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Preface

This thesis was an attempt to portray six months of

effort in the development of a new and untried detection
system. The endeavor involved the creation of new eguipment
and techniques to support the effort. I hope the language
of the report conveys as much information as possible with-
out being too elementary.

There are too many people that I owe thanks to list
them all here. But to my thesis advisers, Dr. George John
" and Dr. G. R. Hagee, I owe my first debt, the chance to do
this work and all the help and suggestions offered by them.
To the technicians in the Physics Department and their
assistance I am grateful. To Mr. Wolfe and the personnel
of the School Shop I am indebted for their efforts and
support.

Finally, I owe the most to my parents, whose encourage-

ment and understanding really made this all possible.

Charles E. Rowe
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QUANTATIVE ANALYSIS OF RADIOACTIVE

NOBLE GASES WITH A SiLi DETECTOR

| I. INTRODUCTION
\

This thesis reports on the development of a system,

which employs a cooled semiconductor detector, and on the

——

assessment of the practicality of its use for the quan-

titative analysis of radioactive noble gases, specifically,
the practicality of its use for the analysis of gas samples
at low levels of radioactive concentration. The system
under consideration employs a 300 mm2 by 5 mm lithium
drifted silicon (SiLi) detector maintained at liquid

nitrogen temperature in a high vacuum environment. Anal-

ysis of the characteristics of the system is based on the

: detection of the xenon radionuclide Xe131m, however, the

T A ST g S—————

=SS

results can be applied to the analysis of radioactive
noble gases with cooled semiconductor devices in general.
The quantitative analysis of radioactive noble gases,

and xenon in particular, has already been accomplished with

the use of scintillation systems. Liquid scintillators have
been used for some time in the analysis of xenon radionuclides

because of their high efficiency for electrons and the high

oy

solubility of xenon in the aromatic hydrocarbons used in
liquid scintillation systems (Ref 5:2077). The incoréo—
ration of xenon directly in the scintillator enhances the
sensitivity for detection of electrcons since the geometric
losses and self absorption are eliminated. 1In addition,

the dimensions of the container can be made sufficiently

1
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large to insure the electrons expend all of their energy in
the sensitive volume. Consequently, the intrinsic efficiency
of liquid scintillators can approach 100% for electrons (Ref
5:2078). The intrinsic efficiency for electromagnetic radi-
ation, however, is not as good because of the low absorption
coefficients for low Z materials. Specifically, carbon has
a photoelectric - mass absorption coefficient of 0.05 cmz/gm
at 30 kevV (Ref 15) which is close to the energy of xenon K
X-rays. 0
The motivation for exploring the use of cooled semi-
conductor devices for the analysis of radioactive noble
gases lies in the possibility of increased sensitivity
due to their excellent resolution and high intrinsic effi-
ciency. In a semiconductor system, the overall efficiency
for electrons is primarily influenced by the geometric effi-
ciency since the source is outside of the sensitive volume
of the detector. There is no real problem with absorbing
the total energy of an incident electron, however, since a
depletion deptii sufficient to completely stop the electrons
of interest can be specified. With a 47 geometry, the in-
trinsic efficiency of the system for electrons can approach
that available in scintillation systems. In addition, since

the photoelectric - mass absorption coefficient for silicon

it 1.17 cm2/gm at 30 keV (Ref 15), the intrinsic efficiency

of a silicon semiconductor can be about twenty times that of
liguid scintillators for xenon K x-rays.
The major advantage, if it can be capitalized on, of a

cooled semiconductor over a liquid scintillation system is its
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superior resolution. The resolution, in terms of full width
at half maximum (FWHM), is proportional to the square root

of the average energy required to produce an electron-hole
pair in the detector (e¢) times the Fano factor for the device
(Ref 14). For scintillation systems, ¢ is about 500 eV/pair
and the Fano factor is between 1/3 and 1/2 (Ref 14). For

cooled silicon detectors, ¢ is 3.23 eV/pair (Ref 14) and the

"ultimate Fano factor is 0.05 (Ref 9:221). The theoretical

FWHM of a silicon detector can, therefore, be from 1/31 to

- 1/39 that of scintillation systems. Since increasing the

resolution increases the signal to noise ratio, a cooled
silicon detector could, for the same time period and system
efficiency, measure much lower activities than a liquid
scintillation system.

If one is to take advantage of the high resolution of
cooled semiconductor devices for electron detection, the
degradation of resolution by absorption or self absorption
must be minimized. 1In the system under consideration, which
was nearing construction completion at the onset of this study,
the original design called for the deposit of xenon as a solid
in the immediate vicinity of the detector by freezing it on
a cold finger at liquid nitrogen temperature. The degra-
dation of resolution due to self absorption was to be minimized
by depositing the xenon in a very thin layer. For proper
operation the detector was to be cooled to liquid nitrogrn
temperature in a high vacuum environment maintained by Zeolite
pellets. Exposure of a xenon sample, even in the solid state,

to such an environment would cause sample loss by absorption

3
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in the pellets at a rate determined by the sublimation rate
of solid xenon and the pump rate of the system. To avoid
this a mylar window was to isolate the sample from the

Zeolite pellets. However, due to an error in the construc-

tion phase, the window was left out. The exposure-loss rate
of xenon in this configuration was experimentally determined
and, as expected, proved the configuration impractical for

" Xenon analysis. The system was therefore modified to resemble
the original design.

In the modified version of the detection system a thin
mylar window, located between the xenon sample and the de-
tector, isolates the sample from the pumping action of the
Zeolite pellets. The exposure-loss rate of a xenon sample
will theoretically be zero for such a configuration but
should be experimentally verified. Another mode of sample
loss which needs to be determined is the handling loss which
can occur due to the physical configuration for transfer of
samples into the system. Other factors or system charac-
teristics which need to be considered are the effect of
sample thickness on resolution degradation and the effect
of the mylar window between the xenon and detector. 1In
addition, the reproducibility of analysis, sensitivity of
the system, and efficiency of the system for both xenon
x-rays and electrons need to be determined.

The plan of the following chapters is as follows.

Preliminary considerations are discussed in Chapter II.

In Chapter III, a brief discussion of the equipment and

equipment set-up is given. Chapter 1V covers experimental

4




GNE/PH/74-8

procedure, data analysis, and results. Chapter V presents
the system characteristics established from experimental

data and theoretical considerations. Discussions, con-

clusions, and recommendations for further work are presented

in the final chapter, Chapter VI.
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II. Preliminary Considerations

131m Sl

This chapter presents the decay spectrum of Xe
the vapor pressure of xenon at liquid nitrogen temperature.
In addition, the sublimation rate of solid xenon in a high
vacuum environment is calculated. These parameters are used

throughout the study and are needed for the assessment of

system characteristics.

Decay Spectrum of §913lm

131m

The decay scheme of Xe is shown in Figure 1.

131m
54Xe
11.8 4 _163.98 kev

l

el3.L

54%

(Ref 11:277)

Figure 1. Xel3lm Decay Scheme

131m &

To determine the spectrum produced by the decay of Xe he

following parameters are needed:
1) EY = 163.98 keV

) & = 29, K/L = 2.3

K/Y
3) Binding energy of Xe electrons: K = 34.561 keV,
L = 5,453 kevV

4) Fluorescent yield (wk) = 0.87

5) Energy of Xe K x-ray = 29.78 keV (Ref 10)
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The number of 163.98 keV gamma rays and K or L internal con-

version electrons per disintegration of Xel3lm are calculated

from the following relations:

- Y
vy/dis = —
Ll S
e
; K
e,/dis =
K Y + eK + eL
e
: L
e./dis =
L s eK + eL

The number of Xe K x-rays and Auger electrons per disinte-
~gration can then be determined with the relations:

eK/dis X w

K x-rays/dis X

Auger e/dis ®x/dis x (1 - wK)
The energies of the various decay modes can be calculated

from the following:

E BIGE) =CIBNE
ey = Y K
EeL " EY - B E.L
EAuger 5 = B.E.K = £ R B.E.L ‘ (Ref 3)

The type, energy, and relative abundance of the radiation

emitted as the result of the decay of Xe131m are tabulated
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Table I
Decay Spectrum of Xe131m
Type Energy (keV) Relative Abundance
Xe131m Y 163.98 0.024 per Xe13lm decay
Xe131m e 158.4 0.296 per Xel3lm decay
Xe131m ex 129.3 0.681 per Xe131m decay
. Xe K x-rays 29.78 0.592 per Xe13lm decay

Xe Auger e 23.70 0.0885 per Xel3lm decay

' Vapor Pressure of Solid Xenon

Throughout this study, xenon is transferred and isolated
in the detection system by cryogenic pumping. Specifically,
the sample is isolated in or on cold fingers by lowering the
temperature of these areas to liquid nitrogen temperature.
Liquid nitrogen, with a boiling point of 77.4°K, is cold
enough to maintain xenon, with a melting point of 161.3°K,
in the solid state (Ref 16). To determine the sublimation
rate of solid xenon in a vacuum it is first recessary to
ascertain its vapor pressure. This factor is also required
in the evaluation of handling losses in the system and the
determination of pumping rates.

In 1961 Podgurski and Davis proposed the following
equation for the vapor pressure of xenon in the temperature

range of 70 to 90°K (Ref 13:1397):

833.33

Loglo p = 8.044 - T

where p = vapor pressure in mmHg

T = temparature in °K
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In 1964 Gruther and Shorrock reviewed the equations available
for xenon vapor pressure and compared them to the curve cal-
culated from the calorimetric data of Clusius and Riccoboni
(Ref 4:1084). Gruther and Shorrock concluded that the Clusius-
Riccoboni vapor-pressure curve should be used for the vapor
pressure of solid xenon with an estimated error of * 2% in

the range of 70 to 161°K. The vapor pressure is most easily

* calculated by using the Podgurski-Davis equation in conjunction
with the corrections provided by Gruther and Shorrock (Ref

~ 4:1085). The corrections are given in Table II and a plot

of the vapor pressure of xenon from 70 to 110°K is shown in
Figure 2. From the plot it can be seen that the vapor pressure

of xenon at 77.4°K is 1.9 x 10-3mmHg.

Sublimation Rate of Solid Xenon i

a Vacuum

The rate at which solid xenon will disperse in a high-
vacuum system depends on whether or not the vacuum is main-
tained by pumping. If the sample is isolated from vacuum
pumps, the dispersal rate is the same as the sublimation
r.ce and the total amount of material lost from the solid
is determined by its vapor pressure and the volume of the
vacuum container. If the sample is not isolated, the dis-
persal rate will be determined by both the sublimation rate
and the pump rate. The total material lost in this case,
is limited only by the time of exposure. In either case,
the sublimation rate of xenon reeds to be determined.

According to IL.angmuir, if the temperature of a sub-

stance is lowered beyond the point where the vapor pressure
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Table II
Corrections to be Applied to the Podgurski-Davis Equation to

Obtain the Vapor Pressure of Solid Xenon

T (°K) L°910 P

70 PD 0.0028
80 PD 0.0000
90 PD 0.0072

PD 0.0164

PD 0.0275

(Ref 4:1085)

Vapor Pressure (mmHg)

.| 1 L

90 100 110

Temperature (°K)

Figure 2, Vapor Pressure of Solid Xenon
vs Temperature

10




GNE/PH/74-8

is a millimeter of mercury, then the rate of evaporation or
sublimation can be considered independent of the presence of
the vapor. The evaporation rate in a high vacuum will be
identical to the evaporation rate in the presence of the
saturated vapor (Ref 10:330). Since the vapor pressure of
xeaon at liquid nitrogen temperature is only 1.9 x 10-3 mmHg,
it meets Langmuir's criteria. Then for a solid in equilib-
rium with its saturated vapor:

U= av (1)

u rate at which molecules sublimate from
surface

condensation coefficient
number of molecules of a gas at rest as
a whole that strike unit area per unit
time

The condensation coefficient or "sticking" coefficient

is the ratio of the number of molecules which strike the

‘surface to the number of molecules which stick to the surface.

Taking the condensation coefficient as 1 will give the most

conservative, or slowest, sublimation rate. We then have:

s i ik g
U =yvs= 7 n va (Ref 1:18) (2)

n the number of molecules per cubic cm

A the arithmetic average velocity of
molecules at a given temperature

In terms of temperature and pressure:

n = 0.656 x 1018 Bmm -3

T

T 1/2
vy = 14,551 (ﬁ) cm/sec (Ref 1)
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Combining equations 2, 3, and 5 leads to:

22 Pmm 2
u = 3.5126 x 10 molecules/cm -sec (5)
T172 MI72

To obtain results in grams:

= L.
G =g M (6)
a

TR 2
G = 0.05831 Pmm (T) grams/cm“-sec (7)

For xenon at liquid nitrogen temperature exposed to a vacuum
less than its vapor pressure (1.9 x 10-'3 mmHg) the subli-
mation rate is:

G = 1.444 x 10-4 grams/cmz-sec

12
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LA GICT Eguigment

This chapter describes the equipment used in the
experimental work, including the detector, preamp, am-
plifier, multichannel analyzer, detection chamber, and gas
handling manifold. The equipment set-up is also described

end a prief description of the operation is included.

- Detector, Preamp, and Amplifier

The lithium-drifted silicon detector used throughout
this study was manufactured by the KeVex Corporation of

California. The detector, which has an active area of

300 mm2 and a sensitive depth of 5 mm, must be operated at

liquid nitrogen temperature in a vacuum of at least 10-4 mmHg .

The detector cannot be temperature cycled more than 25 times
nor left at room temperature for more than 100 hours with-
out suffering degradation in resolution. ~The manufacturer
specified a resolutiqn, in terms of FWHM, of 265 eV at 5.9
keV (Ref 7) and the sensitive depti of the detector is
sufficient to completely stop 2.7 meV electrons (Ref 12).

The preamp and linear amplifier used in this study were
also manufactured by the KeVex Corporation. The preamp and
amplifier were designed for low noise operation, in varticular,
the first stage of the preamp, a field-effect transistor (FET) ,
is an integral part of the detec.or assembly. This helps to
reduce electronic noise by shortening the lead length between
the detector and FET.

The principle of operation is as follows. An electron

entering the sensitive region of the detector produces

13
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electron-hole pairs. For silicon, 3.23 eV of energy is

required to produce each electron-hole pair. Photons enter-
ing the sensitive region can transfer their energy to charged
particles in the detector by the photoelectric effect, l
Compton scattering, or pair production. The charged par-
ticles can then produce eiectron-hole pairs. The charge
is collected under the influence of a =300 to -1000 vout

" bias and converted to a voltage pulse by the charge sensi-

tive preamp. The pulse is then amplified by the linear

_ amplifier for analysis by a multichannel analyzer (MCA).
Since the voltage is proportional to the collected charge
and the charge is proportional to the energy of the incident
radiation, the channel in the MCA in which the voltage pulse
is stored is proportional to the energy of the incident

radiation expended in the detector.

Multichannel Analyzer

The multichannel analyzer used in this study was a
Nuclear Data Model 2200 with a 4096 channel memory. It has
the capability of storing four 1024 channel spectra in its
memory and, after storage, any of these spectra can be over-
lapped on the MCA for comparison. The MCA was linked to a
Precision Equipment Company tape deck, a teletype printer, |
and a plotter. Data could be stored on magnetic tape and f

either printed out on the teletype or plotted on the Plotter.

Detection Chamber

The detection chamber as originally constructed is

shown in Figure 3 and Figure 4. The chamber is constructed

14
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Figure 3. Detection System.

15
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Nitrogen Trap

Copper Cold Finger

Tip Area: 5.1 cm2

Valve Port
0.0005 in. Mylar

Detector

Ion Pump
Port

Teflon Cap

.“Ir!r

P
N@ﬂ

Zeolite Pellets

1/2 in. Copper Rod

Figure 4.. Detection Chamber
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primarily of stainless steel and has a valving arrangement
to allow introduction of xenon samples. Attachment of a
vacuum pump to the valving arrangement allows evacuation
of break-seal tubes when a sample is to be introduced or
removed from the system. Within the chamber, the detec-
tor is mounted on a copper rod which, when the system is
set in a ligquid nitrogen cryostat, cools the detector
assembly. The vacuum of the chamber is maintained at 10~ °
to 10-6 mmHg by the use of ion pumps and Zeolite pellets.
A bellows arrangement allows positioning of the detector
with respect to the site of sample deposition and a gate
valve can be used to isolate the detector from the re-
mainder of the system.

In the original construction configuration, a mylar
sheet stretched across the cold finger was the site of
xenon deposition. The 0.0005 inch mylar sheet was bonded
to the outer shell of the liquid nitrogen trap with RTV. The
copper tip of the culd finger extends 0.010 inch past the

bond plane to insure contact between the surface of the

copper tip and the mylar sheet.

In the modified version of the system, shown in Figure 5,

a special chamber was added to isolate the sample from the
rest of the system. The stainless steel chamber is silver
soldered to the copper cold finger and a 0.0005 inch mylar
window is bonded to the chamber flange with Dow Corning 93-904
Aerospace Sealant. A short stainless steel tube is silver
soldered to the chamber and attaches to a teflon tube with

a flange at one end to provide a vacuum tight seal by use of
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the knife-edges of the valve system flanges. Via the valve
system and the teflon tube, a sample can be introduced into
the sample chamber and remain isolated from the vacuum of

the detection chamber.

Gas-Handling Manifold

A gas-handling manifold was designed and built to pro-
Vide the capability of precise sample-mass measurement. In
addition, the gas handling manifold provides the means for
dilution, combination, or division of gas samples as required
for the evaluation of the detection system. The manifold,
shown in Figure 6, is constructed with stainless steel and
uses Nupro valves with Penton seals and polyethelene swage-

lock fittings. Sections of the manifold are volume calibrated

Figure 6. Gas Handling Manifold

19
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and can be used in conjunction with a capacitive pressure

transducer for precise sample-mass determination. The use
of a liguid nitrogen trap together with a diffusion pump
allows evacuation of the manifold to 10-7 mmHg. Further
information on the gas handling manifold is presented in

Appendix E.

Egquipment Set-up

A block diagram of the system set-up is presented in
Figure 7. A brief description of the procedure for sample
analysis is as follows. The sample is first introduced into
the gas handling manifold if the sample is to be measured,
diluted, or only a portion used. The sample is then trans-

ferred from the gas handling manifold to the detection system

by freezing it in a break-seal tube and sealing the tube with
a torch. The sealed tube is removed from the gas handling
manifold, connected to the detection system, and the volume .
between the break-seal and the introduction valve evacuated.
The gas in the tube is then condensed with liquid nitrogen
and, with the detector isolated by the gate valve, the ligquid
k| nitrogen trap in the detection chamber is filled, cooling the
copper cnld finger. The seal in the break-seal tube is broken
and the tube warmed up to room temperature. As the tube warms
up, the gas transfers and freezes onto the mylar sheet or into
the sample chamber depending on the configuration used. The
gate valve is then opened, the ion pumps turned off, and the
detector positioned close to the sample before applying bias

to the detector. As the sample spectrum is analyzed, the

20
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digital ratemeter indicates live time counts per second and

the total counts for the run are accumulated by the scaler.

To remove the sample after analysis, the process is simply

reversed.
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IV. Experimental Procedure, Data Analysis, and Results

This chapter details the experimental procedure followed
for determination of system parameters. The data obtained is

analyzed and the results presented.

Original Detection Chamber

From analysis of the detection chamber, as it was
originally constructed, it appeared possible that a xenon

sample frozen onto the mylar sheet could be lost at the rate

of sublimation, 1.444 x 10-4 gm/cmz-sec. A cm3 of xenon at

standard temperature and pressure deposited on the cold finge:x
area of 5.1 cm2 would, at this rate, disperse in less than 8
seconds. The actual loss rate was determined by two experi-
mental methods. The results of these experiments, the
sublimation rate, and a pump rate determined theoretically
are shown in Figure 8. All of the curves are based on an
exposure area of 5.1 cm2.

In the first experimental method, the detection chamber
configuration was approximated in the gas handling manifold by
freezing xenon in a cold finger such that the area of depo-
sition equaled that in the detection chamber. The solid xenon
was exposed for half-hour periods to a vacuum of 10-5 mmHg
maintained by the vacuum pump of the gas handling manifold.

At the end of each half hour, the xenon was allowed to thaw
and the pressure of the gas measured. The xenon remaining
was then refrozen and the process repeated. From the change

in pressure between successive measurements the mass lost

during the period of exposure was computed.
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Figure 8. Grams Lost vs Exposure Time for Xenon Deposited

as a Solid on ag Area of 5.1 cm2 and Exposed to
a Vacuum of 10~ ° mmHg.

24




GNE/PH/74-8

The second method consisted of introducing a sample of
known mass into the detection chamber, freezing it onto the
mylar sheet, and exposing it to a vacuum of 10-5 mmHg main-
tained by the Zeolite pellets. After an exposure of 14 hours
the sample was removed and its mass redetermined using the
gas handling manifold. The difference between the initial and
final mass measurements indicated that 2.16 * .06 X 184 gm
of xenon were lost during the period of exposure.

The experimentally determined loss rate, 4.3 % .1 X 10-7
‘gm/sec, agrees reasonably well with the pump rate predicted
from a model of the situation (see Appendix A). At this rate,
a standard cm3 of xenon would be removed in less than three
hours. Although orders of magnitude less severe tha.. the
sublimation rate, the loss rate is far too fast for practical
application of this configuration. For this reason the de-

tection chamber was modified as described in the Eguipment

section.

Modified Detection Chamber

Exposure Loss and Handling Loss. In the modified version

of the detection system, xenon samples are isolited from the
pumping action of the Zeolite pellets by a mylar window. The
exposure loss for a sample should, if there are no leaks in

the system, be zero. To determine whether or not there is an
exposure loss, a sample of xenon was introduced into the gas
handling manifold and its mass determined. The sample : :s then

transferred to the detection system and frozen in the sample

chamber. This status was maintained for 14 hours, then the
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sample was removed and its mass redetermined. Within the

precision of gas-handling-manifold measurements, there was

no change in the sample mass.

The minimum change in a xenon sample which can be
measured with the gas handling manifold is 9.7 x 10 ° gm.
Assuming the worst possible case for these experiments leads

to an exposure loss of 1.4 x 10~ °

gm/hour and a handling loss
of 9.7 x 10”’ gm/cycle.

Background. Background radtation was measured with the
system configured as for a sample analysis. Overnight back-
ground runs of 40 ksec were stored on the MCA and the total
counts for the run stored on the scaler using the SCA output
terminil of the MCA. Background runs showed no significant
peaks and an even distribution over the entire spectrum. The
average background radiation level was 0.07 CPM/keV from 8
to 240 keV.

ﬁhl31m Spectrum and Resolution. A Xe13lm spectrum

typical of those obtained during this study is shown in
Figures 9 and 10. The low energy tailiig of the internal
conversion peaks due to self absorption and absorption by

the mylar window is evident in Figure 9 which shows the
entire spectrum of Xe131m from 8 to 180 keV. The count

level due to natural radiation background can be seen at

the high end of the spectrum, and the background level from
the internal conversion elactrons, due primarily to scatter
in the detector, can be seen between the internal conversion
electron peaks and the X-ray peaks. Figure 10 is an expanded

131

view of tbe Xe i x-rays and {iscloses the presence of peaks
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at 21.6 keV and 22.0 keV which may be Ag x-rays.

The resolution shown in the figures is typical of the
system, specifically, 0.749 keV at 33.6 keV. The initial
resolution of the system was somewhat better than this, how-
ever, due to circumstances the detector had to be temperature
cycled several times and a slight degradation of system res-
olution was introduced by each cycle.

Repeatability and Efficiency. A visual inspection of

xenon deposited in the sample chamber of the modified detection
system disclosed a variation in deposition profile with time.
Xenon deposited in the chamber immediately after £illing the
liguid nitrogen trap would deposit as a spot on the center of
the cold finger tip. As time went on, the temperature of the
stainless steel walls of the chamber became colder and the
xenon deposit redistributed itself until it covered both the
cold finger tip and the walls of the chamber. Finally, after
the chamber had been cooled for about a half hour, the deposit
covered the cold finger tip, the walls of the chamber, and a
portion of the mylar window. An area of concern was what effect
these variations in xenon deposition profiles would have on the
repeatability of measurements. To determine if there is an
effect, a series of twenty measurements was obtained from a
single radioactive sample that was cycled between each measure~
ment. The raw data and method of analysis is presented in
Appendix C. Since the counting data does not follow the
expected Poisson distribution, it is concluded that differences
in deposition profiles do introduce significant statistical

variations. The repeatability of the measurements, as determined
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in the appendix for the number of counts in the K X-ray peaks,
is * 2% for 5506 counts.

The sample used in the above experiment was from a
calibrated source which permitted the computation of efficiency
from the known activity of the sample and the average count
rate of the data. The number of counts produced by internal
conversion electrons in the electron peaks plus tailing was
determined from:

Nice T Mpotal T Mx-ray T Ny - Nhbg w8l
where

NICe = total counts for internal conversion electrons

total counts in entire spectrum

Total”
x-ray= total counts in x-ray peaks.
Ny= counts in gamma peak
Nnbg= counts from natural radiation background

The efficiencies determined were 3.0 * .4% for xenon K X-rays

and 14 * 2% for Xe13]m internal conversion electrc:s.

Self Absorption. The effect of self absorption of in-

ternal conversion electrons can be seen in Figure 11 which
shows the K internal conversion electron peak of Xel3lm. The

131m

top spectrum was obtained with a Xe sample containing a

total of 1.09 x 10-2 gm of xenon at a radiocactive concentration
of 12.8 x 104 DMP/std. cm3. The bottom spectrum was obtained
with 8.27 x 10”4 gm of xenon in the sample at the same con-
centration. Both spectra have the same total count under the
peak plus tailing at the low energy edge of the peak. To find

the relative eifect of self absorption with variation in total

mass of xenon, several samples containing different masses of
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1.09 x 10-2 gm of Xe at

12.8 x lO4 DPM/std. cm2

.

&% NI LR Y
SR A g

RELATIVE COUNT PER CHANNEL

1

400

CHANNEL NUMBER

8.27 x 10 ¢ gm of Xe at

12.8 x lO4 DPM/std. cm3

ooy .
._ﬁﬁWﬁﬁ?§$ﬂ&m-“,&

RELATIVE COUNTS PER CHANNEL

i

500

CHANNEL NUMBER

Figure 11. Effect of Self Absorption on Kﬂf&ernal
Conversicn Flectron Peak of Xe ¢
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Xenon were counted until the same total counts were reached.

All samples were from a source of known radioactive concen-
tration. The results are shown in Figure 12 in the section
on System Characteristics. The parameter of comparison is
the height of the K internal conversion electron peak rel-

ative to its low-energy tailing background.
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V. System Characteristics

The purpose of the various experiments and theoretical
calculations performed in this study was to establish the
characteristics of the detection system. For the two config-

urations considered, the following parameters were established.

Original Detection Chamber 3

3

Exposure Loss .... 1.55 ¢ 0.03 x 10 - gm of Xe/hour

Modified Detection Chamber

6

Exposure Loss .... < 1.4 x 10 ° gm of Xe/hour

Handling Loss .... < 9.7 x 10-7

GARREeRE COBE oee ~ 6 X 1D gm of Xe (see Appendix B)

gm of Xe/cycle

Resolution ....... 0.749 keV FWHM at 33.6 keV

Repeatability .... * 2% at 5506 counts for the K x-ray
peaks (see Appendix C)

Background ....... 0.07 CPM/keV from 8 to 240 keV
K X-ray Effo CECEC R 3.0}i 04%
TER BEEs oo sowecs b B i

Self Absorption .. Figure 12

Minimum Activity . Figure 13 (see Appendix D)
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SAMPLE MASS (mg)

ButTTeL/3YybToH Yeed UOIIO8TT UOTSIIAUCD TPUIDIUI-N

Figure 12. Relative Effect of Self Absorption as Measured by the Ratio

of Xel3lm K-Internal Conversion Electron Peak Height to Tail-

4 3

ing for Different Masses of Xenon at 5.3 x 10  DPM/std. cm™.
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VI. Discussion, Conclusions, and Recommendations

o -

The purpose of this study was to develop a system
which employs a cooled SiLi detector, and to assess the
practicality of its use for the quantitative analysis of
radioactive noble gases, particularily, the analysis of
low-activity samples.

Based on theoretical considerations and experimental
data the system as originally constructed was proven imprac-
tical due to the excessive sample-loss rate. The modified
version shows promise, but further analysis is needed.
Specifically, in-depth analysis of electron absorption
and repeatability are required.

If repeatability can be established, the system as it
stands could be used for the quantitative analysis of singlsz
noble gas radionuclides by either x-ray spectroscopy or
internal conversion electron detection. In a ten-hour count-
ing period, a significance level of 5% could be established

for a Xel3lm

sample activity of about 25 DPM by internal
conversion electron detection or about 90 DPM by x-ray spec-
troscopy. The required activity for other radionuclides
would vary, of course, with the decay characteristics of the
radionuclide. Quantitative analysis of mixed samples could

be accomplished with x-ray spectroscopy, but would be extremely

difficult by internal conversion electron detection due to the

degradation of electron peaks.

It is strongly recommended that further work in this
area be pursued. The hardware and software necessary for

further .analysis is available and in proven working condition.
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Further analysis of the existing system could therefore be

accomplished without difficulty. It is, however, recommended
that certain modifications to improve the system and facil-
itate analysis be first considered.

The modification shown in Fiqure 14 would not involve
extensive reconstruction and would improve the system as
follows. The area of sample deposition would be much better
‘defined and therefore reduce the effect of variation in
deposition profiles. The improved geometry would increase
~the geometric factor and therefore the efficiency. The
inherent loss would be reduced by the decrease in sample-
chamber volume. Since the detector would be completely
isolated, the protective mylar sheet across the face coule
be removed and removal of this absorber would decrease
the degradation of the electron peaks. The detection

chamber would be coupled directly to the gas handling

manifold, eliminating the clumsy and time-consuming process

of transfer by break-seal tubes.
The above factors would certainly lead to improved
efficiency and hence, a reduction in required counting
time for a given activity. 1In addition, the internal
conversion peaks may become well enough defined to allow
their use for the guantitative analysis of mixed samples.
Other configurations are possible, but may depend on
unexplored factors. For example, if a vacuum seal could be
established between the face of the detector and the re-
mainder of the system, the sample could be deposited directly

on the detector face. Removal of the sample would then
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require cryogenic pumping at a temperature lower than that
of liquid nitrogen.

Another possibility for consideration is using the
system for x-ray spectroscopy and eliminating the internal
conversion electrons with an absorber. 1If this could be
accomplished in the present system the improvement in
minimum detection level would be that shown »ny the "x-ray,
‘electrons suppressed" curve in Figure 13. As shown on the
curve, a significance level of 5% could be established for

i Xel3lm

sample activity of 3 DPM in a counting period of
10 hours. In addition, if the system were geometrically
optimized for x-ray detection,”a geometric factor of 2n
could be approached, improving the present efficiency by
about a factor of three.

The potentials of this system for the guantitative
analysis of radiactive noble gases can be improved. It

is therefore urged that further analysis be performed and

further modifications and improvements be explored.
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Appendix A

Pump Rate Determination

To determine the pump rate for a particular situation,
it must first be established what type of flow is involved.
The Knudsen number can be used to establish the flow charac-
teristics. According to Dushman the limits of the Knudsen
‘number which deliniate the ranges of flow type are as follows:
when La/a < 0.01 the flow is viscous
when La/ > 1.00 the flow is molecular

a

when 0.1 < La/a < 1.00 the flow is in the transition
range

1/2
L = 8,589 i (%) cm (9)

a Pmm

characteristic dimension
viscosity in grams/cm-sec
average pressure in mmHg
temperature in °K
M = molecular mass in grams (Ref 1:81)
The gas handling manifold was used in this study to
approximate the sample configuration in the original con-
struction of the detection chamber. That is, xenon deposited
on an area of 5.1 cm2 and exposed to a vacuum of 10-5 mmHg
maintained by Zeolite pellets. The gas~handling manifold
configuration is shown in Figure 15. For the situation
shown, La/a is 11.3 which implies molecular flow predominates.

Then, for molecular flow in a cylindrical tube whose lengv..

is about 100 times the radius:
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3 . 1/2
F=30.482 (% liters/sec  (Ref 1:88) (10)

In this case, F = 0.0383 liters/sec and a liter of xenon at

3

0.95 x 10”° mmHg and 295°K contains 6.71 x 10 ° grams. The

pump rate is therefore 2.57 x 10’ gm of Xe/sec.

1.9 x 10™° mmug

Xenon Deposit,
L
mj about 5.1 cm2 in Area

Figure 15. Pump Rate Configuration
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Appendix B ;

Inherent Loss

The procedure for introducing a xenon sample into
the detection system and removing it again is as follows.
1) The break-seal tube containing the sample is

coupled to the system and the upper portion
evacuated.

L

2) The seal is broken and the sample transferred
into the detection system by cryogenic pumping.

3) The used tube is removed and a new break-seal
tube is coupled to the system.

4) The tube is evacuated and the sample transferred
back by cryogenic pumping.

5) The tube is flame sealed and removed.

Since cryogenic pumping is used, xenon vapor will permeate

the total volume involved. If a portion of the volume is
removed, xenun will be lost in proportion to the.vapor
pressure and the volume lost. 1In the above procedure,

the volume lost includes the volume of a break-seal tube, (3)
and the volume of the detection system plus the upper portion
of a break-seal tube, (5). The average volume of the break-
seal tubes used in this study was about 30 cm3. The voluiue
of the valving arrangement and sample chamber is about 8 cm3.
The vapor pressure of xenon at the cryogenic pumping tem-

perature is 1.9 x 10-3 mmHg. The inherent loss is, therefore,

o [
on the order of 6 x 10 ; gm of Xe, but will vary with the .

volume of the break-seal tube used.
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Appendix C

Effect of Deposition Profile

The data from the experiment to determine the effect

of deposition profile is given below.

Table III

Deposition Profile Date

Counts in X-ray Peak Elapsed Time Relative Decay-
(min) Corrected Counts

5431 0 5431
5397 14 5401
5410 27 5419
5398 41 5411
5452 55 5470
5527 69 5550
5553 82 5580
5214 96 5243
5585 5622
5494 5534
5472 5517
5639 5691
5548 5604
5518 5578
5605 5671
5554 5624
5382 5455
5441 5520
5355 5437
5277 5362

1
2
3
4
5
6
7
8
9
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2 1/2

I (ng - n)
i =
s_ = —— = 113 (12)

If the deviation in measurements is due only to the
statistical nature of the decay process, one would expect

the data to follow a Poisson distribution, ie:

c=v n and 0.1 < Px(xz,v) < 0.9
.For the data set:

o= /—?;

i

74

N
(o
3
[
!
3
L

= 2,32 (13)

124

2
PX(XV' V) 0.001

The extremely low value of PX and ¢ much less than s, implies
the data set does not follow a Poisson distribution. There-
fore, statistical fluctuations are probably being introduced
by variations in the deposition profile. The repeatability
for the number of counts in che K x-ray peaks for the set

of data is * 113 or * 2% for 5506 counts.
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Appendix D

Minimum Activity

To determine the counting time required to detect a
given sample activity, the criteria of a significance level
of 5% for the difference between counts in the peak plus
background and background alone is used. The rcelations

‘used for a significance level in detection of the K

Ao
peak are:
(N, = N ) = 20 L (14)
t b (N, = N)
|
2
o ‘ = VN _° +°N (15)
(Nt Nb) t b
o e v/ N (16)
Nt t
o, =V N (17)
Nb b
where #
Nt = number of counts in Ka . peak plus ]
background L7732

Nb = number of counts in background

The following relations also hold: !

.
Aexft * tRn + tR .

R bg ebg

t

nbg * R

ebg
where
A = activity of sample
€y = efficiency of system for Xe K X-rays

f = no. of Ka o. Per disintegration of

1'%2
ge131m ,
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t = counting time

Rnbg = natural background count rate

= background count rate due to internal

R
ebg :
conversion electrons

Combining and transforming the above equations leads to:

4(Aexf + 2Rnbg + ZRebg)

2
(Aexf)

t =

A similar eguation can be derived for the internal
conversion electron peaks, then for a given sample activity
the counting time required to establish a significance
level of 5% can be calculated. The curves shown in Figure 13
of the System Characteristics section have been calculated
from these equations and system/spectrum parameters based

LA sample containing 8.27 x 10-4 gm

4 DPM/std. cm3. The

on the spectrum of a Xe
of xenon at a concentration of 12.8 x 10

"x-rays" curve is based on detection of the K x-rays,

)

the "electrons" curve is based on detection of the K internal
conversion electrons, and the "x-rays, electrons suppressed"
curve is based on the detection of the Kal,az x-rays with the
conversion electrons completely eliminated by an absorber.
The pertinent parameters are:

KeV/Ehannel  .sicecscssssss 0:224

131m
e

no. K /X dis ... 0.592 x 0.817 (Ref 11:570)

dis s s 8 & @ 00681
5010 0G0k, o 0 Ola 0 Jicagi ol .. 0.07 CPM/keV
E e & & 5 & 5 " 8 ® & & 5 5 " 08 s 0 0 s 3%

14%
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Width of K Peals w sEieEe 10 channels
Q4,0
i |
Rebg at Kal,cxz POl Zegihes i 10 CPM/ch.
width of KICe X SEVRE ol o5 ololor o' 57 channels
R at KICe POBIE i uprpaass 7.8 CPM/ch.
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Appendix E

Gas Handling Manifold

The gas handling manifold was designed and built to
provide the capability of precise mass measurement, dilution,
combination, and/or division of gas samples as required for
the evaluation of the detection system. A picture of the
manifold is presented in Figure 6 and a sketch with the
important details labeled is presented in Figure 16. Arabic
numerals indicate valves and the lettered items are as
follows:

Section of manifold whose volume is calibrated
Section of manifold whose volume is calibrated
Cold finger

Cold finger

Ion tube

Liguid nitrogen trap

Diffusion pump

T o0 ™ moouo 0o wo»

Transducer for Pace gauge

H

Hastings gauge
J Cylinder of non-radiocactive xenon
K Argon line
L Coupling for break-seal tubes
A brief description of the procedure for introducing
a sample into the manifold and determining its mass follows.
1) With all valves open except 4, 7, and 8 evacuate

the manifold with the diffusion pump and liquid
nitrogen trap.

49 |
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Figure 16. Gas Handling Manifold
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2) Attact the break-seal tube at coupling L, open
valve 4 and evacuate the upper portion of the
tube.

Close all valves except 1, 2 and 4 and cool cold
finger C with liquid nitrogen.

Break the seal in the tube. The xenon will
transfer into the manifold and freeze in cold
finger cC.

Close valve 4 and allow cold finger C to warm
up to room temperature. The pressure of the
gas can then be measured with the Pace gauge.
Since the temperature, pressure and volume
occupied are known, the mass of the sample
can be calculated.

Open valve 5, cool cold finger D and transfer
the sample out of section A. After transfer,
close valve 5, remove old break-seal tube,
attach a new tube, open valves 3 and 4 and evac-
uate the new tube.
Close valve 3, cool the new break-seal tube with
liquid nitrogen, open valve 5 and allow the sample
to transfer into the new tube.
Keeping the sample frozen in the bottom of the
tube, seal the tube off with a torch. Valve 4
can then be closed and the tube disconnected
from the system.
Calibrated section B can be used in conjunction with section
A to measure large samples or to divide samples. The con-
nection provided to the non-radioactive-xenon cylinder allows
dilution of samples if desired and the argon line provides
a means of flushing the system. The diffusion pump in con-
junction with the liquid nitrogen trap allows evacuation of
the manifold to 10~ ' mmHg as measured with the ion tube

and the pressure range of the Pace Pressure gauge is ~ 10 to

250 mmHg with one side of the differential transducer refer-

enced to 10-7 mmHg through valve 2. 1In addition, the Hastings

gauge allows measurements of pressure in the manifold in the

uHg rangé.
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the evaluation of the system is the xenon radionuclide Xel3lm,
Experimental data and theoretical considerations are used to
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establish the relevant characteristics of the system.- Extapolation
of data indicates that in a 10 hour countfn? time, a significance

level of 5% could be established for a Xel3Im gample activity of

about 25 DPM by internal conversion electron detection or about
90 DPM by x-ray spectroscopy.
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