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INTRODUCTION

Since its beginning in 1962 with the discovery of Sco X-1, the
science of X-ray astronomy has progressed by placing X-ray photon
detectors above the atmosphere in rockets, balloons and satellites.
This usually involves modifying the detectors to withstand extreme
environments and payload constraints (size and weight). The gcal has
always been to increase the sensitivity of the detectors (signal to
background ratio) either by increasing the effective collecting area
and/or cbserving times while decreasing the background counting rate.
Each new detector technoleogy thet it applied to X-ray astronomy must be
reoptimized to achieve these goals using widely different strategies.

In the last few years, the balloon lab at the Center fo- Space
Research at MIT has been studying mercuric iodide (HgIEJ, a solid state
room temperature X-ray detector, for use in hard X-ray astronomy. Its
primary advantages are its good energy resolution at room temperatures
and a large photon cross section. Much work has been done to char-
acterize the properties of HgI2 that affect the operation of these
detectors for use in X-ray astronomy. The goal of this program has
been to develop space and belloon qualified H312 detectors.

Previous to this development effort, the balloon group flew large
area balloon-borne arrays of scintillation detectors to observe hard
X-ray astroncmical sources. Or May 8, 1580, a balloon gondola con-
taining a 1500 cm2 array of phoswich scintillation detectors was flown
from Palestine, Texas. This gondola, built at MIT at the balloon lab
in collahoration with the Cosmic Ray Working Group at Leiden

University, was the most sensitive astronomical hard X-ray (20-240 keV)



detector in existence. After 16 hours of very high quality obser-
vations, the gondola free-fell from 38 kilometers and was destroyed
(the data were telemetered tu the ground and rnot lest). The des-
truction of tnis instrument was the impetus “or accelerating the
development of mercuric iodide for astronomical applications to replace
the 1500 cm2 array with an instrument of comparable sensitivity to
faint hard X-ray sources.

The replacement gondola proposed was a collection of 4 Bragg
diffraction X-ray concentrators thct increase the effective area of 4
well-shielded, low background mercuric iocdide detectors. Calculations
show that this new gondola detector system can match the sensitivity of
the old 1500 cm2 array if the assumed b ckground count rate at balloon
float altitudes (crudely scaled from thai of germanium detectors in
orbit) is correct. In the work reported here a prototype detector
inside a small balloon-borne gondola has been constructed and flown at
balloon altitudes in order to test these calculations. The measured
background count rate results were then used tc confirm detector models
that can be used to predict and optimize the background of future

detector geomecries.
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DEVELOPMENT OF NEW TYPES OF DETECTORS FOR ASTRONOMICAL WORK

The ideal detector for hard X-ray astronomy would have excellent
resolution, high efficiency, large area and be lightweight (including
support equipuaent, i.e. cryogenics). This "dream" detector does not
exist though most systems in use satisfy some of the requirements. The
st ndard detector for astronomical hard X-rays has b2en large area Nal
scintillation crystals that operate at ambient temperatures but with
limited energy resolution (17% FWHM at 60 keV). The semiconductor
detectors such as germanium have recently achieved respectable areas
(760 cmz) yet their lower efficiencies require thicker detectors which
increase the background counting rate. Also the requirement for

cryogenic temperatures has limited their satellite lifetime to ~1 year.

Mercuric lodide Detectors

Mercuric iodide (HgIeJ solid state X-ray detectors have many
unique advantages in their application to X-ray astronomy. H312
detectors operate at room temperature so that bulky and massive cryo-
genic coolers are not required. Hglg detectors also combine a high
quantum efficiency with good energy resolution. Because of the erxcel-
lent quantum efficiency (due to the high effective atomic numoer of
Hglz) background contributions which scale as the thickness of the
detector (e.g. those due to neutrons and gamma rays) are lower than for
other hard X-ra, detectors with equivalent stopping power. At this
time the largest area single detector that can be made is only 1 cme,
so it is far from being ideal. Nonetheless, its properties are well
matched to a scheme that increases the effective area using a Bragg

diffraction concentrator.
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Experimental Development for Astronomical Use

Mercuric iodide has been under deveiopment for ten years, and the
balloon lab at the Center for Space Research at MIT has had a working
experience with these detectors since 1979. The first use of Hgl2 in
an astronomical instrument was a small array of 12 detectors with a
combined area of 8 cm® constructed here at the balloon lab at MIT and
flown in a small balloon-borne gondola in June, 1980. Though the
background counting rate at float was high because of a less than
optimum design, the instrument was able to set an upper limit to the
hard X-ray flux of Cygnus X-1 in the "high state" (Ogawara et al 1982)

Hgl2 detectors can still be considered "experimental" in that they
cannot be acquired commercially and each dete:tor is in some way
unique. In work carried out by the MIT balloon group, the HgI2 cryst-
als have been subjected to extensive field testing. They have been
exposed to extreme variations in temperature, pressure, humidity,
voltage, light level and handling. As might be expected with an
experimental material, HgI2 did not always pass with flying colors.
However, from this experience, general procedures for handling and
environmental limitations have been developed to extend the operating
life and reproducibility of results necessary for a tfield detector.

Because of its relative softnes:, the direct handling of HgI2
crystals that have been cleaved from the large 20 cm3 parent crystal
must be minimized. The "thick" crystals (~300-1000 microns) useda at
the balloon lab for hard X-rays have all been acquired from EG&G, Santa

Barbara. The crystals are fabricated into detectors with evaporated

palladium electrodes, mounted on ceramic or plastic substrates and
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encapsulated with Dow Corning 3140 RTV. The typical area of these

-
detectors is 1 cm” with energy resolution ranging from 2.3 to 15 keV

FWHM at 60 keV. A typical energy resolution would be 4 keV at 60 keV.
The area limitation requires many detectors in an array to achieve an
astronomically useful collecting area (~100 cmgj. Such an array would
also require 100 measurement chains (100 preamps + voltage amplifiers)
as well as existing crystal growers to produce high resolution uniform
detectors in quantity. Until the detector area can be made larger,
some method of concentrating X-rays must be used to increase the
effective area,

In the laboratory the detectors must be kept clean and dry. Small
amounts of water and contaminants (dirt, solder flux, etc.) create
current leakage paths that increase the overall RMS noise and small
intermittent current pulses similar to a relaxation oscillator.
Encapsulated detectors should not be exposed to vacuum because trapped
air pockets will expand and strain the crystalline lattice, thus
ruining the charge transport properties.

The temperature eftects are striking for some crystals and un-
noticeable with others. The mobility increases with lower temperatures
for both electron and holes, but the mean lifetime of an electron or
hole before it is trapped by the lattice decreases with decreasing
temperature. These competing processes jetermine a temperature where
the resolution is best (i.e. the mean free path, A=utf, is maximized)
and is a function of the quality and purity of the crystal.
Empirically, this temperature is between -20°C and 20°C, varying with

detector (Ricker 1982). These temperatures are easily achieved at



o]
balloon altitudes or on satellites bty passive (radiative) or active
(thermcelectric) technigues. Higher temperatures decrease the mobility
and also produce a prohibitive leakage current which can saturate OC
coupled preamplfiers.

The bias voltage across the HgI2 must be applied slowly to avoid
large induced currents. After the bias voltage is applied, the detec-
tor "warms up" over a time period of ~l1 minute L0 1 hour depending on
the crystal. The pulse height for a given incident energy increases
and the resolution improves. This can be interpreted as an increase .n
the depletion region as the deep traps (energy levels in the forbidden
region caused by impurities) are emptied by the large electric field.
Resolution usually improves with increasing electric field until the
leakage current becomes too large. Also, high electric field strengths
increase the chance for surface breakdown which inteimittently injects
current pulses into the preamp and shows up as low energy events. The
frequency of occurreace of this '"current injection noise" increases
with applied voltage.

Many H312 detectors perished in the balloon lab due to different
types of abusec. However, by minimizing any handling that would stress
the crystal and by keeping the detector in a clean, cool and dry
assembly, it was possible to produce a stable and dependable operating

HgI2 X-ray detector.



RESULTS AND CONCLUSIONS

Previous to the research work described here, H312 showed great
theoretical potential for use in hard X-ray astronomy. The combination
of high energy resolution at room temperature plus a high photon
quantum efficiency seemed id.al for many balloon and catellite detector
applications. Yet, experien e in the field operation of H312 Was
minimal and background count rate information at high altitudes did not
exist. Development of H312 specifically for use as an astronomical
X-ray detector here at MIT over the last 4 years has changed this
situation. Procedures for handling and packaging detectors have been
developed that produce stable and dependable H512 detectors for use in
the field. H312 detector assemblies have been constructed and flown at
balloon altitudes and the detectors operated flawlessly on all
occasions.

A major limitation to the application of H512 in X-ray astronomy
is the inability to fabricate individual detectors larger than ~1 cma.
A scheme to overcome this limitation involves the use of X-ray concen-
trators to increase the effective area of a shielded, low-background
H3I2 detector. The concentrator consists of a paraboloid shell lined
with liti.ium fluoride crystals that Bragg diffract on-axis incoming
X-rays to the focus of the paraboloid, where a small area detector is
located. To establish the expected sensitivity of this concentrator
/detector design, the background counting rate of the shielded H312
detector at balloon altitudes had to be determined. A balloon-borne
gondola containing a prototype detector assembly was designed and

constructed to measure this background rate. The prototype detector
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consisted of thin H312 detectors surrounded by a large bismuth german-
ate scintillator operated in anticoincidence., This gondola was flown
twice in the spring of 1982 from Pa’estine, Texas.

The second flight of this prototype instrument established a
background counting rate for a bismuth germanate-shielded mercuric

> counts/sec cm2 keV cver the energy

iodide detector of 4.,2£0,7 x 10~
range c“ L0-80 keV. This measurement was within 0% of the predicted
value, Th prediction was based on a Monte Carlo simulation of the
detector assembly in the radiation environment at float altitudes
(~4Okm). The Monte Carlo simulation can now be used to investigate the

detector design parameters (geometry, discriminator levels, etc.) to

attempt to lower the background rate even further.
=5

Based on a background rate of L.2 x 10

cts/sec em® keV, calcul-
ations indicate that with L concentrators and L detector. systems a
celestial X-ray source with 1/100 the intensity of the Crab Nebula
could be detected in 1.5 hours. This excellent sensitivity is achieved
by simultaneously reducing the background by P30 shielding a H312
detector, and increasing the effective area using hard X-ray concent-
rators.

The prescription for reducing the background rate by a factor of
~10 over previous balloon-borne hari X-ray detectors can be summarized
very simply: wuse very high quantum efficiency detectors shielded by
dease, high Z active scintillators. Because they are well suited to
this experimental approach, H512 and BGO are both likely to bYecume
major detector materials in X-ray astronomy. Furthermore, their ease

of hendling aad improved performance at moderately reduced temperatures

enhance their desirability for balloon and satellite use.
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Observations of intensity transitions in the X-ray emission from the
black-hole candidate Cygnus X-1 (see roferince 1 and references thercin) vers
made by the Hakucho SMMHU') durina the summer of 1960 and are reported
here.  In addition, we report the results of hard (20-120 keV) X-ray
ohservations of Cyq X-1, These data were obtained durina the "high" intensity
state bv balloon-borne mercuric jodide detectors, and are comnared with daia
obtained at similar eneraies approximately one month narlior3 durina the "low"
intensity state,

Cyq X-1 was obscrved to be in a "hign state" by the Uhuru satul1it04 fron
December 1970 (its first ohservation of the source) to April 197' and acain
durinag 1975 by the Ariel VG'T. and 0SN-8 instrumontsﬂ. as well as the
Astronomical Netherlands Satolliteq. Subseauent observations at many
differe: . Y-ray eneraies have inaicated that Cyg X-1 has been in an extended

lca state since early 1976, In his extensive review of Cya X-1 (ref. 1),
0da has summarized the light curves and spectral information which were
published as of 1977. During the transition to a "high" state, the soft (<10
keV) and hard (>10 keV) X-ray intensities appear to he anticorrelated, i.e., a
"high" state below 10 keV is associated with a substantial decreace in the
X-ray intensity above 10 keV.

For the work reported here, soft X-ray observations {1-30 k:V) were made
vith the scanning Y-axis detectors on board the Hakucho satellite. The Y-aris
detector system consists of a pair of Xenon-filled proportional counters
(SFX-V1 and SFX-V2) with a 197x32° FWHM field of view. Each of the two
counters has an effective area of 32 cmz. Only the SFX-V1 data was used in

this analysis since the SFX-V2 field of vie. contained Cygnus X-3 during most

of the observations., The satellite spins at 6 rpm, <~ that 3000 transits of a



qiven source arce available during the 5 daily 10 minute passes above the
trarkino station at Ucninoura, Japan. The source transits are superposed and
corrected for aspect transmission and Carth occultation., [Packoround is also

subtracted., {(For further details on the Halucho satellite see reference 10,)

Figure 1 shows a portion of the X-ray light curve obtained with the
Hakucho Y-axis detectors during 1980,  Each point represents the doily averaoe
X-ray intensity from Cya X-1. Two "high" states are clearly visible. The
first lasted at least fifteen days, and was followed by a decrease over
approximately 25 days to the pre-transition level. A second increase was
ohserved approximately four months later. This increase was quite brief, with
the "high" state persisting for only two days. The erratic variahility seen

iring the 1980 observations is similar to that observed in 1975 and reported
by Holt et ai. using the Ariel V A1l Sky Monitor7.

Also indicated in Fiqure 1 arc the detes when hard X-ray (26-200 keV)
balloon observ. .ons of Cya X-1 took place. The "low" state observations (8
May 1980) were perfeormed by the MIT/Leiden Ralloon Group and will be reported
‘separatv1y3. The "high" state observations (28 June 1980) constituted the
first use of a mercuric iodide X-ray detector in an astronomical expcriment.
The detector consisted of 11 Ht_,l2 crystals with a total effective arca of 7.6
cmz. The detecter assembly (crystals and preamps) was enclosed within 2
cylindrical Nal scintillator well (active anticoincidence shield) which
rejected charged particles and oanmia rays. The prefliaht eneray recsolution of
the detectors ranged from 2-6 keV FWHM at 60 keV and remained stable during

the 13-howr fliqht from Palestine, Texas. The gondola containina the detector

was launched on an 11 x 106 ft” balloon at 0015 UT on 28 June 1980 and floated




vest for 13 hours at en average altitude of 40 km (v 2.9 an cm /) | i
cxposure to Cva X-1 occurred at 0820 UT 2% Jwn 19680, The dotectors wori

calibrated usino an on-board fm?“ source for tvo ninutes out of every hour.
The counts var cach seporate I!fl]./ detector were binned in GA-second intory. e
in coarse caicroy channels, 10 keV wide. The detector counts were thon sumiod
to give the total counts per encroy channel nor 64 seconds,

Total expasure to the X-vay source was calculated as a function of tinc,
The calculations took into acceunt aspect (azinuth, latitude, sidercal tine,
and field of view of individual I?:II? detectors), atmosphere and detector
window transnmission, detector efficiency, end doad time. The maxivwn exposure
to Cyqnus X-1 at transit was 37 percent over the 0-70 keV eneray raraoe. For
cach enerqy chennel, an effective time on souvce, tl‘H
calculated and used to convert ohserved counts to a photon flux at the top of
the atmosphere. Here, ty refers to an individual time bin and €4 is the tota
expostire including atrospheric and aspect corrections as discussed above,
There was 1ess than a 2 sioma detection in all energy bands,

Cyunus X-1 pessed through the field of view in 9% minutes resulting in 83
minutes of "on source" data (i.e., 5 minutes were occupied by calibrations and
7 minutes were lost due to telemetry dropouts). Forty minutes before and
after this period were averaqged and used as background.

Fiqure 2 shows the 2-sigma upper limits we have derived for the hard
X-ray spectrum during the 28 June 1960 Cyg X-1 "high" statie observation. Also
indicatea in Figure 2 are the results from the & May 1980 hard X-ray

obscrvations by Schecpmaler et a1.3 which wore obtained vhen Cyqg ¥-1 was in

the "low" state, as well as representative hard X-ray mecasurements during the

1971 and 1975 "hiqh" states. The 1-12 keV and 12-320 keV X-ray intensitics




from ‘he Hakucho obecrvations have been averaaed over the high staote and low
statc. As can be scen in Ficure 2 the hord X-ray intensity is anticorrelated
with the soft Y-ray intensity; the pivot point occurs for an cnerqy below 20

11,12

keV., Using detectors on HEAO-3, Ling ¢t al. alen recorded a continunus
decrease in the hard X-ray intencity (£G6-163 keV) from 19 May 1680 until at
least 2 June., The spectral anticorrelation reportcd here was also observed in
previous low to hioh state 1ransi1i0n§8'13 and seriis to be a consistent
feature of the bimodal behavior of Cyqnus X-1.

>revious observations have established that the spectrum varies with time
durina the different intensity states and is not well-represented by a simple
relation (e.q., nover law or exponential). This has led to the }doa that the
soft component of the spectrum may oricinate in the outer optically thick
region of an accretion disk surrounding the central compact object, while the
hard component arises in an optically thin, ho! inner region14. The observed
time scales for the transition to and decay frem a "high" state are consistent
with theoretical calculations for the evolution of a standard accretion
diskls. and suaqest fluctuations in the accreted stellar wind or changes in
the optical depth of the aas at the outer edge of the disk (see references 1
and 16 and referinces therein). Spectral anticorrelation has also been used
to explain the crerqy dependence of the short term variability (msec to

18

soc)ll. A nurerical model proposed by Ichinaru shcrs that two physically

distinct states cen exist in the accretion disk depending upon whether the

radiative loss is smaller than or larger than the viscouvs heatino near the

outer boundary (i.c. a transition is expocted to occur for r°1/T2 ‘5x103 am 51

K = where M is the accretion rate and T is the nas temperature at the outer
edae of the disk) Thus, the middle part of the disk may becone optically

-

thick (hioh state) or optically thin (low state).

- — -
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alter an epparenc 4.5 yvear interval in the low =tatloe. It 3¢
intercsting to note Lthat this time period is similar to the 4 year interval

rl
between the first and second ohserved transitions *Y.  He have establiched
that the soft and hard X-ray intensitics are anticorrelated in the transition
between the two distinct states and we believe that any theoretical mo ‘ol of

the birmodal behavior of Cygnus X-1 must account for this spectral anticor:

lation.
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Fiqure 1:

Figure 2:

FIGURE CAPTIONS

Soft ¥-ray (1-12 keV) Yight curve of Cyo X-1 obtained with the
Hakucho satcllite. Two "high" states are evident. The first began
before 10 Junce 1980 and tlie second transient event occurred in
November 1920. Also shown are the dates of simultancous
observations in hard X-ravs by balleon-horne instruments.

X-ray spectra taken before and after the "high" state transition of
Cyq X-1 in late Mayv/early June 1980, Data points were obtained
with the Halluche satellite and with balloon borne hard X-roy
detectors. The Hakucho data points for high and low states are
averaqes over 12 June - 17 July, 1980 and 1-19 May 1980,
respectively. Also included are representative hard X-ray spectra

taken during previous hiyh states.
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STUDIES OF NEW HARD X-RAY DETECTION METHODS
AND
OBSERVATIONS OF COSMIC X-RAY SOURCES
by
JOHN VINCENT VALLERGA

Submitted to the Department of Physics on August 19, 1982
in partial fulfillment of the requirements for the
Degree of Doctor of Philosophy in Physics

ABSTRACT

To estatlish the expected sensitivity of a new hard X-ray te.escope
design, an experiment was conducted to measure the background counting
rate at balloon altitudes (40 km) of mercuric iodide, a room temperature
solid state X-ray detector. A balloon-borne gondola containing a
prototype detector assembly wac designed, constructed, and flown twice in
the spring of 1982 from Palestine, Texas. The prototype detector
consisted of thin mercuric iodide (HgI,) detectors surrounded by a large
bismuth germanate (Bi,Ge,0,,) scintillator operated in anticoincidence.
The bismuth germanate shield vetoed most of the background counting rate
induced by atmospheric gamma-rays, neutrons and cosmic rays.

The second flight of this instrument established a differential
background counting rate of 4.220.7 x 107' counts/ sec cm? keV over the
energy range of 40 to 80 keV. This measurement was within 50% of the
predicted value. The prediction was based on a2 Monte Carlo simulation of
the detector assembly in the radiation ernvironment at float altitude.

Two results are also presented on the hard X-ray (20-200keV)
observations of the CCS5-B gamma-ray source, CG 135+01, and the Galactic
Center using a balloon-borne array of phonswich detectors with a total
active area of 1200 cm?. The observations took place during a high
altitude balloon flight on May 8, 1980 from Palestine, Tx. CG 135+01 was
detected with a 4 sigma level of significance while upper limits vere
placed on the flux from the Galactic Center, confirming the reported
rariability.

Thesis Supervisor: Dr. George R. Ricker

Title: Principal Research Scientist
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1.0 INTRODUCTION

Since its beginning in 1962 with the discovery of Sco X-1, the
gcience of X-ray astronomy has progressed by placing X-ray photon
detectors above the atmosphere in rockets, halloons and satellites.
This usually involves modifying the detectors to withstand extreme
environments and payload constraints (size and weight). The goal has
always been to increase the sensitivity of the detectors (signal to
background ratio) either by increasing the effective collecting ares
and/or observing times while decreasing the background counting rate.
Each new detector technology that is applied to X«ray astronomy must be
reoptimized to achieve these goals using widely different strategies.

In the last few years, the ballcon lab at the Center fir Space
Research at MIT has been studying mercuric iodide (HgIz), a solid state
room temperature X-ray detector, for use in hard X-ray astronomy. Its
primary advantages are its good energy rescolution at room temperatures
and a large photon cross section. Much work has been done to char-
acterize the properties of H312 that affect the operation of these
detectors for use in X-ray astronomy. The goal of this program has
been to develop space and ~alloon qualified HgI2 detectors.

Previous talthis development effort, the balloon group flew large
area balloon-borne arrays of scintillation detectors to observe hard
X-ray astronomical sources. On May 3, 1980, a balloon gondola con-
taining a 1500 cm2 array of phoswich scintillation detectors was flown
from Palestine, Texas. This gondola, built at MIT at the balloon lab
in collaboration with the Cosmic Ray Working Group at Leiden

University, was the most{ sensitive astronomical hard X-ray (20-240 keV)
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detector in existence. After 16 hours of very high quality obser-
vations, the gondola free-fell from 3B kilometers and waa destroyed
{the data were telemetered to the ground and not lost). The des~
wruction of this instrument was the impetus for accelerating the

devel opment of mercuric iodide for astronomical applications to replace
the 1500 cm2 array with an instrument of comparable sensitivity to
faint hard X~ray asources.

The replacement gondola proposed was a collection of 4 Bragg
diffraction X-ray concentrators that increase the effective area of 4
well-shielded, low background mercuric iodide detectors. Calculations
show that this new gondola detector system can match the sensitivity of
the old 1500 cm2 array if the assumed background count rate at balloon
float altitudes (crudely scaled from that of germanium detectors in
orbit) is correct. In the work reported in this thesis a prototype
detector inside a small balloon-borne gondola has been constructed and
flown at balloon altitudes in order to test these calculations. The
neagured background count rate results will be used to confirm detector
models that khen can be used to predict and optimize the background of
future detector geometries.

This thesis begins (Section 2) by describing the currently popular
detectors used in hard X-rey astronomy. Section 3 goes into detail
concerning the two new materials used in the prototype detector:
mercuric iodide, the primary solid state X-ray detector; and bismuth
germanate, a scintillator with a very large photon cross section, which
is used as an anticoincidence ahield. In sectiosn 4, two of the most

aignificant results from the 1980 flight of the 1500 cm2 goendola are
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discussed. These results show the potential of a new gondola design
that can achieve this excellent sensitivity. The design considerations
for the new gondola detector are explained in Section 5 while Section &
ias a detailed deacription of the detector prototype gondola and assoc-
lated electronics. The prototype detector model used in predicting the
| background count rate due to gamma rays, neutrons and charged particles
é is described in Section 7. The results of two balloon flights of this
prototype detector are compared with predictions in Section 8. A sum-

mary and conclusion is presented in Section 9.
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2,0 ASTRONOMICAL HARD X-RAY DETECTORS IN CURRENT USE

Detectors used to count photons from celestial X-ray sources
differ greatly from their laboratory cuunterparts. In general, high
sensitivity to faint sources is the goal in astronomical detector
design. Because the atmosphere is opaque to hard X-rays (20-200
keV) for column denaities greater than EOgm/cmz, gtudies of cosmic
sources must be carried out from satellites or high altitude balloons.
Thus, weight and volume of the instrument are at a premium. The
detectors should have large areas and a high quantum efficiency to
collect as many source photons as possible and also be well shielded to
reject background events induced by primary cosmic rays and their
secondaries. Good energy resolution increases the sensitivity to
features in a source spectrum and can 'resoclve out" line features in
the background. Some of these goals are incompatible and cannot all be
found in one type of detector. The final choice is usually determined
by the scientific objective of the observation. For example, timing
observations of X-ray pulsars require large areas to acquire many
photons from the source and can folerate a somewhat higher background
rate because of the time signature of the spurce. On the other hand,
energy resolution might have a higher priority in observations of
possible cyclotron line features in magnetized neutron stars.

It takes an appreciable detector mass to stop hard X-rays. The
most sensitive hard X-ray telescopes have been flown from high altitugde
balloons where payload weights can reach 2000 kg with sensitive areas
of 3000 cm2. A typical long balloon flight lasts only ~30 hours, so

that satellite-borne hard X-ray experiments can make up for reduced
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areas with longer observing times. The most comuon astronomical X-ray
detectors used on satellites and balloons have been proportional

E' counters, scintillators and cooled solid state detentors. A detailed

review of these detectors can be found in Peterson (1975) and refer-
ences therein. What follows is a summary of the properties of various
§ detectors, emphasizing the sdvantages and disadvantages of each type
for use in X-ray astronomy.

% 2.1 Proportional Counters

é A proportional counter consists of a gas filled chamber travorsed
by thin anode wires (..01 mm diameter) carrying a potential of several
i‘_ thousand volts. A photon entering the chamber masy interact with the

gas liberating a photoelectron that ionizes the gas, producing add-

L

itional electrons and ions. As the electrons move toward the anode

they can further ionize the gas resulting in a "gas multiplication” of

e TR AT R RS e
—r—
b

% q103 to 105. This electron charge pulse is collected at the anode and

is proportional to the energy of the X-ray. The most quantum efficient

T——

counters contain xenon (2=54) with mixtures of a "quench" gas such as
methane or carbon dioxide to absorb UV radiation and de-excite meta-

atable states of the positive ions. J

R

'h

i Xenon proportional counters require a large thickmess to achieve
?E( reagsonable efficiencies and have mostly been used for energies below &0
keV (Clark et al. 1973). The photon mean free path in xenon at STP at

¢ 50 keV is ~15 cm. The small efficiencies of proportional counters at

;j high energies can be somewhat compensated by the very large areas that

can be constructed and deployed such as the High Energy Detectors (HED)

3
s
"
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of the A2 experiment on the first High Energy Astronomical Observatory
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(HEAO t) (2500 cm2 geometric area, Rothschild et al. 1979).

Background reduction is accomplished by using ground plane wire
grids that section a common gas volume into many elements, each with
its own anode. This makes the "wall-leas" counters with the outer
elements operated in anticoincidence (Serlemitsos 1971). Non-local
interactions, such as high energy charged particles, can be rejected
because of simultaneous signals in many anodes.

The method of charge collection in proportional counters can be
used to advantage in locating the pogition of the photon interaction.
A charge pulse produced locally flows in two directions along the anode
wire and the ratio of the charge collected at both ends can give the
one dimensional position of the interaction along the wire, Multiwire
counters using this position sensitive technique can be used to de-
termine the two dimensional position of interacticn. These position
gensitive detectors are used at the focus of grazing incidence X-ray
focusing telescopes such as the Imaging Proportional Counter (IPC) on
the HEAO 2 (Binstein)} satellite (CGiacconi et al. 1979).

Though large areas can ve constructed in a straightforward manner,
propertional counters have not been very effective in hard Z-ray
agtronomy above 60 keV because of the very low quantum efficiencies at
these energies for reasonable volume detectors.

2.2 Seintillators

A photon interacting in an inorganic scintillator will release an
energetic electron that eizcites elevated lattice states by collision.
These states de-excite to the ground state by emitting optical or

ultraeviolet photons. The number of photons released is proportional to
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the energy of the incident X-ray (deviations from linearity in light
yield vs. energy do exist; a complete description of the theory and
experimental techniques of scintillators can be found in Birks, 1964).
The optical photons that exit the crystal impinge on the photocathode
of a photomuvltiplier tube. The photocathode releases photoelectrons
which are multiplied by the dynodes producing a charge pulse propor-
tional to the X-ray energy deposited in the crystal.

Inorganic scintillators such as sodium iodide (Nal) and cesium
iodide (CsI) have been the "work horses” of hard X-ray astronomy
becauge of their high stopping power. (The mean free path for a 100
keV photon in Nal is 1.8 mm.) Orgenic scintillators, made up mostly of
hydrogen and carbon, are almost transparent to hard X~rays yet can
detect charged particles very efficiently. Thus, they are frequently
used as anticoineidence shields to reject cosmic rays because of their
relatively low cost and availability in all sizes and shapes:

The properties of some scintillators are shown in Table 2.1.
Thallium coped Nal is popular because it has the highest light yield
of all scintillators and large areas can be acquired. NaI(Tl) is
hygroscopic and brittle, so it must be hermetically sealed and handled
gently. The high light yield of NaI(Tl) gives it the best energy
regsolution of all scintillators: approximately 11 keV full width at
half maximum (FWHM) at 60 keV (Ballintine 1981). Sodium doped CsI has
had more use as an anticoincidence shield, either as a large shield
with a "well" for the primary detector or as the shield crystal in a
"phoswich" detector (Peterson 1975). Bismuth germanate, (Bi4Ge 0y, or

3
"BGO"),is a recent addition to the scintillator family. Its most
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Table 2.1%

Properties of Commonly Used Scintillators

INORGANIC ORGARIC
NaI(Tl) CaI(Na) Bi4Ge3012 Plastic
(NE102)
Light Output
(relative to Nal) 100 85 10 28
Density (gm/cm3) 3,67 4.52 7,13 1,03
Decay Time Constant
(nanoseconds) 230 630 300 2.4
Wavaelength of Maximum
Emission (nanometers) 415 420 480 423
Index of Refraction 1.85 1.8 2.2 1.6
Thickness Required to .
Attenuate 500 keV photons
by 90% (centimeters) 6.7 5.3 2.4 23

*Adapted from Farukhi (1978)
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outstanding characteristic is its photon stopping power due to a high
effective atomic number and density (see section 3.2),

2.2.1 Phoswich Detectors

A "phoswich" detector (phomphor sandwich)} consists of two dis-
gimilar scintillators such as Nal and Csal optically coupled together
and viewed by a single photomultiplier (Fig. 2.1). It takes advantage
of the different luminescence decay times of the two crystals so tha% a
decay time discriminator can differentiate between pulses originating
in the Nal or Csl. It is an efficient background rejection scheme
providing "4n" sterradians shielding of penetrating radiation as well
as removing the phototube mass (and its associated background pro-
duction) away from the primary detector.

To achieve a low background in a phoswich configuration the shield
cryatal (usually CsI(Na)) must be quite thick (-3 cm) while the primary
crystal thickness is determined by the energy range of interest. The
HEAO A4 experiment (Matteson,1978) contained 3 phoswich detectors
optimized for 3 energy ranges (10-200 keV, 80-2000 keV, 300-10,000 keV)
with effective areas of 220 cmz, 170 cm2 and 120 cm2, reapectively. T
date, this instrument has been the moat sensitive broad band hard X-ray
detector in orbit.

Larger area phoswich systems have been flown from balloons by
groups from UCSD, Max Planck Institute and here at MIT. The Balloon
Group at the Center for Space Research in collaboration with the Cosmic
Ray Working Group at the University of Leiden, designed, constructed
and flew a 1500 cm2 phoswich array. This instrument (see Section 4 and

Ballintine 1981) was the most sensitive (per uczit time) astronomical
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hard X-ray detector until its demise in May 1980.

2.7 Solid State Detectors

The application of silicon and germanium solid state detectors to
X-ray astroncmy has occurred only recently due to the slow progress in
growing large volume crystals. Such a solid state detector can be
thought of as a solid ionization chamber in which incoming radiation
produces energetic electrons that ionize the lattice and raise elec-
trons from the valance band to the conduction band. These conduction
electrons {(and the corresponding holes) diffuse under an applied
electric field to the electrodes and are collected as a charge pulse
nroportional to the energy deposited in the crystal. Due to the lack
of competing energy loss mechanisms and the small band gap, most of the

! deposited energy goes into electron-hole production, giving many charge ;

carriers and a correapondingly smaller relative statistical variance
;* (see Section 3.1.2). This small variance in generated charge givesa the
Qf solid state detector its excellent energy resolution (0.5 keV FWHM at
60 keV, Knoll 1979 pg. 500), which is limited by the preamplifier

electronics.

———

The advantage of good energy resolution is the ability %o resoclve

L E

possible features in an energy spectrum that would be lost in the

continuum using a broad band instrument such as Nal. Possible features

=

expected in astronomical observations include nuclear gamma ray lines

from randicactive decay of elements produced in supernova explosions, a

positron annihilation line from the Galactic Center, and cyclotron

e

lines from magnetized neutron stars. Though it is possible to de-

convolve the monoenergetic response of a broad band detector, the
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stability and the number of photons required is prohibitive in most
astronomical hard X-ray observations.

The properties of various solid state detectors are liated in
Table 2.2. Germanium has been the usual choice for hard X-ray astro-
nomy because of the materials avallable in large sizes, it has the
highest photon stopping power. The moat important limitation of
germanium detectors is the requirement thet they be operated at liquid
nitrogen temperatures to reduce thermally-generated leakage current.
This involves massive and bulky cryogenic equipment and, on satellites,
a limited operating life. The gamma ray spectrometer on HEAO 3
(Mahoney et al. 1980) made with 4 Ce detectors (effective area, 64 cm2,
and sensitive from 45-10,000 keV) haa 4 planned operating life of 1
year. Of all the other detector materials listed in Table 2.2, only
HgI2 combines a high photon stopping power with satisfactory room
femperature operating ahbility. Room temperature solid satate detectors
such as HgI2 work because of a large bandgap that suppresses thermally
generated leakage current. Cadmium telluride's smaller bandgap results
in larger room temperature leakage currents that degrade the energy
resolution. Gallium arsenide (GaAs) has a bandgap similar to CdTe
(1.43eV) and therefore suffers from the same leakage current problems
at room temperature. The development of GaAs as an X-ray detector is
not as advanced as is the development of the materials listed in Tabla
2.2, with a maximum detector thickness limited to 100 microns.

Silicon can be made to work at room temperature with suitably doped
con .acts, wet its hard X-ray stopping power is insufficient. Since the

development of "flight qualified” HgI2 detector system is a major focus

[P FPUPF




T 21
{
Table 2.2%

Properties of Commonly Used Solid State Detectors

51 Ge HgI2 CdTe

(300°K) (77°K) (300°K) (300°K)
Atomic Number 14 52 80-53 48-52
Density (gm/cmj) 2.3 5.3 6.4 6.0
Band Gap (eV) 1.12 0.66 2.13 1.47
Energy Required per
electron-hole pair (2V) 3.6 3.0 4.2 4.4
Thickneas Required to
Attenuate 60 keV by
90% (mm) 57 2.1 0.6 0.6

®Adapted from Whited (1979)
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of this thesis, extensive details of mercuric iodide as a detector are

discussed fully in Section 3.
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3.0 DEVELOPMENT OF NEW TYPES OF DUIRCTORS FOR ASTRONOMICAL WORK

The ideal detector for hard X-ray astronomy would have excellent
resolution, high efficiency, large ares and be lightweight {including
support equipment, i.s. cryogenics). This "dream" detector does not
exist though meoat systems in use satisfy some of the requirements. The
standard detector for astronomical hard X-rays has been large arees Nal
scintillation crystals that operate at ambient temperatures but with
limited energy resolution (17% FWHM at 60 keV). The semiconductor
detectors such as germanium have recently achieved respectable areas
{64 cmg, Mahoney et al. 1980) yet their lower efficiencies require
thicker detectors which increase the background counting rate. Also the
requirement for cryogenic temperatures has limited their satellite
lifetime to ~! year.

3.1 Mercuric lodide Detectors

Mercuric iodide (Hglg) golid state X-ray detectors have many
unique advantages in their application to X-ray astronomy. HgI2
detectors cperate at room temperature so that bulky and massive eryo-

genic coolers are not required. HgI. detectors also combine a high

2
quantum efficiency with good energy resolution. Because of the excel-
lent quantum efficiency {(due to the high effective atomic number of
HgIZ, see fig. 3.1) background contributions which scale as the thick-
ness of the detector (e.g. those due to neutrons and gamma rays) are
lower than for other hard X-ray detectors with equivalent stopping
power. At this time the largest area single detector that can be made

is only ! cmz, sc it is far from being ideal. Nonetheless, its prop-

erties are well matched tc a acheme that increases the effective area

d
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Figure 3.1 Linear attenuation coefficient va. energy for mercuric iodide
and germanium. For energies above 33 keV, the thickness of a
detesctor required to stop a given percentage of incident
photons is muech lass for mercuric iodide than germanium.
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using a Bragg diffraction concentrator (described in more detail in
Section 5.2).

3.1.1 Detector Production and Characterization

Mercuric iodide is a recent development in the search for high 2
room temperature soclid state detectors. The first real energy spectrum

241

presented using H312 as a detector was of the radioactive .nurce Am

in 1972 (Malm 1972). In the last ten years many international groups
have been growing H312 eryatals but the major efforts have baen at
EG&G's Department of Energy laboratories in Santa Barbara and at the
Hebrew University of Jerusalem, Israel (Whited 1979; Van den Berg
1978). Detectors studied at MIT have either been grown here or acquir-
ed from Santa Barbara.

Mercuric iodide must be grown using vapor growth techniques
because it undergoes a destructive phase change at 127°C when the room
temperature red colored tetragonal structure transforms reversibly to
the yellow crthorhombric structure. This temperature is below the
250°C melting point of HgIE, preventing grswth‘through splidification.
The most widely used growth technique is the temperature gradient

3

reversal process (Van den Berg 1977) producing crystals of ~20 cm” from
which thin (.05 cm x 1 cm2) detectors are then cleaved.

Recently, a new method of growing crystals has been developed
using an organic polymer (Faile 198%). This method produces thin
erystals that can be directly fabricated into detectors thereby by-
paasing the cleaving process that might dumage the soft HgIE. Detect-

ors fabricated from crystals grown with the Faile organic polymer

nethod show excellent charge itransport properties. The reasons for
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such goed performance have not yet been established. One hypothesis
! (Burger 1982) is that the polymer affects the stoichiometry of the

final crystal (ratio of jodine to mercury) derreasing the number of

trapping centers. At this time crystals grown with the Faile process

l are too thin (~.50<100 microns) to be of use in hard X-ray astronomy.
However, as low energy X-ray (1-10 keV) astronomical detectors, they
show great promise.

i 3.1.2 Physics of Detectors

Radiation interacting with semiconductor detectors converts most
5 of its energy into electron-hole pairs by exeiting electrons into the

r conduction band of the crystal. This charge is collected by applying a

constant electric field across the detector. The resulting current

{ pulse is proportional to the ~nergy deposited in the crystal. The

energy required to produce an electron-hole pair in HgI2 and Ge is 4.2
] aV and 3.0 eV, reapectively (e.g. a 42 keV X-ray will produce an
[ average of 10,000 electron-hole pairs in HSIE)' To see these small
charge pulses, the statistical variation in the leakage (DC) current
and therefore the current itself must be small, For example, a 500
picoampere current corresponds to 3120 electrons per microsecond with a

1/2

statistical fluectuation of (3150) or 55 electrons. If the charge

generated by the 42 keV X-ray is collected in ! microsecond then the

variation in the collected charge is dominated by the statistical

variation in the generated charge and not the statisticsl variation of

the leakage current. Because of its relatively large bandgap (2.13 eV)

[e—na ]
L] %

the HgI2 leakage current at toom temperature is typically in the range

: ga of 10-500 picoamperes. This allows room temperature operation in
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contrast to germanium (bandgap .66 eV) which requires liquid nitrogen
temperatures to achieve these low leakage currents.

In the absence of quantum statistics, electronic noise, and
variations in the efficiency with which charge is collected, discrete
mono~energetic events should give a delta function line spectrum. In
actuality, all these effects act to broaden the line. Due to the
gtochastic nature of the charge generation process, the variance of the

number of electron hole pairs is:

where 02 is the variance in the number of pairs generated

¢ 1s the energy required to create an electron-hole pair

F is the Fano factor

E is the energy deposited in the ecryatal
The Fane factor is introduced as an adjustment factor to relate the
actual variance with the Poisson predicted variance (Knoll 1979, pg.
373). It is determined empirically, although qualitative models do
exist that attempt to explain the non-unity value (Klein 1968). In
semijconductor detectors and gas counters, the statistical variation is
smaller than expected if the lattice ionization events are uncorrelated
(Poisson, F=1). Of course, the ionization events are correlated
(electrons are excited into the conduction band by other electrons) and
it is the random nature of competing energy loss mechanisms (phonons)
that determine the variance. The smaller the Fano factor, the better

the energy resolution. Upper limits to the Fano factor are determined
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by accounting for all other line broadening mechanisms and assuming the
residual line width is due to charge generation statistics alone.
Recently, a new lower value for the HgI2 Fano factor of .19%.03 was
determined at the balloon lab at MIT (Ricker et al. 1982a; see appen-
dix). This continued the trend of decreasing the measured Fano factor
that was also observed in silicon and germanium as crystal growing and
fabrication techniques improved (Xnoll 1979, pg. 374). The full width
at half maximum (FWHM), aE, due to charge generation statistics is
given by:

aE=2.355 (FeE)'/?
For F=.19, the formal value of AE in HgI2 ig 5 keV FWHM at 60 keV.
This energy resolution represents a theoretical intringic limit which
has yet to be observed.

A further limit to energy resclution is imposed by the fact that
the efficiency of charge collection does not equal 100 percent for
typical detectors of ~500 microns thickness. The mean free drift
length, A, of an electron (hole) can be expressed &s:

A=utf
where E is the electric field
y is the electron (hole) mobility
t i3 the mean free time before the electron (hole) is
"trapped" (i.e. removed from the conduction band by
defects or impurities in the lattice.)
The drift length characterizes the mean distance a charge carrier

will travel before being lost or "trapped" by the lattice. For good

collection efficiency these lengths should be large compared to the
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thickness of the detector. Expressed in terms of Ae and Ah' the charge
collection efficiency, n, as a function of the position x of the

initial ionization in the crystal is given by:

N Ay
n(x) = -3 (1-exp(-x/Ae)) + -5 (1-exp(-d+x)/a))

where d is the thickmess of the detector (Day 1967). Table 3.t lists
the charge transport parameters of good HgI2 crystals, as well as
germanium crystal parameters for comparison. Two pointa must be made.
Firat, the electric field cannot be increased indefinitely (thereby
increasing ) because electrical breakdown of the crystal at high
voltages will result '» the destruction of the detector. Typical
voltages used in the lab are -1000 V for a 500 micron detector, giving
electric fields of 2x104 V/cm. Second, the large ratio of the ut
product for electrons and holes (~100) creates an asymmetry in the
collection ability of the detector. If the incident radiation ioniza-
tion sites are distributed uniformly tvhroughout the detectors (high
energy gae