detector to temporature, pressure amnd blas
cycling tests, some of which are unintentional. After

over one year of testing, the performance of o Vgl
spectrometer 1s unchanged, showing energy resolutlon o
about 20'0 eV (FWIM) for the Mn Ka line. The

}
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detector
SEMPA
(JrL).

Is still undergoing continuous testing In the
instrument at the Jet Propulsion Laboratory
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Flgure 4. The long-term energy resolution varintion for
four tested Hgl? detectors, The encrgy resolution

(FWHM) was measured for the Mn kg llne. Curves 1 to
4 correspond to detectors In chambers #1 to K4q,
respectively,

TABLE 1
DETECTOR TEMPERATURE CYCLING RESULTS

DATE BESOLUTION/ ¥ OF CycLurs
PULSER/RATIO* _ .
DETECTOR N3-1F2
NR/03787 C34R7raRiiny 0 CYS
0B/05/747 ARA72057153 12 V5 T
08/13787 36772907154 60 CYS
08/28/87 35472867151 FFIEhTCYS
09/21/787 36372917131 TAdo vy
NDETECTOR N6-9FR
08703787 GaR/3R973dd neYsT T
08/07/87 20R725R7238 3 CY¥s
087112787 296/724877¢%1 5 CYS
08/17/87 3IN1/24R7243 10 CYS
08/24/87 29872437358 18 CY$
09/01/87 290/2497253 *¥72 CY5
09/14/87 29272437245 150 ©Ys
12702787 30372457345 300 CYS
* RESOLUTION OF Mn-kgq LINE (FWHM) IN (eV)/

PULSER WIDTH (FWHM) |IN (ev)/
PEAK TO BACKGROUND RATIO.

** FULL CYCLE WAS CPANCGED
FROM 4 NHOURS To 2 Hnouns.

Radlation Damage of Hgl2 Detectors

detectors s
Over a multi-yenr

Radiation damage to semiconductor
known to occur during space flight,
misslon, the mccumulnated damage from cosmic rays and
thelr products can result In changes In the operating
propertles of solid state detectors. In severe cases the
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detector can be damaged to a point that it Is no longer
useful,

There is little data in the Iiterature on radiation
damage of Hgl,) x-ray detectors. Some very
preliminary results” were obtained with gamma deteclors
by Recchettl et. al.(9). Recently, we have porformed
some Inltinl, controlled tests of mercuric fodide x-rny

detectors  to  assess  their vulnerabillty to proton
radiation,

For that purpose six medium quality gl xX-rny
detectors protected by PMMA coatings were Selected

and their characteristics (leaknpe current, FWHM of Fe-
55 x-ray line, electronie noise, peak to valley ratio of
x-ray line, etc.) were measured before the ircadiation,
All tests were done using the same resistor feedback
preamplification aystem, Optimum  eclectronic nolse
level and  energy  resolution were  not  primary
conslderations In these initinl tests. The detectors
were exposed to nn external beam of 10.7 MeVv protons
from the Argonna _National I.ngorntory accelerator, to
fluences up to 10 protons/em”, to see at what point

changes in detector performance could be observed,
The fluences were accumulated during  periods lasting
several  minutes and represent  the worst case for
potential detector damape. Nsually during  transit in
space, the rates of irradintion from cosmic rays are
much lower, and the detector may be sclf-annealing

during that period,  Within one to two weeks after the
Irradintions, the same characteristics were  measured
agnhi, Table I lists parameters measured before and
after each detector's irradintion. From these results, it
Is clear that all six detectors survived the irradiation

)
TABLE 11

LIST OF DETECTOR PARAMETERS NEFORE

AND AFTER PROTON IRRADIATION

Det.# Nose* Resolu- Pulser*PK/PKC* Lenkage*
tion*
Before Before Before Before
After After After Alter
NR-8F3 ﬂ.ﬂxlﬂg 194 It 461 0.2
409 a70 47 ] 1.3
9
E11-5LF3 A.6x10 472 REtIH GG 1.0
490 IR0 67:1 2.3
10
NIl-GF1 4.8x10 490 122 193:1 7
426 KRN 248: 1 4
10
S8-2SF5 4.8x10 183 136 215¢1 0.2
491 400 196:1 0.1
12
NR-8F2 1n 472 437 1652 0.8
4159 ARD 2201 0.8
12
K7-11NDF2 10 532 385 1521 4.0
502 304 1621 .9
2
Pose: protons/em
esolution: Mu-kq Ilne (FWOM) in (ev)
Pulser: pulser with (FWiNM) in (ev)
PK/NKG: penk to background ratlo
Leaknge: leaknge current {(PA).

without any appreclable change In their performance.
The small observed lchanges can be explained in terms
of varlations in the test conditions.



In some space applications, the expected accumulated
doses could he even higher than the above doses., It
will be Important, therefore, to extend the fluonces and
energles to which the MNpgl_ x-ray detectors are tested
for radiation damage susceptibility, Because ten Mevy
protons represents the low energy range of cosmie rays,
it would be extremely Interesting to study the elfects
of jrradlating dotectors with higher energy protons ns
well as with other types of radintion that may have
different effects.

'
Conclusions
Y

All of the experimental and test results described in
this paper have shown that Hgl_ detectors are sultable
for the ordinary requirements” of energy dispersive
detectors In x-ray spectroscopy systems, The Hgl
detectors have shown excellent durabiiity durlng two?
year longevity tests under difficuit condltions.
Detectors have also shown Impressive resistance to
proton frradiation damnge. Energy resolutlon
mensurements  better  than 200 eV in n  practical,
noncryogenic detector system represent the achievement
of a major milestone, and help confirm the feasibility
of wutilizing Hgl detectors for applleations requiring
good energy resolution at x-ray cnergies from 1 to 10
keV,

The research work on fmprovements In Pgl, detector
fabrication and amplification clectronics must” continue,
We expect to nchicve improved low energy detector
response by using  thinner contings of protective
encapsulants of lower atomic numbers.  The long-term
life testing will also be repeated with the new contings.
Blas cycling and extended range temperature cyeling
are planned. Longer exposures and  higher  proton
energles for radiatlon damape testing are planned in the
next phase of this project.
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This paper describes progress achieved at the Institute of Physics in the development of miniature. low power mercuric iodide

(Hgl,) X-rav spectrometers operating at, or near, raom temperature with high energy resolution. 'The devetopment of single detector

spectrometers and. lately. of multidetector array systems has been driven by the specific needs of space exploration and synchratron

radiation applications, Progress has been made in vanious ireas. Advances in the detector fabrication technology. including improved

resolution, vacuum operation, improved reliability and longevity, high count rate capability, and the development of soft X-ray

transparent encapsulants, are discussed.

1. Introduction

Over the past several years, there has been growing,
interest directed toward the search for room-tempera-
ture X-ray defectors capable of high encrgy resolution.
A material found to possess a number of properties that
make it quite attractive for such an application is
mercuric jodide (Hgl,) [T 10 The broad band gap of
this material (2.2 ¢V) allows for a low detector leakage
current at room temperature (typically below 1 pA),
and, with & construction designed to keep detector
capacitance below 1 pF| the detector electronic noise is
very low. Because of the high atomic numbers of its
constituents, Hgl, strongly absorbs X-rays. This feature
helps to create a single charge collection situation. When
all X-ray interactions take place in the vicinmity of the
negatively biased entrance electrode, the generated holes
travel only minuscule distances, while the more mobile
clectrons must cross the detector’s entire active thick-
ness. Inosuch acase, the contribution of the holes to the
induced pulse amplitude v the external amplification
circuitry mav be neglected. Only the electrons contrib-
ute to the spectral response.

Another advantageous property of Hgl, is its high
ionization cfficiency. Measuring ionization efficiency as
the ratio of the band gap to the mean energy required to
produce an clectron-hole pair, the value for Hgl, is
(2.2 eV), (4.2 ¢V). corresponding to about 52%. This
compares very favorably with other materials, e.g. Si,
which yields an ionization efficiency of about 30% [11].
Thus, X-ravs of equal energy produce a signal only
about 13% smaller in Hgl, than in Si, even though
Hel,'s band gap is twice as broad. The Fano factor for
Hgl, has been measured to be no more than 0.1, This

0168-9002 /89 /$03.50 @ Elsevier Science Publishers BV,
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value is approximately the same as the experimentally
determined value Tor Si. despite the fact that the trap-
ping phenomena should increase the measured value of
the Fano factor of Hgl, much more than that of Si.
Therefore, the limit imposed on energy resolution by
the statisticat spread in the number of charge carriers
produced by an incident radiation event may not be
higher in Hgl, spectrometers than in Si(Li) systems
[10].

In the sections below are presented advances in Hgl,
detector Tabrication and low noise preamplification sys-
tems, Representative spectral responses of Hgl, spec-
trometers are shown, Results with improved reliability
and longevity under vacuum conditions are presented.
A section is devoted to the current status of Hgl,
detector array work. In the last section, a discussion of
the applications of Hgl, technology and plans for [u-
ture investigations are given,

2. Detectors and mnplilic:llion‘(‘lcclmnics

The development of single detector spectrometers
and, lately, of multidetector array systems has been
driven by the specilic needs of space applications and
synchrotron radiation applications. Advances in the de-
tector fabrication technology include improved resolu-
tion, vacuum operation, improved rehability and
longevity, high count rate capability, and soft X-ray
transparent encapsulants.

FFabrication of the detector proceeds using what have
now hecome standard techniques at USC. Pd electrodes
of 100-200 A thickness are evaporated onto both sides
of a slice of Hgl, single crystal which is typically about
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SO0 pm thick. Electrical leads are embedded in the
contact areas and the unit is mounted onto a ceramic
aibstrate. BeO has been found to be the most sutable
material for this purpose. 1t has a low dicleetric con-
«tant and excellent thermal conductivity. thus providing
the detector with mechanical support and good thermal
contact with cooling efements. In order to passivate the
surface and protect the detector from evaporation in a
vacuum environment and for reaction with the ambient,
it is sealed with a plastic encapsulant. The protective
matetial must not introduce any additional electronic
noise or attenuate incident radiation. Good passivation
was achieved with layers of poly-methylmethacrylate
(PMMA) delivered from a solvent system. However,
these layers varied widely in thickness, tended to crack,
and absorbed noticeable traces of Hgl,. Attention was
then turned 1o the method of vapor deposition. A
material found to be quite compatible with this method
is poly-dichloro-di-para-xylylene (Union Carbide Pary-
lene-Cy. Coatings of this material can be made guile
uniform and have yielded good results in vacuum work.

Recent additions in detector fabrication have been
the introduction of a guard ring, which reduces surface
leakage current, and a collimaling metal shield. To-
gether, these two elements have been found to signifi-
cantly improve spectral response at high count rate
conditions by minimizing charge generation and collec-
tion from regions of weak electric field.

In order to utilize fully the room-temperature capa-
bilities of Hgl, detectors, ultralow noise preamphificrs
without cryogenically cooled FETs are needed. Com-
merciatly available cquipment does not offer the re-
quired parameters. The Jowest noise levels are above
SO0 ¢V (FWEHM) for Hgl,. The major noise contribu-
tors in these systems include excess 1/f noise from the
I'ET chip and its housing, excess stray capacitance and
current leakage at the input end, noise originating in the
feedback loop elements connected to the front-end FET,
and thermal noise in the FET channel. Some of these
factors have long been known to arise largely from the
FETS encapsulant materials |2). This problem has been
climinated by decapsulating, the chips and remounting,
them on ultralow noise materials, The feedback resstor
has atso been found to be a primary source of noise,
and a highly variable one. Noise levels ranged over an
order of magnitude for the same value resistors from
different manufacturers, depending on variations in
construction and handling |7} While it was found that
careful selection of this resistor could reduce noise
levels, the best results were obtained by eliminating it
altogether and applying the pulsed-light feedback tech-
nigue. In addition to a lower noise level, this technique
also provides high count rate capabilities. Further re-
duction of noise levels was accomplished by cooling the
input FET with the help of miniature thermoclectric
(Peltier) coolers. These coolers are very compact (typi-

cally less than 0.5 em') and use very little power (1vpi-
cally 250 mW) to achieve an elffective temperature ( - 10
to 0°C). These considerations are important for apph-
cations that require compact, highly portable units that
do not consume much power. Using  thermoelectriv
cooling, typical FWHM noise figures of 180 eV have
heen achieved. When ultralow naise levels were reached
using full-scale, discrete components, attention  was
turned to the problems of miniaturization and decreas-
ing power consumption. A pulsed-light feedback pre-
amplifier has now been successfully implemented in a
unit that measures about 3 X 2 x 0.7 em' and consumes
ahout 0.22 W of power. The achievement relies on the
hybridization technique, which incorporates preampli-
fier components into a standard 24-pin dual in-hine
package. The hybrid s designed to have a scparate
input FET stage, which can be mounted adjacent to the
Lgl, detector and conveniently cooled. [ts overall noise
performance is as good as that of the full-scate models
13}

Besides the detector and front-end preamplifier, the
remaining components of the spectroscopic system used
in the experiments were standard, commercially availa-
ble modules. The main spectroscopic amplifier em-
ployed had a long shaping time. usually about 12 ps.
‘The amplifier was followed by a commercial muttichan-
net analyzer. The overall configuration was similar 1o
the standard one used in Si(Li) detector systems.

3. Spectra

Fig. 1 shows a Mn K (5.9 keV) X-ray spectrum taken
with the Hgl, detector. The solid dine represents the
spectrum obtained with the detector and imput FET at
room temperature. The energy resolution is 380 eV
(FWIIM). The dotted line represents the spectrum ob-
tained with the input FET couled with hiquid nitrogen
and the detector operating at room temperature. 'l he
encrgy resolution is 175 eV (FWHM). In both cases the
Mn K, peak is clearly visible. The Al K X-ray spece-
trum, taken with the detector at room temperature and
cryogenic cooling of the input FET. is shown i lig. 2,
The energy resolution is 145 ¢V (FWIINM). The expen-
mental arrangement used to obtain the spectra pre-
sented in figs. 1 and 2 consisted in part of a standard
Tracor Xray Inc. SilLi} liquid-nitrogen cryostat and
pulsed-light feedback preamplifier madified to accom-
modate the Hgl, detector [10}. The Tirst stage FET was
thus at a temperature close to its optimum operating
point. The Hgl, detector was mounted on an alumina
ceramic substrate together with a heater and thermistor
for temperature controb and monitoring. The tempera-
ture of the tgl, detector was held constant at about
300 K. Although cryogenic cooling of the input FET is
not a very practical method of reducing the electronic
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Fig. 1. Plot of mangancse K X-ray spectrum. The solid plat
was obtained with the detector and preamplificr mpul FIT at
room temperature. The dotted plot was obtained with the

detector at room temperature and the preamplifier input FET

cooled with liquid nitrogen.

noise of a Hgl, spectrometer, this exercise was useful in
revealing the potential of Hgl, X-ray detectors, and it
helped in comparing them with Si[Li} detectors.

Fig. 3 shows a composite of several spectra taken
with the Scanning Electron Microscope and Particle
Analyzer (SEMPA). which is now being developed at
the Jet Propulsion Laboratory (JPL) [14). The instru-
ment’s Hel, spectrometer, developed at USC, consisted

"
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Fig. 2. Aluminum K X-ray spectrum. The detector was at room
temperature, and the preamplificr input FET was cryogenically
cooled.
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Fig. 3. Compasite of spectra obtained with the SEMPA instru-
ment at JPL.

L;

in part of a detector mounted on a single-stage Marlow
MI11021 thermoelectric cooler operated at about 0°C,
and an input FET mounted on a three-stage Marlow
MI3026  thermoclectric  cooler operated at  about
=~ 40°C. This temperature is still far from an optimum
of —120°C for the 2N4416 FET. The electronic noise
of the system, as measured by the pulser method. was
175 eV (FWHM). Three lines, Cu L (0.93 keV), Cu K,
(8.05 keV), and Co K (8.90 keV), are clearly visible.
‘The energy resolution of the K _ line is 230 eV (FWHM),
Also in this figure are the Mn K and K lines at 5.90
and 6.49 keV respectively. The energy resolution of the
Mn K, peak is 225 eV (FWIIM). A resolution of 195
eV (FWHM) is obtained for the Mg K line. All spectra
shown in fig. 3 exhibit excellent symmetry. hackground
shapes and intensities typical of electron cxcitation, and
ncither g nor | escape praks are found (within the
acquired counting statistics).

Fig. 4 presents a collection of low-cnergy spectra
showing the K and L lines from a number of elements.
The K lines of Al at 1.49 keV, Mg at 1.25 keV, and Na
at 1.04 keV were measured. The L lines of Cu at 930 eV
and Fe at 705 eV are still clearly resolved from noise.
The energy resolution for all of these peaks was ap-
proximately 220 eV (FWHM). The overall electronic
noise of the system as measured by the broadening of
the pulser peak was 185 eV (FWIIM) in this case. All
peaks displayed symmetrical shapes with little indica-
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tion of low energy tailing. Fig. 5 shows a spectrum of
the K line of oxygen at 523 ¢V, The extrancous peaks in
this spectrum are from impurities on the surface of the
piece of beryllium oxide that was used as a target, and
which was, in reality, a used detector substrate. The
spectra shown in figs. 4 and 5 were obtained with the
help of the Van de Graaff accelerator at the California
Institute of Technology, which was used to accelerate
a-particles into targets to generate ultrasoft X-rays [15].
The Hgl, detector had a very thin entrance Pd contact.
The detector and the input FET were cooled separately
with Peltier coolers. The detector was cooled only
slightly, to 0°C, and the input FET was cooled with a
two-stage device to about —30°C.

3
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ENERGY (keV)
Fig. 5. Spectrum showing the 523 eV peak of oxygen. The
other peaks resulted front impurities on the surface of the BeO
target.

4. Longevity and high count rate capability

As the Hgl, X-ray detector project progressed, the
long-term behavior of the detector became one of the
major considerations. Long-term stability is an im-
portant criterion in all applications, especially space
misstons. The duration of the mission (e.g. about seven
years for the Mariner Mark 1D places severe demands
on the spectrometer, particularly on the 1gl, detector
itsclf. The system will probably not be operating most
of the time, particularly during transit to the target,
except for possible calibration and testing. This con-
sideration led our group to remeasure Hgl, X-ray de-
tectors that had been Tabricated as long as seven years
previously, in the very carly stages of Hgl, develop-
ment. These Flgl, detectors had not been stored under
any controlled conditions - simiply in plastic boxes in
the laboratory. We found that energy resolution seemed
to improve slightly with age and storage time. The
results seem to be evidence that there is no internal
degradation mechanism at work in the Hgl, crystal
itsell over a period of seven years.

Work on a laboratory research prototype version of
the SEMPA instrument at JPL and other space mission
applications provided the need for development of Hgl,
X-ray detectors compatible with the vacuum environ-
ment. Hgl, erystals are not compatible with long-term
operation under vacuum conditions but must be coated
or otherwise sealed for such an operation. Silicone
rubber coatings, which had functioned well in the regu-
lar ambient atmosphere, could not stand up 1o long-term
high vacuum conditions. As described above, crystals
encapsulated in layers of acrylic or Parylene were pro-
vided with good protection against the vacuum as well
as good passivation. For the past year, we have been
testing detectors thus encapsulated for longevity under
conditions of high vacuum (< 10 ¢ Torr) with temper-
ature cyching (1o simulate conditions anticipated for the
SEMPA instrument in the Mariner Mark 1 mission). A
Hgl, system is also undergoing continuous testing in
the SEMPA instrument at JPL (details are given in the
paper by Bradley et al. in this issue).

High count rate performance of Hgl, detectors has
recently been tested using Stanford’s Synchrotron Radi-
ation Laboratory facilities. The introduction of the pre-
viously discussed guard ring and collimating shield sig-
nificantly improved detector performance. Certain ¢lec-
tronic baseline instabilities previously observed during
intense X-ray illumination [16], which we attributed to
charge injection from regions of the detector containing
fringe clectric fields, have been completely eliminated.
The improved Hgl, detectors were exposed to Cu K
X-rays excited by the synchrotron radiation. Tests were
performed at up to 200000 counts per second [1718].
At these count rates, the spectrometer’s resolution and
throughput were Tound to be determined by the main
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Fig. 6. Linear and semi-log plots of spectra taken with a single Hgl, detector at 140 keps input counting rate using two different
amplificrs: (a) and (¢) Canberra 2020 with 1.5 ps shaping time (r,) and no pileup rejection; (b) and (d) Ortee 572 with 2.0 ps 1 with
pileup rejection.

amplifier’s characteristics, in parliculaf‘ by its shaping
time and pileup rejection circuitry. Similar considera-
tions are known to apply in the case of all high resolu-
tion solid state spectrometers operated at high count
rates.

Representative high count rate results, in lincar and
log scales, are shown in fig. 6, with Cu K, and K, lines
at 8.04 and 8.94 keV respectively. Input count rates
were about 140 keps. A Canberra 2020 amplifier with
1.5 ps shaping time (1,) and without an external pilcup
gating provision produced figs. 6a and 6¢. An Ortec 572
amphifier with 2.0 ps ¢, and [last pileup inspection
circuitry (to gate off the MCA) produced figs. 6b and
6d. Their respective resolutions at 8 keV were 425 eV
for the 2020. versus 453 eV for the Ortec. Respeclive
throughputs were 101 keps and 71 keps. It would clearly
be valuable (o investigate the use of amplifier circuitry
with an optimized shaping network to improve encergy
resolution at these high count rates. A design for an
amplificr employing a triangular shaping network opti-
mized for such applications has been reported by
Goulding et al. [19].

5. Hgl, detector arrays

Recently our group has begun to explore the possi-
bility of constructing a Hgl, X-ray detector array with
good cnergy resolution [20}. Energy dispersive arrays
offer the advantages of spatial resolution, large active
areas, and high (parallel) count rate capabilities. TFor
such a system we see applications in a varicty of fields.

These will be discussed in the next section. Our im-
mediate goal is to develop a submodule consisting of an
array of 5-10 detector elements and their preamplifiers.
Such submodules could then be organized either tin-
early or (wo-dimensionally into larger arrays of 100-400
elements, which, together with signal processing elec-
tronics, could be calibrated and coordinated by com-
puter.

Our prototype array spectrometer consisted of five
independent channels, separated both physically and
electronically. By independently placing the five FET
front ends in close, but not intimate, proximity we
retained flexibility in identifying and resolving such
crosstalk or interference problems as might arise. Five
was chosen as a number large enough to be immediately
useful scientifically and to display any proximity effects
resulting from arraying, yet small cnough ta be more

7.8 mm ——

Fig. 7. Drawing of an evaporation mask used to fabricate Hgl,
detector arrays.
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readily tractable and less expensive in terms of the costs
of clectronic processing channels.

Fig. 7 shows a drawing of the mask used to evaporate
back contacts onto Hgl, crystals. The mask allowed five
equal-size array clements (7.3 mm X 0.7 mm) sur-
rounded by a guard ring to be produced. The front
contact was achieved by evaporation of a 7.8 mm X 4.4
mm Pd electrode. This array was attached to a one-stage
Peltier cooler and tested utilizing charge-sensitive, fiber
optic pulsed-light feedback preamplifiers. The front end
FETs were provided with independent Peltier coolers.
In operation, the array was cooled to about +5°C and
the input FETs to about — K °CoAn energy resolution
of 365 ¢V (FWHM) was measured. This resolution is
only slightly poorer than those previously presented for
single Hgl, detector systems. The electronic noise, mea-
sured by the pulser method, was 320 eV (FWHM). The
array elements’ encrgy resolution thus scems to be
limited principally by electronic noise. We have con-
ducted several tests, floating and grounding elements of
the array, which identify the detector contacts (i.c. the
Pd-Hgl, interfaces) as the excess noise source, which
evidently needs to be climinated.

Crosstalk measurements were performed to examine
any interference problems arising from the close prox-
imity of the preamplification channels. We have found
that electronic crosstalk is almost completely eliminated
by the introduction of a new fiber optic pulsed light
feedback resel technigue (invented specifically for this
purpose) combined with careful shielding {20]. Charge
clouds generated close to the peripheries of two neigh-
boring array clements are subject to lateral diffusion as
they are swept across the detector. This results in a
partial charge collection by both elements. The charge-
collection process in the detector array is schematically

Passivaling Layor

represented in fig. 8. The two partial charges, which
sum to the total charge produced, are then recorded as
“hackground” counts in the two elements. In order 1o
minimize background problems of this sort, a stainless
steel X-ray shield was employed in front of the detector
to block interelement regions from incident X-rays. The
Jow energy backgrounds observed below a single X-ray
peak can be used as a good measure of charge division
hetween elements. In a single-element, round detector
wilh well-shiclded fringe ficlds, this peak-to-background
ratio (measured as the ratio of 5.9 keV peak amplitude
to 3 keV background amplitude) is typically about
3060 -1, with better devices attaining ratios of 6002 1. In
the present array clements these ratios were found 1o be
approximately 30: 1. We attribute this result to made-
quate alignment between the shield and array. 1t is
expected that flat-polishing the front of the detector
and repositioning the entrance window's lead wire to
facilitate closer physical contact between the shield and
the array would significantly improve peak-to-back-
ground ratios by reducing interelement charge division
problems.

Our current work is directed toward the climination
of charge splitting between adjacent elements and the
minimization of cleetronic noise. Additional effort is
directed toward the further miniaturization of the elec-
tronic components and the automation of tests under
computer control.

6. Applications
The unique properties of Hgl, as a solid state radia-

tion detector compound have by now been well proven
and their practical implementation is on its way. In the

X-rays
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Fig. 8. Cross section schematic of a Hgl, detector array showing the electric fields and the origin of charge division between
electrodes.
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X-rav region the energy resolution attainable with Hgl,
detectors at or near room temperature approaches that
of cryogenically cooled Si detectors. A prototype Hel,
X-ray system is operating in the SEMPA instrument at
JPL and another at the Stanford Synchrotron Radiation
Laboratory. NASA is currently considering use of a
Hgl, spectrometer for the SEMPA instrument in the
upcoming Mariner Mark 1 comet mission, Hgl,'s
room-temperature capability, which eliminates the need
for bulky and expensive cryogenic cooling systems, and
an electronic design that consumes very littde power
make such systemns very attractive for terrestrial uses as
well as for space exploration. ‘The reduced weight and
power requirements could reduce the cost of X-ray
fluorescence analytical equipment and make available
hand-portable instruments for ficld work. Such instru-
ments could be useful in geological exploration, marine
mineral analysis and environmental poliution monitor-
ing. ‘they could also find a place in industrial material
quality assurance. Like the SEMPA instrument, carth-
bound electron microscopes could incorporate Hgl,
spectrometers with far less stringent design constraints
than those imposed by Si(Li) systems, particularly in
windowless designs for low energy X-ray work. Hgl,
detectors could be placed directly into the microscope’s
sample chamber without the problems associated with
venting and detector gas poisoning. A number of com-
mercialization efforts have already been initiated to
utitize the noncryogenic advantages of gl , technology.

With the development of energy dispersive array
detectors, Tlgl, technology is entering a new phase. The
detector array opens up new application possibilities. A
larpe active detector area with good energy and spatial
resolution would have imiediate applications in scan-
ning clectron and X-ray microscopy. ‘The ability 10
handle very high counting rates and intercept fairly
farge solid angles could allow lower exposure doses to
be used for biological or other materials susceptible to
radiation damage. The availability of arrays would also
significantly benelit a number of areas in synchrotron
rescarch, including Extended X-ray Absorption Fine
Structure (EXAFS) on dilute solutions, anomalous
scattering structural studies and encrgy dispersive dil-
fraction studies using diamond anvil high pressure cells,

Our continuing efforts will be directed toward im-
proving the energy resolution of Hgl, spectrometers.
This can be achieved with the development of Hgl,
crystal growing methods, the refinement of detector
fabrication techniques and the reduction of electronic
noise. We will also concentrate on the assurance of
reliability and longevity of detectors under adverse con-
ditions. Work on Hgi, detector array projects will con-
tinue with the goals of further refinement in the fabrica-
tion procedures, miniaturization of associated compo-
nents and the automation of tests under computer con-
trol.
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Mercune iodide X-ray detectors have been undergoing tests in a prototype scanning electron microscope system being developed

for unmanned space-flight. The detector program has met with considerable suceess, abthough not all goals have yet been met. This

success has been the result of carefully addressing the issnes of geometrice conliguration in the SEM, compact packaging that includes

sepatate thermoclectric coolers for the detector and PR Xoay transparent hermetic encapsulation and clectrical contacts, and a

clean vacuum environment.

1. Introduction

AL the Jet Propulsion Paboratory, the mintatunized
Scanmng Electron Microscope and Particle Analyzer
(SENMEPAY FL 3] has been ander development for more
than cight years. The SEMPA anstrument has been
selected for the Mariner Mark 11 (MM Comet Ren-
dezvous Asteroid Flvby (CRAF) mission [4,5]. The
NMAMTE spacecraft will be faunched in 1993 and will
rendezvous with comet Tempel 2 i late 1996, The
spacecralt will then travel with the comet for about
three vears while the pavioad instruments observe the
evolution of the nucleuss and coma, and determine the
nature of the solid and gascous matenals ¢jected from
the nudlens. A penetrator /lander will be implanted in
the nucleus to make measurements of its properties. The
duration of the mission (about seven years), the distance
from the sun (1.49-4.73 AU during science periods),
and spacecralt mass limitations place severe constraints
on all the spacecraft systems and scientific instruments,
and necessitate careful analysis of the performance re-
quirements versus the constraints. The SEMPA instru-
ment s been designed to perform the same Tunctions
expected of a laboratory instrument at a somewhat
reduced performance level that does not significandy
compromise sctence return, SEMPA will be capable of
mmaging individual dust grains with a resolution of 40

0168-9002 /89 /$03.50 @ Llsevier Science Publishers BV,
(North-Holland Physics Publishing Division)

nm and be capable of X-ray analysis of individual
grains on a submicron scale with a resolution of 200 eV
al 5.9 keV. The practcal X-vay response from 1 oto 10
keVoand the 15 keV beany energy will permit a quantita-
tive deternunation of the concentration of elements with
atomic number 11 or greater in the range 0.2-100%
weight concentration. The entire instrument will have a
mass of about 12 kg and consume tess than 28 W when
in full operation.

Both Hgl, and Si(Li) X-ray detectors are under
consideration for the SEMPA nstrument. The Si(Li)
detector has the advantage of bheing o well understoad
technology, and results have been published that indi-
cate that specially  prepined detectors can produce
acceptable resolution at temperatures near — 70°C6.7].
However, studies of oneguch detector prepared for JPL
at Lawrence Berkeley Laboratory suggest that even in
detectors with a good resolution at these higher temper-
atures, the performance changes rapidly with tempera-
ture. and temperature stabtlization is necessary. On the
spacecralt the temperatures needed for the detector and
FET would be achieved with thermoclectric (Peltier)
coolers. The total input of electrical cooling power
needed to achieve the low temperatures for both of
these devices is a problem and the thermal / mechanical
system design could be difficult and /or expensive. The
SEMPA project is planning additional study of the use
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of SitLiy detectors, but the initial work to develop a
detector system for SEMPA has been focused on the
application of Hgl . detectors.

2. Experimental work

Over the past five years, the laboratory prototype
SEMPA instrument has been used o demonstrate o
number of technologies that might he appropriate for a
flight instrument. The testing of Hgl, detector systems
has heen a part of this demonstration program for over
thice years [8.9). Although lhc‘c;uly systems encoun-
tered problems, the recent detector systems have been
quite successful. This suceess has been the result of
carclully addressing the issues of geometric configura-
tion in the SEM. compact packaging that includes sep-
arate thermoelectric coolers for the detector and FET,
X-ray transparent hermetic encapsulation and electrical
contacts, and a clean vacuum environment.

‘The current system configuration is shown in Tig. 1.
As can be seen, the geometric configurations available
for the X-ray system were severely constrained by the
working distunce of the SEM objective lens (15 mm)
and the overall compactness of the vacuum housing,

However, a saitable configuration was developed (hay

beryllium window in front of the detector to protect it
from backscattered electrons which would overw helm
the X-ray signal,

The thermoelectric cooling for the Hgl, detector is
provided by a small single stage commercial device,
Improved performance above 3 keV was shown 1o be
achicved hy cooling the detector to approximately 0° ¢
with about 0.3 A of current. The FET is cooled by a
stialt three-stage  device. The FET  temperature s
lowered to wbout - 40°C with a current of 1.1 A, The
total input power is typically 4 W.

Experience has shown that because of the low (em-
perature of the FET and structures in contact with i,
cleantiness of the vacuum system is imperative o pie-
veut pernment degrandation in the system noise o
mstability i the SEM operation. The overall system
vacuum pumping is provided by o liquid oitrogen
trapped diffusion pump. The base pressure in the SEM
is stable at about 2.5 x 107 T afier several days of
pumping without venting. Under these vacuum condi-
tions the detector systems have shown no perminent
degradation due 1o contaminants over the longest con-
tinuous test intervals (eight months) in the prototype
SEMPA instrument. However, o lemporary reversible
degradation was observed. Tests revealed that, under
continnouns cooling. the tvpical s stem electronie noiee
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Fig. 2. lwo X-ray pulse height spectra of bremsstrahlung
radiation from carbon targets. The two spectra were obtained
with different Hgl , detectors,

(PMMA), proved 1o be chemically compatible and an
excellent barrier 10 evaporation, but applying an ap-
propriaiely thin coating to a detector from any solvent
based svstem was found to be impractical for two major
reasons. First, most solvent-based systems have the
problem that Hgl, is significantly soluble in the solvent,
Second. it was difficult to control the thickness of the
coating so that, simultancously, the coating over the
active arca was thin and the coating at the edges was
thick enough o prevent evaporation. The solubility of
Hgl, resulted in the applied coatings always containing
small amounts of Hgl, that produce noticeable X-ray
absorption. Typically the difficulty in thickness control
resulted i detectors that had significantly attenuaied
low enerpy sensitivity due 1o excess thickness on the
active area, but were still poorly coated at (he cdges.

This Xuay absorption can readily be seen in the
bremsstrahlung spectrum from a pure carbon target.
Iig. 2 shows the superposition of two bremsstrahlung
spectra. The absolute heights of the spectra are arbi-
trary. but the relative low energy performance of each
detector can be estimated by comparing their response
below 5 keV to that above § keV where the attenuation
of each is minimal. The upper curve was obtained from
an carly detector that had no prolective coating over (he
active aeir, so that the X-ray intensities are not signifi-
cantly attenuated above 1.8 keV (the peak at 1,78 keV s
probably flunrescence of Si-K lines from silicone rubber
nearby). The lower curve is the spectrum obtained with
a PMMA coated detector that clearly shows the Hg-M
absorption edges as well as significantly attenuated
X-ray intensities helow ahout 3 keV. Smali absorption
edge artifacts are tolerable, but the foss of low energy
sensitivity due o Hgl, and PMMA absorption would
limit the usefulness of such a detector in analyzing for
light elements such as Na and Mg.

The most effective coatings tested to date have been

polymers deposited from the vapor phase. ‘The most
extensively tested has been polymerized dichloro-di-1.4
xylylene (Union Carbide Parylene-C). Tests including
Storage at elevated temperatures (RO--100° (), dipping
in KI solutions, and many months operation in vacuum
have clearly demonstrated that this material is chem-
ically compatible with Hegl, and a good barrier to Hegl,
diffusion and external corrosive materials. The tests
have also shown that (he coatings can be produced
pin-hole free in micron thick layers if particulates on
the detector surfaces are controlled. Parylene has been
shown 1o uniformly coat sharp edges. even razor blade
edges. The tests to date have not determined the opti-
mum thickness of the coating, but it is estimated to he
in the range of -3 poe The only important disad-
vantage to Parylene-C is the presence of Cl that pro-
duces both low energy absorption and an absorption
edge. A 2 pm thickness produces about a 10% step
attenuation at 2.8 keV. Polymerized di-para-xylylene
(Union Carbide Parylene-N) has not yet been well
evaluated, but it should have most of the desirable
properties of Parylene-C with the advantage of not
containing chlorine and its accompanying X-ray ab-
sorption. However, it may be necessary to use thicker
Parylene-N coatings because of ity relatively higher
permeability to some materials.

The best resolution achieved 1o date is 198 ¢V ar 5.9
keV with clectronic noise of 152 ¢V [11]. The noise is
dominated by the FET. It is expected that improve-
ments in cooling system design and selection of a belter
FET will yicld still better resolution. Special detector
fabrication technigues have made operation at higher
count rates practical. Rates as high as 2000 counts /s
are handled with minimal degradation in resolution or
increase in peak tailing,

‘The key remaining issue to use of a Hgl, detector in
the flight SEMPA instrument is that of proving repro-
ducible long life, We hope to accomplish this through
carelul detector production control accompanied by
Systematic testing of devices with processes including
accelerated life tests at elevated temperatures, and ther-
mal cycling comparable 1o that expected on  the
spacecralt. Recent controlled tests of (he potential ef-
feets of energetic neutrons and charged particles have
shown no appreciable change to Hgl, X-ray detectors
up to 10'? protons/em’ (18,7 Mev) [L1]. although some
very preliminary tests on gamma-ray detectors showed
some effect {10]. We do not expect radiation exposure
to limit the useful life of a detector on the CRAF
mission,

3. Summary

A multi-year program of Hgl,; detector development
for the SEMPA instrument has resulted in detector and
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detector system designs that show impressively goad
performance and reliability in the laboratory. A pro-
gram of additional development and testing, particu-
larly of encapsulation materials and techniques, is un-
derway to establish that 200 ¢V resolution and un-de-
graded performance are achievable for a 7-year space
misston.
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An alpha particle instrument in combination with a room temperature mercuric iodide X-ray spectrometer can provide a complete
and detailed in situ chemical analyses of extraterrestrial hodies. Conceptual designs of the instrument will be presented. One of the
important questions about the resistance of Hgly detectors to the radiation damage will be addressed. Our experimental results of

) ) ) S
exposure of Hgl, detectors to proton Huxes up to 10" protons/em’ show no degradation in the detector performance.

The determination of the chemical composition is designed 1o provide remotely a detailed chemical analy-

one of the main goals of every mission to any planctary sis of such bodies.
body of our solar system. The combined alpha particle The alpha particle instrument for space applications
instrument with its alpha, proton and X-ray modes is is based on three interactions of alpha particles from

Fig. 1. Photograph of the Minialpha instrument as was proposed for NASA's CRAT mission in 1985,

0168-9002 /89 /503.50 © Elsevier Science Publishers BV,

(North-Holland Physics Publishing Division)
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radioactive sources with matter: elastic scattering of (he
alpha particles by nuclei (alpha model), (a.p) nuclear
reaction with certain light clements (proton mode), and
excitation of the atomic structure of atoms by alpha
particles, leading to emission of characteristic X-rays
(X-ray mode). The upproach used is to expose material
to be analvzed 10 an alpha radioactive source, and
acquire energy spectra of the backscattered alpha par-
ticles, protons, and X-rays returned from the sample,
The excitation of the atomic structure is provided by
the same alpha source used in alpha and proton modes
or by an auxiltiary X-ray source selected to enhance the
sensitivity of the method tdeertain elements.

An alpha particle instrument with scattered alpha
and proton modes provided the first chemical analyses
of the donar surface at (hree sites during the Surveyor
mission ol 1967-68 [1]. The results of these analyses
were later confirmed by analyses of returned lunar
samples. Since 1968 the instrument has been miniain-
ized in several stages. 1t has been further demonstrated
that such an mstrument can identify and determine the
amount of all chemical elements (except hiydrogen) pre-
sent in more than about 0.5% by atom in a sample. The
strument and the technique was described in more
detail by Economou et al |21 It was also demonstrated
that this instrument can operate under Martian condi-
tons without any degradation in the performance 2.3
Fig. 1 shows a photograph of the minialpha instrument
as was proposed for the CRAT mission. In this case oy
it was proposed, a penetrator contaming the alpha
particle instrument with a Si(Li) detector for its X-ray
mode, together with many other analytical mstruments
would penctrate and be buried under the surface of the
comet. The temperature inside the comet s very low
and the comet itsell would provide the cooling for
proper operation of the silicon detector.

Similarly, for the X-ray mode of the alpha particle
mstrument on the Soviel mission in Phobos, which is
now bemg prepared o be lanched in Tuly of 1988, o
SLp detector is being used due to the fact that the
ambient temperature of Phobos during the night iy
within the operational range of Si(Li) detectors,

However, for many other applications in space (such
as Mars for example) where the temperature is much
higher, cooled Si(Liy and germantum detectors cannot
be used.

The United States as well as the Soviet Union are
planning a mission to Mars in the near Tuture (the
Soviets just announced a mission to Mars for 1994).
Mars has a tenuous atmosphere (about 7 mbar mostly
CQ,, some nitrogen and argon) which prevents the
night temperature from getting below the operational
range of silicon or germanium detectors. There. room
temperature X-ray detectors are needed.

In the past we have considered several semiconduce-
tor compounds as room temperature X-ray detectors,

- ~

fe-55 Pulser
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Fig. 27" be Xeray spectiom obtimned with a Hyl . detecton at

roam temperature and o cooted FET transistor al - 30°(,

The spectrum from an electronic pubser is also shown at higher
energy.

None of them had the required resolution for a detatled
chemical analysis. At that time the goal was 10 obtain a
resolution which would be a little better than the resolu-
ton of the gas proportional counter (= 1.2 heV at 5.9
keVyo The high purity silicon and cadmium tehturide
detectors showed some promise but they did not have
the desired resolution. Mercuric iodide X-ray detectors
operating at room temperature seem to provide the
greatest promise for space instruments, Developmental
work i the recent past done mostly by a group from
the University of Southern California [4- 7] was very
stceesslul i improving the energy resolution of these
detectors from about 750 eV at 5.9 keVoat that time 1o
the point where now they can almost compete with the
cryogenically cooled silicon and germanium detectors,
The best resolution now obtainable with Hgl, X-ray
detectors is around 200 ¢V at 5.9 keV. Fig. 2 shows an
“Fe Xeray spectrumi obtiined with a Hgl, detector
room temperature and a cooled FET tansistor at

J0°C The FWIIM for “Fe X-ray line is 227 ¢V and
the electronic resolution is 194 ¢V, With such o resolu-
tion most of the lines from the neighboring clements
cin be determined. In general high resotution detectors
have low background and, as a consequence of this,
high sensitivity to minor and trace elements. It has also
been shown that Hgl , detectors can be used for the very
fow X-ray energy region. The limit has been recently
extended down to the oxygen K-line (560 eVy 5]

One ol the worries in each space instrument is the
radiation damage of the detectors sustained over many
years in transit by the cosmic ray radiation. In order to
determine detector degradation, six Hgl, X-ray detec-
tors were subjected to proton fluxes of about 10.7 Mev
and up to 10" protons/cm’. All the detectors survived
the radiation. A detailed comparison of the detector
characteristics (resolution, leakage current, physical ap-
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Table 1

Companison of detector parameters before and aflter proton irradiation

Det # Total dose FWEHM [eV] FWHM {eV] Peak /noise Leakage current
{protons /em’ | hefore pulser ratio [pAl
alter
NR-RI°3 6.6x10° 94 i1 46:1 0.3
409 370 43:1 1.3
E11-51.12 6.6x10° 472 366 661 4.0
496 369 67:1 23
N13-6l1 4.8x10" 490 422 193:1 37
426 150 248 1 4.8
S8-2S8FS 48x10" 483 436 215:1 0.2
49] 409 1961 0.1
N8-8F2 10.00'? 473 437 152:1 08
489 380 220:1 0.8
K7-11D12 10.00"2 532 RESS 165: 1 4.0
502 152:1 39

394

pearance, cte.) showed no significant changes duce to the
radiation. Table 1 hsts the resolution and the leakage
currents of these detectors before and after the radia-
tions.

Itis our plan to continue these radiation studies with
higher proton energies, different kinds of radiation par-
ticles and different rates of radiation. But cven the
present results suggest that the Hgl, room temperature
X-ray deteclors can operate in space environments and
withstand the expected radiation from  cosmic ray
hombardment.

Relferences

[1] AL Turkevich et al, IPL Technical Report 32-1265 (1968)
pp. 103 382,

12} 1. Economou and A Turkevich, Nucl. Tnstr. and Mcth, 134
(1976) 391,

13} T.E. Economou, AL Turkevich and JH. Patterson, ).
Geophys, Res. 78 (1973) 781,

[4} G.C. Huth, A Dabrowski. M. Singh. T.E. Economou and
AL Turkevich, Adv. X-Ray Anal. 22 (1978) 461,

[S} LS. Iwancrvk, AL Dabrowski, G.C. Tlath and T.E.
Economou, Appl. Phys. Lett. 46(h) (1985) 606.

foj LS. Iwanczyk, AL Dabrowski. G.C. Huth and W. Drum-
mond, Adv. X-Ray Anal. 27 (1984) 405,

171 1S, hwanczyk, AL Dahrowski. BW. Dancy, B.E. Prau,
TM. Devore, Al Del Ducea, C. Ortate, W.E. Schnepple, 1 E.
Barksdale and T} Thompson, 1EELE Trans Nucl. Sci.
NS-34 (1) (1987) 124,




