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ABSTRACT

We developed a portable x~-ray spectrometer/dosemeter based on a sili-
con p-1-n diode. The instrument 1s capable of obtaining spectra! informa-
tion in the region from 18 keV to 150 keV and measuring photon exposures in
the reglon from 18 keV to 1.3 MeV. A theoretical method is described for
obtaining a nearly air equivalent response in the energy region above 18
keV. The instrument has a dynamic range for most energies between 0.5 mR/h
and 5 R/h. Its small size, ability to provide spectroscopic output, and
satisfactory alr equivalent response over a wide energy range, make this
instrument more attractive than portable ionization chambers



INTRODUCTION

Survey meters based on lonization chambers are capable of ineasuring
photon exposure over a wide energy range with minimal ener;y dependence.
Prcoviding that the chamber walls are air equivalent and charge equilibrium
exists for high energy photons, such instruments have a response within +
10% for energlies above 10 keV. There are, however, several notable
shortcamings for this type of instrument.

The currents measureg are low; therefore, large volumes_ire needed.
For example, for a 500 em’ chamber, the current is 4.6 x 10~1" Amp/mR/h.
Since the chambers are usually unsealed, thelr response 1s sensitive to
environmental conditions, such as pressure, temperature, and mmidity. Due
to their large slze, they underestimate exposures from radiaticn leaks of
small cross sectional area. And finally, lonization chambers usually
operate higher than 100 volts, which complicates power supply d:<sign.

A way to overcome the need for large volume detectors 1s to replace
air-filled ionization chambers by solid state detectors(l-4), Tre main

disadvantage in using such detectors 1s that they aro neither air nor
tissue equivalent.

Silicon p-i-n diodes have been used in x-ray spectrometry anrd photon
counting applications (5-7). The instrument developed in this stuay
combines several characteristica mentioned in the above references nut in
addition utilizes advanced microelectronics to accurately calculate
exposure rates over a wide energy range from 18 keV to 1.3 MeV.

P-1-n diodes can be operated in two modes: a pulse counting mode
using a reverse blas and a current (photovoltaic) mode. In the pnlse
counting mode, the charge generated by the interaction 1s collected ard 1is
transformed to a voltage pulse. This pulse 18 counted 1f 1t is above ‘the
instrument's noise baseline. The pulse height 1s proportional to the
energy deposited in the detector. In the current mode of operation, the
depnsited energy 1s converted into current. However, for low exposure
rates on the order of mR/hr, the current produced 18 much lower than the
inherent dark current of the diode. Therefore, it 1s necessary to use the

pulse mode of operation in order to measure low-level exposures and to
generate energy spectra.

The advantages of p-i-n diodes over lon chambers are as follows:

a. Only small volumes (approximately 3 mm3) are required for
measuring exposure rates on the order of 1 mR/h.

b. Dlodes are relatively insensitive to eavironmental conditions when
used 1n a pulse counting rnde.

c. Low operating voltages (5-30 V) are sufficient.

d. Accurate measurement of exposure rates of hlghly localized
radiation leaks are possible.



e. Dlodes provide spectral information for photon energies where the
photoelectric effect in silicon 1s still significant.

In,following we describe the theoretical basis for the algorithm used
to rlat%en the energy response and dlscuss the experiments peformed to

verify this algorithm. The portable dosemeter/spectrometer is then
described.

THEORETICAL CONSIDERATIONS

The exposure rate, measured with an air equivalent ionization chamber,
is expressed by the lonization current produced in the chamber. If the
spectrur. of the energy deposited in the detector, N(E), can be measured,
the current flow, I, can be defined in the following way(3, 8):

T=4d / E)EdE . ()

The cutoff enersv. E,» 18 determined by the noise level of the
detector and its assoclated electronics. is the maximum energy
deposited and depends on the thickness of' the depletion layer, while k is a
constant for matching the appropriate unmits.

The silicon depletion layer and its surroundings are not air
equivalent. Therefore the current, I, given in Eq. 1 does not represent
the exposure rate. However, if N(E) 1s measured, the exposure rate can be
determined using a spectrum-welghting method(9) similar to those reported
for NaI(T1)(10) and for CaF., (Eu)(1l) scintillators. Using this approach,
the exposure rate, X, is degined as:

X= bj‘z'— é N dE , ()

where w(E) is the weighting function for a deposited energy E.

The integral (2) can be replaced by a discrete sum in the following
way:

Zw N.EAE  (3)

.w.

where the index, i, refers to the energy interval between E, and E, + 4E,,

and w, and N, are the weighting factor and the differential energy1 1
apecrium épeotlvely, in this energy interval.

The prime goal in this study was to find a set of welghting factors
for the p-i-n diode which give best agreement with experimenial results.
The aim of the theoretical calculations was to find an jnitial set of

values for wy to be utilized as initial paramecers in an iterative
least-square“fitting analysis.



In the calculation of the initial set of w1 values we took into

account lost events below the cut-off energy, E., as well as the absorption
of photons by the glass cover on the p-1-n diods Detector resolution,
escape of electrons and photons, edge effects, and lack of charge
equilibrium at high photon energies were not considered in this model.

For a mono-energetic photon beam with an energy E h
rate X in Eq. 2 can also be expressed as: P

X = @/&_) Gk %)

where (égg)air 1s the mass-energy absorption coefficient and °ph i1s the

photon flux incident on the detector. Comparing equations (3) and (4)
ylelds:

[ dw =3 Eunass

For photons with energies below 30 keV, the photoelectric effect in
silicon is daminant and most photoelectrons are fully stopped in the

detector. Thus, when E # E h' wy = 0 and when E1 - Eph’

JN /7% ¢ /‘/)

where u 1s the attenuation coefficlent of the glass cover and x is its
thickness. Eguation (5) then ylelds:

( %u,fﬁ £y =4 g 471 5 )

Solving for wy we get°

>Ec, the exposure

,u

“Hs‘ @)

When the photon energy is above 30 keV, the Compton effect in silicon
becomes significant, and above 50 keV it dominates the total interaction
cross section. Assuming thut the Compton secondary photons have low
interaction probability, the energy depoaibion spectrum has two components.
The first is the total energy peuk with E = p» 4nd the second i3 the

Compton electron continuum whose maximum energy Tnax® 18 that of the
Compton edge.

If we assume that the differential energy distribution of the Compton
electrons is f'lat between O and T that no events are present bhetween
Eph and Thax’ that photoelcctronsniﬁd Compton electrons are totally



absorbed in the depletion layer, and that energy broadening can be
neglected, then N1 can be expressed as follows:

(7 / =
e — E. = £
ENRALS ph
/YQ::: C) ?:¢x < ‘5} 4:‘E;nl/ (42))
T 25k
0<E <7
Trotd 'Cix mAx

where ¢, o, and o, are the photoelectric, Compton and total
absorpt?gn cfoss sect98ﬁ§ in silicon for photon energy Eph’ respectively.

The fraction, R, of the total encrgy deposited in tle detector above
the cutoff energy, Ec < ﬂnax’ 1szgiven by

R= Lté.?.m&_z'fﬂ (1)

For photor. energlies in the range 15-70 keV, the contributlon to w
results from the full energy deposition events because the Compton eveﬁts
are below the cut-off energy E = 15 keV. For photon energles above 70
keV, the loss of Compton event§ below E_ 1s partial and the weighting
factcrs are generated by both photoelecgric and Compton events.

Using equations (5), (6), (9), and (10) it was possible to calculate

an initial set of 11 welighting coefficients, »,. These coefficients were

then optimized (see Results) to obtailn the fla%test possible energy
response.

EXPERIMENTAL CONSIDERATIONS

The Detector and Electronics

We used a Hamamatsu S-1722 silicon phoEodiode with a sensit.ve area of
0.132 cm® and a depletion depth or 40 +g/em“. Glass, 1.1 mm thick, covers
the front face of the dlode. e de .tor 1s operated in a reverse blas
mode. The nolse decreases dramatically above a reverse bias voltage of 5V.
We set the instrument operating voltage at 28V. As specified by the
manuf'acturer, the maximum dark current measured at 100 V 1s 30 nA and the
maximum junction capacity at this voltage 13 12 pF.

™he dlode was covered with 100 ug/cmz of silver to make it light tight
and w.th 0.4 rs of polyethylene to prevent contamination. It was



positioned outside an aluminum housing which contained the amplification
and shaping stages. This minimizes directional dependence at low photon
energies. The amplifier and shaper used with the detector was a hybrid
A225 made by Amptec that has low noise characteristics. The shaped signal

i3 further amplified by a voltage amplifier with varlable galn between 10
and 100. The shaping period is 2.5 s.

The dosemeter/spectrometer includes the detector, the charge

amplifications and shaping stage, and the Violinist multichannel
analyzer(12).

When modified to operate 1in a Brue live time mode, the Violinist can
analyze counting rates up to 3 r 10 per second with small dead time
losses. At this rate the pileup probabllity 1s arcund 25%. The Violinist
has a dot matrix LC display containing 80 x 40 cells. Three quantities are
displayed: (a) The energy deposited by the secondary electrons (either the
entire spectrum or only 80 channels in expand mode c2; be displayed). (b)
The exposure rate in mR/h for three integration periods of 1, 3, or 5
seconds. (c) The accumulated exposure in mR for an arbitrary period of
time. Both the exposure and the elapsed time are displayed simultaneously.
The diiplay also contains a moveable cursor. The energy corresponding to
the position of the cursor and the channel number are displayed. JT.ow
battery power 1s indicated by a flashing display.

The gain is calibrated with an 2‘”‘Am source. The 60 keV peak 1s
positioned in channel 50. In this way the instrument 1s able to display
deposited energies up to 300 keV. Because of the small thickness of the
depletion layer, only a very small number of interactions due to photons
between 18 keV and 1.3 MeV, result in energy deposition above 300 keV. If
events correspond to energies higher than 300 keV, they are displayed in
channel 256 and are analyzed as an event corresponding to this channel.

'Ilne Spectrometer/dosemeter system 18 operated on two 1.5 Vand two 9 V
batteries, and can be used continuously up to 50 hours.

Irradiations

Trie detector was exposed to a varlety of photon sources in order to
determine response characteristicn such as energy resolution, energy
dependence, and directional dependence. These sources consisted of
fluorescent x-ray beams produced by a constant potential x-ray generator
and various target materials, filtered x-ray beams, and the following
radionuclides: Am-241, Co-57, Co-60, and Cs-137. The x-rey sources used
are sumarized in Table 1. The exposure rates were measured elther with a
free-air ionization chamber, Victoreen R chamber, or a Victoreen Model 440
x-ray survey meter. Exposure rates ranged from 3 mR/hr to 250 mR/hr for
the x-ray sources and were ns high as 170 mR/hr for the radionuclides.

Directional dependence was measured between 0° and 90° incident angle
for three energies: 114 keV effective filtered beam, 76.5 keV x-ray
flunrescence beam, and 43.9 keV x-ray fluorescence beam.



EXPERIMENTAL RESULTS AND DISCUSSION

Photon spectra were collected with the detector and its associated
electronics at 21 photon energies between 18 keV and 1.3 MeV. The data
were analyzed using a Canberra multi-channel analyzer (MCA) and a
Hewlett-Packard desk-top microcamputer.

Weiggting Factor getim:lzation

The data from the Canberra MCA were configured to simulate the
operating enviromment of the 256 channel Violinist. All energies abuve 300
keV were positioned in channel 256. An initial set of 11 weighting factors
corresponding to 11 energy bins in the Violinist were used to calculate an
exposure in mR for each of the 21 spectra. The welghting factors were then
allowed to vary over prescribed limits in a least-square fitting procedure
to minimize the overall error betwecn the reference exposure values and the

calculated values. The final form of the algeritim for the exposure
calculation 1s:

256
X(e) = 172300 S up £: (1)

4=/
where wy (keV), and N, are the weighting factor, the energy deposited,
and the m.m!ser of counts® respectively, in charmel 1.

The optimized weighting factors are shown graphically in Figure 1,
The weighting factor in the region 15-20 keV is higher than 1, compensating
for the attenuation of photons by the glass cover and for lost evenis below
the cut-off energy at 15 keV. Thiz cut—off energy results i
discriminating many events caused by Cwipt'm interati~ni, especially for
photon energies between 50 and 150 keV. The welghting factor for
deposition energies above 110 keV 1s greater than 1, to compensate for the
lack of charge equilibrium at high photon energies and also to campensate

for the Compton electrons which are discriminated by the cut-off energy at
15 keV,

Energy Resolution and Spectral Information

The energy resolution of the detector and the assaﬁated electronics
was determined rog.,two energles: at 59.6 keV using an “ “Am source, and at

122 keV, using a “'Co source (Figure 2). The resolution was 7% and 4.5%,
FWHM, respectively.

Figures 3 and 4 show several x-ray apectra obtained with the p-i-n
diode. It can be seen that the detector resolution is sufficilent to
resolve the K, and K, lines of uranium with a separation energy AE = 15 keV
as well as those of bantalum with AE = 9 keV. The relatively low noise
permits identification of lines near 0 keV with 2.5 keV FWHM. For heavily
filtered beams in vhich the photoelectric cross section is more than 19% of
the total photon interaction cross section, a well defined peak 13 observed
(see, for instance, the spectrum for an effective energy of 84 keV). When



the energy increases, the Compton continuum daminates the spectrum. The
end-point energy of the bremsstrahlung spectra can be correlated with the
peak voltage of the X-ray generator.

Directional Dependence

The directional dependence of the lnstrument 1s shown in Fig. 5 for
76.5 and 43.9 keV. It can be observed that for 43.9 keV the response at
60° is about 70% of the normal incidence response. For 114 keV effective

energy, and also for the higher photon energles, the directional dependence
was found to be insignificant.

Detector Efficlency and Radionuclide Identification

The intrinsic efficiency of the detector, shown in Flgure 6, 1s
defined as the ratio between the number of counts above 15 keV deposition
energy and the number of ircident photons impinging on the detector.

In addition to the determination of exposures, the instrument can also
be used for radionuclide identification of Pu-239, Am-241, and other
low-energy photon emitters in the region from 18 keV to 150 keV. Because
the intrinsic efficiency of_the detector at 17.6 keV is only 2.1%, the
lower iimit for detecting 239py smeared uniformly on a surface will be 1
ﬁi/cm , at contact and wit. an integration period of 3 seconds. For

Am, the intrinsic efficiency 1s 1.2%. Therefore, if the material 1is
spread uniformly on a disc 6 mm in diameter, the minimum quantity to be
detected in 3 seconds at a distance of 5 mm fram the surface, 1s 3 uCi.

These limits may be improved by using a p-i1-n diode with a thin plastic
cover.

Energy Dependence
The calculated, but unweighted exposure, 1s given by Equation 12:

asé
X(me) = 172207 NK: . (2
a~w¢7Az‘¢4 %‘ ( )

The uncorrected energy dependence of the dosemeter 1s shown in Figure
7 as the ratio of Equation 12 to the reference exposure. It can be seen
that for photon energiec around 40 keV the unweighted responue
overestimates the delivered exposure up to a factor of 4.5, whereas at high
photon energles above 150 keV it 18 nearly equivalent to the incident
exposure., This is expected fram the theoretical consideratlons.

Fgure 8 shows the corrected energy dependence of the dosemeter with
the optimized welghting factors folded in. The ratio of the corrected
exposure given by Equation 11 vo the reference exposure 18 plotted as a
function of photon energy.



The doesrmeter overestimates the incident exposure by up to 50% for
photon energies between 18 keV and 100 keV. It underestimates the exposure
up to 10% above 100 keV. This resprnse 1s not as good as that of an
air-equivalent ionization chamber, but we feel it 1s satisfactory for most
radiation protection purposes.

Dynamic Range

Since the number of counts per mR varies with energy, the lowest and
highest exposure rates to be measured depend on the incident photon energy.
The limitation at low exposure rates 1s counting statistics, whereas the
limitation at high exposure rates is puise pile-up and ADC dead-time in the
Violinist. For common diagnostic x-ray machines, which operate at a peak
voltage of 10" kV with an effective energy of about 40 keV, it is possible
to measure (+ 30%) an exposure rate of 0.1 mR/h for e 5 sec integration
period. For an effective energy of 70 keV, the minimum exposure rate 1s
about 0.3 mR/nr and at the highest energy of 1.3 Mev the minimum is 2 mR/h.
For high counting rates, the limitation is 3 x 10" counts/sec imposed by
the ADC. Pulse plle-up probability at this counting rate is about 25%.
Therefore, the maximum measurable exposure rates are 1.4 R/h at 40 keV, 3.6
R/h at 70 keV, and 30 R/h at 1.3 MeV .,

X-ray Machine Peak Voltage Measurement

The spectrometer/dosemeter can be used for the measurement of peak

voltages of x-ray machines operating up to 200 kVp using the methodology of
Nowotny (13).

A pulse pileup of 25% may lead tc a 20% oversstimation of end-point
energles. Therefore, for peak voltage determination, we i‘ecommend that the
spectrometer/dosemeter exposure rates not exceed 0.1 of the maximum
erposure rates given sbove. As peak voltage 1s increased, better counting
statistics are necessary to compensate for the decreasing photoelectric
cross-section and the resultant poor detector efficlency.

Future Research

The energy dependence of this instrument can be improved by using very
low noise p-i-n diodes and an ultra-low noise preamplifier. By lowering
the noise, it will be possible to lower the cut-off energy, E , and measure
more Compton events. It 1s also possible to measure photon eﬁergies below
15 keV using diodes with thin plastic covers, which are now available.

Sumnarx

We described the development of a portable x-ray spectrometer/dose-
meter using a small silicon p-1-n diode. The instrument operates at low
voltages between 5 and 30 V and contairs a 256 channel MCA with an 80 x 40
dot matrix [CD. The instrument provides the following capabilities:



a. Measurement of exposure rates between 0.5 mR/h a.nd' 5 R/h for
photon energies in the range of 18 keV to 1.3 MeV.

t. Spectral information for photon energies between 15 and 150 keV.
This spectral information permits the determination of peak
voltages for x-ray machines.

c. Measurement of exposure rates “rom radiation leaks of small
cross-sectional area.

d. The dete;ﬂﬁnation 35 the presence of low energy photon emitters
such as Am and %u.

The energy dependence of this instrument i1s not as good as that of an
alr equivalent ionization chamber, but 1s satisfactory for most radiation
protection purposes.
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TABLE 1
X-RAY ENERGIES USED FOR DOSEMETER CALIBRATION

Peak Voltage (kV) Mode® Target Effective Energy (keV)

250 XRF Zr 16.0
XRF Mo 17.8
XRF Ag 22.6
XRF BaS 33.0
XRF Gd 43.9
XRF Ta £8.8
XRF Po Tve.
XRF Th 95.1
XRF u 100.0
100 HF 84.0
130 HF 108.0
130 HF 114.0
170 HF 135.0
170 HF 149.0
200 HF 162.0
200 HF 170.,0
250 HF 205.0
250 HF 216.0
280 HF 244.0
29¢ HF 240.0

#XRF - beams produced by X-ray fluorescence

HF - Heavily filtered beams
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Fig. 2 Energy deposition spectra obtained u.'H, the p~i-n diode for &

(a) 2*!an (59.6 keV) and (b) >’Co (122 and 136.5 keV).
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Pig. 4 Energy deposition spectra snbtained M"”v the p~i-n diode for heavily

filtered X-ray beams.
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Fig. 6 Intrinsic efficiency of the
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