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We describe an undergraduate physics laboratory experiment that uses a 2-inch diameter NaI gamma

detector to measure natural radiation in soils. Students first calibrate the detector for the source-

detector geometry, energy-dependent detection efficiency, and sample self-absorption. Then, the

activity of the 238U and 232Th decay series, as well as the activity of 40K in the soil, are measured.

The results are comparable in accuracy to those obtained using a high-resolution germanium gamma

detector. # 2021 Published under an exclusive license by American Association of Physics Teachers.

https://doi.org/10.1119/10.0003490

I. INTRODUCTION

Gamma spectroscopy is a fairly common laboratory exer-
cise in the undergraduate physics curriculum. In a previous
article, we described an experiment to measure gamma radi-
ation from environmental samples using a high-resolution
germanium detector.1 The experiment has been a favorite
for our students, who we have found are curious about the
amount of radiation in their environment and enjoy testing
different soils in their neighborhoods. However, due to their
high cost, high-resolution gamma detectors are not typically
a part of the undergraduate instructional laboratory. More
common are medium-size 2-inch diameter sodium iodide
(NaI) gamma detectors. As a comparison between these two
types of detectors, the resolution for the 662 keV photopeak
of 137Cs is 6:6% for our NaI detector and 0:19% for our ger-
manium detector. Unfortunately, due to the lower resolution
of the NaI detector, many of the gammas emitted from the
naturally found isotopes of the 238U and the 232Th series
cannot be resolved, and the methods used in Ref. 1 cannot
be applied. However, as we will show, using a 2-inch NaI
gamma detector, one can do a meaningful physics labora-
tory experiment, where the students measure the main
sources of terrestrial gamma radiation in their environment,
i.e., 40K, the 238U and the 232Th decay series, and learn how
to calibrate the detector for efficiency and sample self-
absorption.

There are two features that make the analysis possible.
First, there is an emitted gamma from each of the decay
series that is resolvable with the NaI detector. For the 238U
series, the isotope 214Bi emits a gamma with energy
1764 keV, while for the 232Th series, the isotope 208Tl emits
a gamma with energy 2614 keV. The 1461 keV gamma from

40K is also clearly observable in the spectrum. In Fig. 1, we
show the gamma spectra acquired from our 2-inch NaI detec-
tor with and without a soil sample present. Each of the three
peaks are labeled in the figure and can be fitted by Gaussian
functions to determine the count rate. Second, the energy
dependence of the detection efficiency and self-absorption
by the sample obey an approximate power law relationship
between 511 and 2614 keV. This empirically obtained rela-
tion enables one to compare count rates of gammas with dif-
ferent energies.1

The relationship between the gamma count rate C and the
isotope activity A is given by C ¼ AYSsðEcÞ�ðEcÞ, where Y is
the gamma yield, �ðEcÞ is the detector efficiency, and SsðEcÞ
is the self-absorption factor for sample “s.” The gamma yield
is the probability that a gamma of energy Ec is emitted when
the isotope undergoes a decay. The efficiency �ðEcÞ depends
on the size of the detector, the detector-source geometry, and
the energy Ec of the gamma. The self-absorption factor
SsðEcÞ corrects for gammas being absorbed in the sample
and not reaching the detector; SsðEcÞ depends on the energy
Ec of the gamma as well as the density, size and shape of the
soil. To a good approximation, the energy dependence of the
product SsðEcÞ�ðEcÞ follows a power law relationship,1

Ss� / Eb
c , which allows one to relate the count rate to the iso-

tope activity via C / AYEb
c . In order to have the proportion-

ality constant to be unitless, we express this relationship as

C ¼ AYSs
1461�1461

Ec

1461 keV

� �b

; (1)

where we have defined Ss
1461 � Ssð1461 keVÞ and �1461

� �ð1461 keVÞ. The constants �1461, Ss
1461, Y, and b are unit-

less. The quantities C and A have the dimensions time–1 and
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Ec has units of keV. The product Ss
1461�1461 is the probability

of detecting a 1461 keV gamma emitted by the soil sample,
averaged throughout the soil volume. We have chosen
1461 keV since we will use a KCl sample with the same
detector-source geometry as the soil to determine the product
SKCl

1461�1461.
In Sec. II, we describe a classroom experiment in which a

soil sample is characterized using the NaI detector. We will
show results for two different soil samples that have different
densities: a soil sample from a backyard near our university,
and a more dense desert soil from Nevada.

II. CLASSROOM EXPERIMENT

The classroom experiment we have developed takes place
over two three-hour laboratory sessions. In the first session,
students calibrate their NaI detector, i.e., determine b and
Ss

1461�1461 in Eq. (1). A week later in the second session, the
students analyze the soil samples. To carry out the analysis,
students use the following equipment: A 200 NaI gamma
detector connected to a multichannel analyzer is used to col-
lect the gamma spectra.2 To verify the power law relation of
Eq. (1) and to estimate the exponent b, we use three common
isotope disk sources: 207Bi, 22Na, and 60Co. The disk sources
are essentially point sources of radiation. They each have an
activity of around 1 lCi and do not need to be calibrated.
Identical containers are used for the soil samples and a KCl
calibration sample. Each container has a volume of around

1000 cm3 (32 oz), and the containers are filled with the same
volume of material.

For the first session, each group of (two or three) students
has its own NaI detector, soil sample, and KCl calibration
sample. We have enough NaI detectors to handle eight stu-
dent groups at once. The three disk sources are shared among
the groups. We run the experiments using an inquiry-based
approach, which leads to active classroom discussions and
sharing of ideas.

A. Determining the exponent b

The students’ first task is to determine the energy depen-
dence of the product SsðEcÞ�ðEcÞ. As shown in Ref. 1, a nice
method for determining SsðEcÞ�ðEcÞ is to examine the count
rate divided by the yield, i.e., C/Y, for gammas emitted from
isotopes that emit more than one gamma and have the same
detector-source geometry.

To compensate for the lower resolution of the NaI detec-
tor, the students use small disk sources to examine the
dependence of SsðEcÞ�ðEcÞ on the energy Ec and to estimate
the exponent b. For this analysis, each source needs to emit
two or more gammas. The most common sources available
for this purpose are 207Bi, 22Na, and 60Co, which emit three,
two, and two gammas, respectively. The gamma energies
and yields for these disk sources are listed in Table I. Data
are collected as follows. First, the soil sample is placed up
against the detector. Next, a reading is taken with one of the
sources behind the soil. The soil is then removed, keeping
the source at the same location, and another reading is taken.
A diagram of the student setup using the disk sources is
shown in Fig. 2. In each case, sufficient counts can be
obtained in 10� 15 min. Six spectra are acquired in all: each
of the three sources without the soil attenuation and each
source with the soil attenuation.

For each source D, we use the following formula for the
count rate CDðEcÞ as a function of the gamma energy Ec:

CDðEcÞ ¼ CD1461Y1Yc
Ec

1461 keV

� �b

; (2)

CDðEcÞ
Yc

¼ CD1461Y1

Ec

1461 keV

� �b

; (3)

where CD1461Y1 and Yc are constants for each source D. Yc is
the gamma yield, and CD1461Y1 is the count rate that would
be measured if the source D emitted a gamma with energy
1461 keV and yield 1. We use this ansatz to assist in

Table I. Isotopes and their corresponding gamma energies, Ec, and yields Y
for the three disk sources. The values are from Ref. 3.

Isotope Ec (keV) Yield

207Bi 570 0.977

… 1064 0.745

… 1770 0.0687
22Na 511 1.80

… 1275 1.0
60Co 1173 1.0

… 1332 1.0

Fig. 2. Picture of a student’s setup with soil and disk source. The NaI crystal

and the soil sample are drawn to scale. The source is the small disk behind

the soil.

Fig. 1. Soil spectrum, plotted as solid triangles, and background spectrum,

plotted as solid circles. The background spectra is a reading without the soil

present. The collection time was 24 h for both spectra.
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measuring the attenuation of a 1461 keV gamma through the
soil (see Appendix B). The students first measure the counts
CD from the gammas emitted from each of the three disk
sources without the soil attenuation. The seven values of
CD=Yc are fit with four parameters (the common exponent b,
CBi1461Y1; CNa1461Y1, and CCo1461Y1) using a linear regres-
sion6 method or a weighted v2 search routine.4 ,7 A typical
graph of CD=Y without soil attenuation is shown in Fig. 3(a).
As can be seen from the graph, the measurements without
the soil present demonstrate that �ðEcÞ is well approximated
by a power law function in the energy range 511! 1770
keV.

The next task is to get an estimate of the exponent b for
the soil sample. Absorption of the radiation in the soil sam-
ple is an important factor, since lower energy gammas are
absorbed more than high energy ones. To examine the
degree of self-absorption, the students analyze CD=Y for the
three spectra with the soil attenuation. In Fig. 3(b), we dis-
play a typical result for CD=Y with the soil between source
and detector. As one can see, remarkably SsðEcÞ�ðEcÞ also
obeys a power-law function even after the radiation travels
through the soil. By comparing the two graphs, one sees that
the soil shields out around half of the gamma radiation at
511 keV, but only around a third at 1770 keV. The exponent
b changes from –1.08 to –0.67 due to self-absorption. The
correct value for b lies somewhere between these two
extremes. For simplicity, one can take an average of the two
values: b ¼ ð�1:08� 0:67Þ=2 � �0:88. In Appendix A, we

estimate the accuracy of this simple approach and discuss
other options. We find that the amount of self-absorption and
hence the value of b depends mainly on the density of the
soil sample. In Table II, we list the values of b for the back-
yard and desert soils.

B. Determining the efficiency constant �1461

To determine the calibration product Ss
1461�1461, students

measure a sample of potassium chloride KCl in an identical
container filled with the same volume as the soil sample.
Using the natural abundance of 40K, which is 0.000117, the
activity of the KCl sample is calculated. The product
SKCl

1461�1461 can be determined by a measurement of the count
rate. For example, our KCl sample has a mass of 863 g. One
first determines the number of moles in the sample from the
molar mass of KCl (74:55 g=mole). Since each molecule
contains one potassium atom, the number of 40K nuclei is
NK40 � ð863=74:55Þð6:02� 1023Þð0:000117Þ � 8:15� 1020

nuclei. The activity of 40K in the sample is determined from
AK40 ¼ NK40 ln ð2Þ=s, where s is the half life of 1:248� 109

years. In our case, AK40 � 14360 Bq. The gamma yield for
40K to emit a 1461 keV gamma is 0.1069. Thus, the rate of
1461 keV gammas emitted by our KCl sample is around
1535 gammas/s. Students record the KCl data for 30 min as
well as an ambient background spectrum for 30 min. A
recent count rate minus background for the 1461 keV photo-
peak of the KCl sample was 9018 counts/(30 min), which
gives SKCl

1461�1461 � 0:00326. However, for our soil measure-
ments, we need the value of Ss

1461�1461. Since the density of
the KCl sample is different than the soil sample, there is a

small difference between Ss
1461 and SKCl

1461. In Appendix B, we
estimate this difference in self-absorption between the soil
and the KCl sample at Ec ¼ 1461 keV. For the backyard sam-

ple, we have Sbackyard
1461 =SKCl

1461 � 0:93. With this value, we obtain

a value for Sbackyard
1461 �1461 � 0:93ð0:00326Þ � 0:00303 with a

statistical error of around 1%. The calibration of the detector is

Fig. 3. (a) Graph of CD=Y for the disk sources without the soil. The log-log graph, with a common slope of b0 ¼ �1:08 for each isotope, demonstrates that

�ðEcÞ is well approximated by a power law function in the energy range 511! 1770 keV. The equation is for the 207Bi source. (b) Graph of CD=Y for the disk

sources with soil attenuation. The common slope bs in this case is –0.67. Note that the value of CBi1461Y1 without the soil is 81 000 counts and with the soil pre-

sent is 49 600 counts, resulting in a value of f of 0.61 for the backyard soil sample.

Table II. Calibration parameters b and Ss
1461�1461 for the two soil samples.

Parameter Backyard Soil (1300 g) Desert Soil (1790 g)

b0 (no soil) –1.08 –1.08

bs (with soil) –0.67 –0.51

bave –0.88 –0.80

b [Eq. (A2)] –0.97 0.93

Ss
1461�1461 0.00303 0.00267
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now complete. For the backyard soil, the count rate C is related
to the activity A in the soil by

C ¼ AYð0:00303Þ Ec

1461 keV

� ��0:88

: (4)

In Table II, we compare the calibration parameters for
the two soils to show the effect of density on b and
Ss

1461�1461.

C. Measuring the soil sample

Once the calibration is done, students can analyze the soil
sample. Since this sample hopefully has only a small amount
of gamma radiation, one needs to collect data for a long time
with exceptional shielding. The setup for the soil sample
measurement is shown in Fig. 4. We have only one such
experimental station since it is not practical to have more
than one heavily shielded detector setup. It is absolutely crit-
ical to have good shielding from background radiation when
measuring the soil sample. The shielding shown in Fig. 4
results in a signal (soil) to background (no soil) ratio of 3.5
for the 1461 keV peak. During the one week between lab ses-
sions, gamma spectra are collected by the instructor for 24 h
for each soil sample as well as one background spectrum. In
order to have the 2614 keV gamma fit into the spectrum, we
needed to lower the amplifier gain and high voltage setting
of the photomultiplier from those used by students for the
disk source and KCl measurements. We lowered the ampli-
fier gain from 1.2 to 0.55 and the high voltage from 900 V to
690 V. It is easier for students to measure the disk sources if
the highest energy of 1770 keV is around channel number
850 so that the photopeaks are spread out across the entire
1024 channels of the multichannel analyzer. We have

checked that the two settings result in the same values for
the calibration parameters b and SKCl

1461�1461.
Students determine the area under the three photopeaks

of Table III using a Gaussian plus background function as in
Ref. 5 for both the soil spectra and the no-soil spectra. After
subtracting the count rate of the no-soil photopeak from the soil
photopeak, the calibration given in Eq. (1) is used to determine
the activity of radioactive isotopes in the soil in units of Bq and
Bq/kg. The percent of potassium by weight in the soil is also
determined. In Table IV, we display data for the backyard soil
sample, with statistical errors, from a student experiment. Since
the decay series are in secular equilibrium, the activities listed
are the activities of 238U and 232Th.

III. DISCUSSION

Although the statistical errors are relatively small, there
are systematic uncertainties that can be important. Below,
we mention some of these errors and comment on other
aspects of the experiment. Many of these ideas are brought
up in our classroom discussions.

(1) The exponent b is a critical parameter in the soil analy-
sis. The measurements to estimate b use disk sources
that have gammas with energies between 511 and
1770 keV. However, the three gammas that are measured
in the soil analysis have energies of 1461, 1764, and
2614 keV, and calibration is done at the energy
1461 keV. For the 232Th series measurement at
2614 keV, we need to extrapolate out to 2614 keV and
errors in b can become important. Since 1764 keV is
only around 20% larger than 1461 keV, uncertainties
in the exponent b do not affect the ratio
(Ssð1764Þ�ð1764ÞÞ=ðSsð1461Þ�ð1461ÞÞ significantly. The
effect will be larger for the relative efficiency ratio
ðSsð2614Þ�ð2614ÞÞ=ðSsð1461Þ�ð1461ÞÞ since 2614=1461
� 1:79. In Appendix A, we determined that b should lie
between bave and b [Eq. (A2)]. For both soils, this range
is 10% of bave. Suppose our estimate for b is off by 10%,
say –0.9 instead of –1.0. Then the ratio
ðSsð2614Þ�ð2614ÞÞ=ðSsð1461Þ�ð1461ÞÞ would have an
error of ð1:79�1 � 1:79�0:9Þ=1:79�1 � 0:06 or 6%.

Table III. Isotopes and their corresponding gamma energies, Ec, and yields

for the soil analysis. The data are from Ref. 3. Note for 208Tl we list the

effective yield as discussed in the text.

Isotope Ec (keV) Yield

40K 1461 0.1069
214Bi (238U series) 1729.6 0.0288

… 1764.5 0.153

… 1847.4 0.0203
208Tl (232Th series) 2614.5 0:3594ð0:9975Þ � 0:3585

Fig. 4. Soil measurement setup. When the spectrum is collected, bricks are

added to cover up the sample and detector. During collection, the sample

and detector are completely shielded by 5 cm of lead.

Table IV. Results of the Backyard soil analysis. The activities A are calculated using Eq. (4). The errors listed are statistical only. Note that the counts with the

soil are around three times background (without soil).

Isotope Ec (keV) Soil (counts=24 h) No-Soil (counts=24 h) A(Bq) Per Mass

40K 1461 35150 6 190 9254 6 96 925 6 9 2:2% K by wt
214B (238U series) 1764.5 1080 6 33 330 6 18 AU238 ¼ 2262 17 Bq/kg
208Tl (232Th series) 2614.5 3398 6 58 1078 6 33 ATh232 ¼ 4162 31 Bq/kg

650 Am. J. Phys., Vol. 89, No. 6, June 2021 Aguilar et al. 650



(2) If one is interested in the activities of 238U and 232Th
from measurements of the isotopes 214Bi and 208Tl, the
respective series must be in secular equilibrium and the
appropriate yield must be used. In the 238U decay series,
the isotope 222Rn, which is an inert gas with a half life
around 3.8 days, comes before 214Bi. In order to keep the
gas from escaping the soil, as it does in nature, one needs
to ensure that the container is “air tight” for few half-
lives of 222Rn.1 For the 232Th decay series, 220Rn has a
half life of only 55 s, so this is not a problem. However,
even in secular equilibrium 208Tl does not have the same
activity as 232Th. In the decay series of 232Th, 212Bi
undergoes beta decay to produce 208Tl. The probability
for this beta decay is 0.3594. Thus, one needs to multiply
the gamma yield for 208Tl to emit a 2614 keV gamma,
which is 0.9975, by 0.3594. The product of these two
probabilities, as shown in Table III, is the effective yield
for the decay of 212Bi to result in emission of a 2614 keV
gamma.

(3) An isolated photopeak is fitted well by a Gaussian func-
tion containing three parameters, a peak center, peak
height, and peak width. To fit the spectral data, this
Gaussian function needs to be added to a background
function. The determination of the counts under the pho-
topeak will to some extent depend on the choice of this
background function and the range of channels for the
fit, the fitting window, and hence add some systematic
error. In our lab, we have written our own programs to
guide students in determining the counts under a photo-
peak. Our choice of background function is described in
Ref. 5.

(4) Since the density of the KCl standard sample is different
than the soil, the amount of self absorption will be different
for the 1461 keV gamma in the KCl sample than the soil.
In Appendix B, we develop a method to correct (approxi-
mately) SKCl

1461 for this effect. We note, that the product
Ss

1461�1461 is only needed if one wants to measure the abso-
lute activity. The activity ratios are independent of
Ss

1461�1461. Also, another way to estimate Ss
1461�1461 is to

mix in a known amount of KCl uniformly in the sample.1

(5) As shown in Table III, there are two gammas emitted by
214Bi, from the 238U decay series, that have energies near
1764 keV. To account for the small amount of radiation
from these two “side” gammas, we fit the spectrum near
the 1764 keV photopeak with the sum of three gammas.
The spectral height S(i) as a function of channel number
i for the 1764 keV photopeak is taken to be

SðiÞ¼h 0:188eði�c1Þ2=2r2þeði�c2Þ2=2r2þ0:133eði�c3Þ2=2r2
� �

;

(5)

where h is the height, r is the width, and c2 is the
channel number of the main 1764 keV photopeak.
The numbers c1 ¼ ð1729:6=1764:5Þc2 � 0:98c2 and
c3 ¼ ð1847:4=1764:5Þc2 � 1:047c2 correspond to the
channel numbers of the two smaller side peaks scaled to
the channel number of the main peak. The factors
0:188 ¼ 0:0288=0:153 and 0:133 ¼ 0:0203=0:153 are
the ratio of the yields of the side peaks to the main peak.
We have put this special fit for the 1764 keV photopeak
into our curve fitting software.7 The 1461 keV and the
2614 keV gammas do not have any radiation within 63r
of their energies.

(6) It is not surprising that �ðEcÞ is approximately propor-
tional to Eb

c in the energy range which we consider. The
photopeak is a result of electron photoabsorption in the
NaI crystal. In Fig. 2.18 of Ref. 8, a log-log plot of the
photoabsorption probability in NaI as a function of Ec is
close to a straight line in the energy range of 500 keV to
2000 keV. Self-absorption is a result of gamma scatter-
ing and absorption in the soil sample. The average mass
attenuation coefficient of various soils also follows a
power law relation with energy Ec for energies between
122 keV and 1332 keV.9

(7) The experiment can be simplified and only affect the
results by 20% or so. One could use only the 207Bi disk
source to verify that SsðEÞ�ðEÞ obeys a power law func-
tion and to determine the exponent b. One could fit the
1764 keV photopeak with a single Gaussian function and
neglect the self-absorption correction for SKCl

1461 described
in Appendix B. One can use bave for the exponent b
instead of averaging bave and the value from Eq. (A2).
With these modifications, the experiment is still a valu-
able exercise in detector calibration and measuring radia-
tion in the environment.

IV. FINAL COMMENTS

For comparison, we list the results for the isotope activi-
ties as measured by the two types of detectors in Table V.
From the table, we see that activities determined using the
NaI detector are consistent with those from the Ge detector.
The values from both detectors are in line with values for
radioactive content in soils.10 Considering all errors, we
would place an uncertainty of 15% for our NaI detector
results.

There are other methods of calibrating the detector for a
soil analysis. If one has a calibrated soil sample, with a
known amount of potassium, 238U, and 232Th each in secu-
lar equilibrium, then one could compare unknown soil sam-
ples to the calibrated one. We could calibrate a soil sample
with our Ge detector, and have students compare their mea-
surements to this calibrated source. However, we find it
more beneficial to run the experiment without a calibrated
soil source and to have the students do the calibration them-
selves. By calibrating the detector for efficiency and sample
absorption, the students also learn about the energy depen-
dence of the gamma-electron interaction for gamma ener-
gies 500 < Ec < 2700 keV. We note that when measuring
radiation in the field, other methods of calibration are
used. In Ref. 11, a Window Analysis Method is used
instruct engineers in measuring gamma radiation in the
environment.

Table V. Comparison of the results for the activities A of the two soils using

the NaI versus the Ge detector. The activities are in units of Bq, and the

errors listed are statistical only.

Soil (Detector) A(238U series) A(232Th series) A(40K)

Backyard (NaI) 22 6 2 41 6 2 925 6 9

Backyard (Ge) 24 6 3 44 6 4 801 6 46

Desert (NaI) 48 6 2 42 6 2 745 6 10

Desert (Ge) 49 6 4 47 6 4 624 6 41
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APPENDIX A: ESTIMATING THE EXPONENT B IN

THE SOIL

The exponent b for the energy dependence of the product
SsðEÞ�ðEÞ is a critical parameter in comparing the detector’s
efficiency for the energies of the three gammas that are being
measured in the soil. Using the disk sources, the students
measure and confirm the power law function for this product
for the energy range 511! 1770 keV with the disk source
behind the soil and with the soil removed. Let the exponent
be b0 without the soil and bs with the soil present. We want
to know the energy dependence of Ss� for isotopes uniformly
distributed in the soil. We label this exponent as bsitu, i.e., b
in situ. A critical question is: how does one estimate bsitu

from b0 and bs.
To help answer this question, we use our high resolution

Ge detector, which can measure bsitu, to measure and com-
pare the values of all the exponents: b0, bs, and bsitu. Using
the same procedure as with the NaI detector, we measured b0

and bs using the disk sources for each soil sample with the
Ge detector. Then, we took a 20 h reading of just the soil
sample, as in Ref. 1, to determine bsitu. In Fig. 5, we show a
plot of the counts divided by the yield after subtracting back-
ground radiation for our backyard soil sample. The data are
fit in the same manner as the disk source data, with a com-
mon exponent b and a separate activity for the 238U and the
232Th series.1 As can be seen in the figure, the product
SsðEÞ�ðEÞ is to a good approximation proportional to E�0:96

over the energy range 583! 2614 keV, which is a remark-
able result. In Table VI, we show the results of our measure-
ments using the disk sources and the soil by itself.

One can also try and model the energy dependence of
SsðEÞ and �ðEÞ. The model we will take for the calcula-
tion is that the radiation from each part of the sample
undergoes exponential attenuation before it reaches the
detector, and that radiation hits perpendicular to the face
of the detector. These assumptions are not perfect, since
the sample is nearly a cube and not a cylinder whose
cross section is the same size as the face of the detector.
Also, radiation from each part of the sample has a differ-
ent detector solid angle. However, although oversimpli-
fied the calculation can be followed by undergraduate
students.

Let x be the distance from the center of the face of the
detector to a point along the axis of the detector. First con-
sider �ðE; xÞdx, which represents the detector efficiency for
radiation emitted from a thin slab of thickness dx perpendic-
ular to the axis without any material between the slab and
detector that would absorb the radiation. From a previous
experiment, the students have verified, using a disk source,
that the efficiency for points on the axis of the detector is
proportional to the solid angle: �ðxÞ / 1=ðxþ dÞ2, where d is
the distance to an effective center of the detector. For our 2
in. NaI detector, d � 3 cm. Also, using the 207Bi and 22Na
disk sources, we measured the exponent b0 for different loca-
tions on the axis of the detector. Remarkably, b0 hardly var-
ied at all. Only near the detector was there any change. Right
up against the detector, at x¼ 0, jb0j was only 5% greater
than at x¼ 9.2 cm. From the results of these experiments, we
model the energy dependence of � for a source on the x-axis
as

�ðE; xÞ / Eb0

ðxþ dÞ2
: (A1)

For the self-absorption factor Ss, the x dependence should
be proportional to e�ax, where a is the linear attenuation con-
stant. The energy dependence of Ss is contained in a:
SsðE; xÞ � e�aðEÞx. The attenuation constant a has a strong
energy dependence for 300 < Ec < 2614 keV. The disk
source experiments gave SsðE; LÞ�ðE; LÞ / Ebs . Thus, we
have

SsðE; LÞ�ðE; LÞ / Ebs

e�aðEÞLEb0 / Ebs

e�aðEÞ / Edb=L;

Fig. 5. Plot of Counts/Yield for the backyard soil taken with our high reso-

lution Ge detector. The data for the plot were collected for 20 h. The

log-log graph demonstrates that SsðEcÞ�ðEcÞ is fairly well approximated

by a power law relationship with bsitu ¼ �0:96 for the energy range

583 � Ec � 2614 keV.

Table VI. The exponents b using the high resolution Ge detector. The first

three rows are values obtained from the Counts/Yield measurements. The

first two are from the disk source data: b0 (no soil), bs (with soil attenuation).

The next one is the value bsitu for the two soils in the energy range

583 � Ec � 2614 keV. The last three rows are calculations using the aver-

age disk source values, Eqs. (A2) and (A3). The uncertainties listed are sta-

tistical only.

Exponent values Backyard soil Desert soil

b0 �1:1360:01 �1:1360:01

bs �0:7660:02 �0:6260:02

bsitu (583 � E � 2614) �0:9660:09 �0:8960:08

bave �0:9560:02 �0:8860:02

b [Eq. (A2)] –1.03 –0.99

b [Eq. (A3)] –0.95 –0.89
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where db ¼ bs � b0. Putting all the pieces together, we
obtain

E

1461

� �b

/ E

1461

� �b0 ðL

0

Lþ d

xþ d

� �2
E

1461

� �dbx=L
dx

L
;

(A2)

as an approximate proportionality equation relating b0, bs,
and b. The self-absorption factor has the expected x depen-
dence, and has the correct E dependence at x¼ 0 and x¼ L.
Equation (A2) needs to be solved numerically, but if
ðLþ dÞ2=ðxþ dÞ2 is neglected, the integral has an analytical
solution

E

1461

� �b

/ ðE=1461Þbs � ðE=1461Þb0

lnðE=1461Þ ; (A3)

where E is in units of keV.
To use Eqs. (A2) and/or (A3), one needs to pick energies

between 511 and 2614 keV and evaluate and plot the right
side of the equation. Then see if the resulting plots obey a
power law, and if so determine the exponent b. In Fig. 6, we
plot the calculations for the desert soil of the right sides of
Eqs. (A2) and (A3) for the seven energies used with the disk
sources plus E ¼ 2614 keV, the energy from 208Tl. The plots
are scaled such that at E ¼ 1461 keV the two calculations
both equal one. From the figure, one sees that the right sides
of Eqs. (A2) and (A3) are well fit by a power law function.

In Table VI, we list the values of the exponent b for the two
soils. We are interested in estimating bsitu from the
measurements of b0 and bs. As seen in the table, bave

¼ ðb0 þ bsÞ=2 is very close to the in situ value for both soils.
However, the statistical errors in measuring bsitu are quite large,
around 10%. Radiation from the soil that is near the detector

should contribute more to the photopeaks, since it is closer to
the detector and has a lower probability of being absorbed
before entering the detector. Thus, one would expect the correct
value for b to be closer to b0 than to bs, and lie in the range
between bsitu and its lower statistical limit. The value of b from
Eq. (A2) has this property, and is calculated using data from
the NaI detector. Therefore, we believe that a reasonable esti-
mate for the exponent b in the soil analysis lies between bave

and the value from Eq. (A2): bave > b > b ½Eq: ðA2Þ�. For both
the backyard and desert soils, the best estimate for b is 5%
more negative than bave, with an uncertainty of 5%.

APPENDIX B: SELF-ABSORPTION CORRECTION

FOR Ss
1461

The calibration factor SKCl
1461�1461 is determined from the

spectrum of a sample of pure KCl. However, what we need
for the soil sample “s” is the product Ss

1461�1461. Usually, the
soil sample will not have the same density as the KCl sam-
ple. Generally, a more dense sample will absorb more radia-
tion and result in a smaller value for Ss

1461. In this Appendix,
we present a formula to approximate the ratio ðSs

1461Þ=
ðSKCl

1461Þ. Although the correction is not large, it is useful for
the student to be aware of this effect.

The model we will take for the calculation is the same one
we used in Appendix A: that the radiation from each part of
the sample undergoes linear attenuation before it reaches the
detector, and that radiation hits perpendicular to the face of
the detector. Let AKCl be the activity of 40K in the KCl sam-
ple, and Y the gamma yield. Assuming linear attenuation, the
rate of 1461 keV gammas, R, that reach the detector is

RKCl � AKClY

ðL

0

e�axðdx=LÞ; (B1)

where R and A have the same dimensions of (time)–1, a is the
linear attenuation constant for a 1461 keV gamma, and L is
the length of the sample. The probability for the gamma to
be scattered or absorbed before reaching the detector is
roughly proportional to the electron density of the sample.
Hence, the linear attenuation coefficient, a, is roughly pro-
portional to the density, q, of the sample

RKCl � AKClY

ðL

0

e�lxqKClðdx=LÞ; (B2)

where l ¼ a=q is called the mass attenuation coefficient
evaluated at Ec ¼ 1461 keV. There is no energy dependence
in the integral. Evaluating the integral gives

RKCl �
AKClY

lLqKCl

ð1� e�lLqKClÞ; (B3)

where qKCl is the density of the KCl sample. However, we
need the rate Rsoil of gammas reaching the detector if the
activity of 40K is AKCl but the density of the KCl sample is
qsoil, i.e., equal to the soil sample

Rsoil �
AKClY

lLqsoil

ð1� e�lLqsoilÞ: (B4)

The ratio Rsoil=RKCl is the ratio of the self-absorption

factors Ssoil
1461 and SKCl

1461. Taking the ratio of the two equations
gives

Fig. 6. Plots of the right hand sides of Eqs. (A2) and (A3) for the desert soil.

Values used in the integral are b0 ¼ �1:13, bs ¼ �0:62; d ¼ 3 cm, and

L ¼ 9:2 cm. The data points are calculated at the seven disk source energies

plus E ¼ 2614 keV, and are scaled so both integrals equal one at

Ec ¼ 1461 keV.
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Ss
1461

SKCl
1461

¼ Rsoil

RKCl

� qKCl

qsoil

ð1� e�lLqsoilÞ
ð1� e�lLqKClÞ : (B5)

To eliminate the product lL, we can use data taken with the
disk sources. The ratio of the counts from a disk source with
and without the soil in the way is equal to e�lLqsoil . We define
the ratio f as f � ðcounts with soilÞ=ðcounts without soilÞ emit-
ted from a disk source for a gamma energy of 1461 keV.
From our disk source analysis, we f is equal to the ratio:
f ¼ CD1461Y1ðwith soilÞ=CD1461Y1ðwithout soilÞ. Thus,

f ¼ CD1461Y1ðwith soilÞ
CD1461Y1ðwithout soilÞ ¼ e�lLqsoil ; (B6)

where D can be any one of the three disk sources. Replacing
e�lLqsoil with f in Eq. (B5), we have

Ss
1461

SKCl
1461

� qKCl

qsoil

1� f

1� f ðqKCl=qsoilÞ

� �
: (B7)

Since the volumes of all the soil and KCl samples are the
same, we use the mass of the samples in our calculations

Ss
1461

SKCl
1461

� mKCl

msoil

1� f

1� f ðmKCl=msoilÞ

� �
; (B8)

where the fraction f can be determined from any one of the
three disk sources.

To show the effect of correcting for self absorption in
the calibration constant, we list in Table VII the results
for two soils with different densities. One sample is from
a local backyard, and the other is from a desert in
Nevada.

Instead of using Eq. (B8), another option is to estimate the
attenuation of a 1461 keV gamma through the KCl sample. If
we define fKCl as

fKCl ¼
CBi1461Y1ðwith KClÞ

CBi1461Y1ðwithout KClÞ ¼ e�lLqKCl ; (B9)

then Eq. (B5) becomes

Ss
1461

SKCl
1461

� qKCl

qsoil

1� f

1� fKCl

� �
: (B10)

Due to the presence of the 1461 keV photopeak from the
KCl sample, 207Bi is the most reliable disk source to use to
estimate fKCl.
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