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LAB REPORT 2: Cosmic and Terrestrial Ionizing Radiation

ABSTRACT

in this lab report, I explore the spectrum of background radiation coming
from space and from the Earth environment. I observe every event being
picked up by a Sodium Iodide detector and classify it according to its energy.
I also calculate the fluxes of K-40, Tl-208 and muons 1 raysl and evaluate the
amount of energy* loss per path lenght by muous in the NaI crystal. Being
aware that not all events are picked up by the NaI detector, I use an Lm-241
source to estimate the efficiency of the Sodium Iodide detector. I should note
that the Am-24I smoke detector is also very useful to calibrate the energy
scale of the multichannel analyzer software, Maestrolll.

INTR,ODUCTION

There are several types of cosmic and terrestrial ionizing radiation with whicl:
we are in contact every day of our life. One of the most abundant kinds af
radiation in our universe is the Cosmic Microwave Background Radiation
(or CMBR). The CMBR is thermal radiation filling the universe almost
uniformlyf2]lFigure 1]. In particular, the cosmic background radiation is

rn'e1l explained as radiation left over from an early stage in the development
of the universe, and its discovery is considered a landmark test of the Big
Bang model of the universe[3]. CMBR is also very important because, as

rneasured by the FIRAS instrument on the COBtr, gives us the most pre-
cisely measured black body spectrum in nature[3][Figure 1]. Apart from the
Cl\,{BR, other types of radiation can be found in the "medium" and "upper"
part of the energy spectrr:m.
In this paper, I am going to focus on K-40 1 rays (= 1.5 MeV), Tl-208 7
rays (* 2.6 MeV) and cosmic ray muons (ru 10 MeV). A sketch of the NaI
spectrum is shown below in Figure 2.



Figure 1: WMAP image of the CMBR temperature anisotropy (left)[3].
Graph of cosmic microwave background spectrum measured by the FIRAS
instrument on the COBtr (right)[3].
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Figure 2: Sketch of the NaI radiation spectrum. The y-axis shows the log of
the number of "counts" while the x-axis represents the energy in MeV.

Potassium-40 (40K) is a radioactive isotope of potassium which has a very
Iong half-lif.e af I.248 * 10e years[5].



An interesting feature that we can observe right before the K-40 "protuber-
ance" in the NaI spectrum is the so-called Compton edge. The Compton
edge is a consequence of the Compton scattering in the NaI detector. In
fact, when a ? ray scatters off the scintillator but escapes, only a fraction of
its energy is registered by the detectorl4]. This ieads to a spectrum of l rays
in the data that is not really there[4]. The highest energy that occurs from
this process is the Compton edge[4]. Using the Compton Effect formula, we

can find the energy of the Compton Edge to be approximately equal to I.2
MeV.
The Thallium-208 is a radioactive isotope with a very short half-life of 3.053
minutes[6]. It is interesting to notice that T1-208 is the final product of a
decay chain that starts with Th-232 (Thorium-232)[Figure 3].
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Figure 3: Decay chain of Th-232 leading to T1-20817]



The muon (a lepton) is an elementary particle similar to the electron, with
unitary negative electric charge (*1) and a spin of 1/2[8]. The muon is an
unstable subatomic particle with a mean lifetime of 2.2psl8]. This compara-
tively long decay lifetime is due to being mediated by the weak interaction[8].

Figure 4: The Moon's cosmic ray shadow, as seen in secondary muons gen-
erated by cosmic rays in the atmosphere, and detected 700 meters below
ground, at the Soudan II detectorf8]

Another fascinating characteristic of the NaI spectrum is located between
the Tl-208 and the cosmic ray muons. In this region of the spectrum, we can
indeed observe cosmic ray electrons. Typically, cosmic ray electrons come in
a gleat r,an'iety of energies and , as a result, are spread over a large portion cf
the energy spectrum. Moreover, if cornpared with other background radiation
events we can observe, cosmic ray electrons are relatively rare. So, in order
to be able to detect a good number of cosmic ray electrons, it is necessary to
record data for at least one hour or more.



INSTRUMENTATION DESCRIPTION

This experiment has a few main components that are essential for its success.

First of ail, I use a sodium iodide scintillator crystal doped with thailium
(or NaI(Tl)) to detect my electromagnetic signals. This NaI(Tl) detector is

approximately 1.5 inch thick and has a 3 inch diameter. Secondly, an RCA
4900 3 inch diameter photomultiplier tube is attached to the NaI detector to
pick up the light emitted by the scintillator and output an amplified electronic
pulse[Figure 5].
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Figure 5: Schematic of Sodium-Iodide Crystal and Photomultiplier l'ube[10].

This pulse then goes into an ORTEC preamplifier which acts as an inter-
face between the detector and the pulse processing electronics that followf9i.
At this point, the pulse travels towards an ORIEC shaping amplifierfFigure
6], whose primary role is to magnifu the amplitude of the preamplifier out-
put pulse, filter out some of its noise and "shape" it to optimize the energy
resoluticn and to minimize the risk of overlap between successive pulses[91.

Finally, our pulse goes into the ORITEC TRUMP PCI Multi-Channel Ana-
lyzer which is interfaced to a computer where the radiation signals can be

easilv analvzed with the aid of a software called MAtrSTROI1].
I should mention that the preamplifier, the shaping amplifler and an high
voltage power supply are all contained in one ORTtrC ACtr MATE box.
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Figure 6: ORTEC AMPLIFIER on the Ieft (includes the preamplifier, the
shaping amplifier and an high r,'oltage po\\rer supply). ORTtrC TRUMP PCi
Multi-Channel Analyzer on the right.

Besides the necessary equipment listeci above, an oscilioscope might prove
r.'ery useful to check that the apparatus of the experirnent is working well
and does not need "further adjusting". Figure 7 shows a picture of the lab
setup. Going from the left to tlie right of Figure 7, it is possible to observe
the oscilloscope, the photornultiplier tube with the NaI scintillator attached
to its bottom, the amplifier ancl the PC where the data is aualvzed"

Figure 7: Lab setup: Oscilloscope, Photornultiplier with the NaI scintillator
attached to its bottom, Amplifier and PC rn'here the data is analyzed (from
left to right).



SAFETY ISSUES

As I will explain in greater detail in the Data Taking Procedure section, a

radioactive source needs to be used in order to calibrate the instrumenta-
tion discussed above, In my experiment, I use an Americium-Z4l radioactive
source, which is commonly employed in smoke detectors in the form of ameri-
cium dioxide as its source of ionizing radiation[11]. This isotope is preferred
against 22697u because it emits 5 times more alpha particles and relativel;r
little of harmful 1-radiationfit]. tn particular, the decay process of 2a1Am is

the following: StrAm ---*33' Np +t He * ? [11][Figure 8].

Alpha
Particle

Am-241 Np-237

Figure 8: Americium-247 decay[12].

Americium-Z4L decays to 237Np emitting alpha particles of 5 different en-

ergies, mostly at 5.486 MeV (85.2%) and 5.443 MeV (12.8%)[11]. Because
many of the resulting states are metastable, they also emit gamma rays
with the discrete energies between 26.3 and 158.5 KeV[11]. The amount of
americium in a typical new smoke detector is 1 microcurie (37kBq) or 0.28
microgram[111. This amount deciines slowly as the americium decays into
neptunium-237, a different transuranic element with a much longer half-life

{about 2.14 miilion years)[11]. Pictures of the smoke detector that I used in
my erperiment are shown in Figure 9.



Figure 9: Pictures of the smoke detector that I used for my experimentfl3]

The radioactive source that I used, unless ingested or inhaled for a prolonged
period of time, is relatively safe. However, it is irnportant to keep in mind
that although most Americium isotopes predominantly emit alpha particles
which can be blocked by thin layers of common materials, many of the daugh-
ter products emit gamma-rays and neutrons which have a long penetration
depth[11]. That said, Americium-Z41 is one of the safest radioactive sources

on the market to experiment with.
Another safety issue reievant to this experiment concerns the high voltage
power supply inside the "ORTEC box" described in the Instrumentation
Description section of this lab report. In particular a voltage of 1.3KeV is

used throughout the experiment to power the photomultiplier tube. In fact,
1300V is the maximum voltage that the photomultiplier tube can take. It is

very iruportarrt to be very careful whetr tulrdrrg orr arrd off the experinrerrt
appa,r'atus. The BIAS knob must be set to zera and the HV switch should
be off before turning the power on[Figure 6]. Once the power is on, it is

imperative to make sure that the switch under the ORTtrC display is set to
read KeV. After these basic precautions are taken, it is safe to turn the IIV
switch on and start adjusting the voltage. The r,'oltage knob should be turned
on very gently until the desired voltage is reached not to risk damaging the
apparatus and incurring in other unnecessary dangers. The voltage should
never be set higher than 1.3KeV at any point during the experiment. The
"inverse" of the procedure described above should be carried out to turn off
the experiment apparatus safely.
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DATA TAKING PROCEDURE

Data taking is relatively easy thanks to the ORTEC MAESTRO softwareill
which shows a graph of "counts" versus energy in real time. When enough
data has been collected, one can stop the acquisition of data and save the
final graph. It is also possible to change the energy scale by turning the
COARSE GAIN knob on the ORItrC boxlFigure 6] before starting a new
acquisition. Higher values of gains correspond to smaller ranges of energy
while smaller values of gains are associated to larger energy ranges. The
ability of changing the gain is essential in this experiment. In fact, certain
events can only be observed under specifi.c gains. For example, we will never

be able to observe cosmic ray muons if we set our gain to 100 because the
energy range would be too small to detect energies bigger than the "upper
iimit" of our energy range. Moreover, changing gain can be a good way of
testing that our previous measurements "agtee" with the new ones.

As I have already mentioned in one of the previous sections, the apparatus is
calibrated using an Americitm-Z|7 radioactive source. The reason for this is
that the energy spectrum of the NaI crystal is known and it is characterized
by a photopeak and a so-called "escape peak"[Figure 10]. The photopeak is

caused by 60KeV x-rays, coming from the Am-24l source) that are completely
absorbed in the NaI scintillator by photoelectric process[14].
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Figure 10: Calibrations with gain:4O (left) and gain:100 (right).

After photoelectric absorption, the iodine K-shell characteristic X-rays (28KeV)
escape from the crystal so that the measured x*ray energy is only 32KeV
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(60 - 28)KeV[14]. This will cause a peak, usually called as iodine escape
peak[14]. It is important to observe ihat the energy scales of the graphs
that I am going to present in this lab report are off by a factor, which can
be easily determined thanks to our knowledge of the NaI crystal (discussed

above). My off-scale readings for the energies of the photopeak and the
iodine escape peak of the NaI crystal were 160.38KeV and 78.46KeV re-
spectively (with gain:100). On the other hand, l,vhen I set my gain to 40,

the off-scale energies for the photopeak and the iodine escape peak turned
out to be 64.62KeV and 32.31KeV respectively. So, given that the true
energy of the photopeak is 60KeV, one ca,n try to estimate the energy of
the iodine escape peak using the information above. Specifically, we fin<i

Ee"capepeakr1o : w5ffi#g x 29.35KeV (gain:100) and Eescapepeakgy :
@E€ffiil x zaKiv (gain:4O). These values are pretty close to the
real escape peak energy value of 32KeV. The main sources of error for the
approximate energy values calculated above come from the fact that i had
to decide "manually" where the graphs' peaks were. AIso, the "enetgy bins"
used in the N,{AESTRO software are discrete and have a finite size or en-

ergy resolution. In any case, calibrating my experiment apparatus with an

Americium-241 radioactive source has proved to be an effective way of check-
ing that evervthing rvorks correctly.
Another useful tool in the MAESTRO software are the so-called markers.
Markers represent a method of numbering or counting the energy bins in my
acquisition graphs. Of course, each energy bin "gets bigger" (or contains a

wider energy gap) as the gain is decreased" When I set my gain to 100, the
photopeak and escape peak for my NaI crystal occured for markers 139 and 68

respectively. However, when my gain was set at 40 the photopeak and escape

peak of the NaI detector moved to markers 56 and 28 respectively. Having
this information, I can think of at least four different ways of calculating my
radiation energies, given a gain and a marker: n * t@Wg x ffi x
*!#M * #* * r.t"#Eq * #; * Yy#Elv * #;. It makes

sense to use th6 mean of these four formulas. This average iurns out to be

Er=W*44.699.
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DATA ANALYSIS

Once I terminated my calibrations, I removed the Americium-Z41 radioac-
tive source from the vicinity of ihe NaI crystal an<i started collecting data on
the cosmic and terrestrial ionizing radiation. I collected 6 sets of data cor-
responding to 6 different gains: 2,4,10,20,40,100. The runs for gains 2,,4,IA

and 20lasted approxirnately t hour. On the other hand, the data acquisition
for gains 40 and 100 lasted 2 and 1.33 hours respectively. So, I used the
technique explained in the Data Taking Procedure section of this paper to
analyze my graphs. When I set my gain to 20 I could identify K-40 and
Ti-208 eventsfFigure 11]. When I lowered my gain even further down to 10,

I could also observe cosmic ray muons[Figure 11].
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Figure 11: Energy spectrum for gain 20 (left) and for gain 10 (right).

At some point, I decided to lower my gain down to 2 and 4[Figure 12j.

Besides seeing the "muons bump region" much better than before, I coulcl
also observe cosmic ray electrons which are usually much harder to see.
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Figure 12: Energy spectrum for gain   (left) and for gainZ (right).

I could not identify anything with gain settings of 40 and 100[Figure 13]. This
is probably because the energy range was too small and the data collected
in the upper part of the energy spectrum was not very good.
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Figure 13: Energy spectrum for gain 100 (left) and for gain 40 (right).
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CONCLUSIONS

Now, tr am going to estimate the fluxes of my background radiation events
as a function as a function of energy on a flat suriace in units of ffi. In
paricular, I am going to use the circular area of my NaI crystal. Given that
the radius of the crystal is approximately equal to r x 3.8\cm, its area will
be given by A x 45.6cm2. I should point out that here I sirnply calculate the
fluxes corresponding to the "peaks" of my background radiation events. The
reason for this is to give an idea of how these fluxes depend on the radiation
energypigure 14]. So, it is important to keep in mind that each one of these
events occurs for a range of energies (as opposed to one energy). As a result,
the "real fluxes" rn'ould be considerabl.r' higher than what I calculated below

{especially for rnuons). Also, it is considerab}y hard and tedious to sum all
the counts for each range of energy because of limitations in the VICA soft-
ware that I used.

My averaged "radiation peaks' fluxes" for K-40, Tl-208 and muons turned out
tobe $s-a, x' 6.2*10-24 (E*_.n, x 1.331[eV), 6rt_2oe ry 0.6* 70-2@+
(Err-ro, x 2.28MeV), d^uon" x A.4x70-2qv+ (E^uo," x g.25MeV) respec-

tively.
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We can observe right away from the graph above that as energy increases the
flux decreases. In particular, it is hard to miss the "big ju*p" from f{-40 to
Tl - 208, which is notably larger than the flux difference bewtween Tl - 208

and the cosmic ray muons.
We can also estimate the amount of energy loss per path lenght by muons in
the NaI crystal using Bethe formulallSl:

-(#): t#) (#).(*)'.ltn({4r;!#) - p'l [1b]

where u is the velocity of the muon, c is the speed of light, 0 : Z, E is the
energy of the muonl r is the distance travelled by the muon, z is the muorl
charge, e is the charge of the electron, rnu is the rest mass of the electron. n is
the electron density of the NaI crystal, ,I is the mean excitation potential of
the NaI target and e6 is the vacuum permittivityl15]. The electron density of
the NaI crystal can be calculated by n : W where p is the density of the
material, Z,A rts atomic and mass number, respectively, -l{a the Avogadro
nrrmber and Mu the N{olar mass constantllS]. In 1993 Felix Bloch showed

that the mean ionization potential of atoms is approximately given by I :
(10eI/) * Z where Z islhe atomic number of the atoms of the material[15].
For asodiumiodidemystal we have px3.667#, Z - 53, A:126.9,
Mu: I49.89#i and E,nuon x g.2SMeV. Unfortunately, it is known that
Bethe formula does not work very well with low energy muons (as the muons

observed in my experiment). In any case, Bethe equation can be reduced in
the following way[16]:

-i#: (e)2(o.1br-f,'a&Lt"(W#) - a,l

In our case we have z2 : e2 and lj x 0.42 (9.25A'[eV muons). So, I calcu]ated
the energy loss per path lenght by muons in a sodium iodide crystal to be

ffi x -42wwlul * pNor = -75.4^4":{. This would. suggest that the approx-
imately 9MeV rnuons that I detected were considerably more energetic right
before entering the NaI scintillator and lost a good part of their energy inside
the detector. It is useful to compare this result with the one that Groom,
Mokhov and Striganov managed to find in their paper.ft7]. Groom's approx-
imation, which is valid for the energy range TAMeV - l\ATeV is given b5r

. -i# )*i,,x n\|MdY where a -i # u*on represents the minimurn
value of the energy loss per path lenght that Groom, Mokhov and Striganov
foundllTl.
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Another interesting thing to calculate is the efficiency of the ltlal scintillator.
The l\,IAtrsTP"O software "splits" the energ.y in the graph in 20c0 energy

bins. When the gain is set to 40, each enelgy bin is approximately 7.I8KeV
'wicle. Using this information, it is possible to make a vely rough approxi-

mation (by ruler) of the total number of "detected" counts in the photopeak

and escape peak of the sodiunr iodide crystal. I found approximately 500000

"detecterl" counts for a 5 minutes gain-40 run. This would equal I666"oY't*.

T'he Americiunr-241 in a typical smoke detector has 3700}-9tv!ff@pzz. How-

ever, the Am-24I radioactice source emits 60KeV x-lays onlv 30 percent of

the time. Finally, the efficiency of the NaI crystal is approxiniately equal to
q = 3?#fu * 100 s 15%. This is probably less than the real NaI detector

efiAcienc| 6i.unt. I rounded down my approximation of the total number of

"detected" counts.
Cosrnic and terrestrial ionizing radiation is everywhere and comes in severai

"types". In this lab report, I only observed a relatively small part of the en-

ergy spectrum (0 - 7OM eV). It would be very lnteresting to analyze a rluch
more energetic mur:ns region where the Bethe fbrmula (discussed above) be-

comes a very good approximation. Also, due to the limits of my experiment

apparatus, I could not resolve some details of the "fine Structute" of the

energv spectrum such as the Compton edge (discussed in the Introduction

section) and a few others.
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