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Advanced laboratory techniques: gamma emission in the decay of 226Ra

Helena Massana Cid
Facultat de Fisica, Universitat de Barcelona, Diagonal 645, 08028 Barcelona, Spain.*

Abstract: This work deals with the measurement of the gamma radiation emitted in the decay
chain of **Ra. A theoretical study was carried out to give an approximation of the probabilities
and polartity of the transitions. An inside on gamma interactions with matter helped to understand
the observed spectrum. The final measurement, done with a scintillator, was analized and compared
with previous studies on this matter. The discrepancies observed were justified by the low resolution

of the used detector.

I. INTRODUCTION

The purpose of this work was to measure the gamma
radiation emerging from the decay of ??Ra. This ra-
dionuclide is the most common isotope of Radium and
leads to a decay chain including beta and alpha decays
followed by gamma decays. Alpha and beta decays will
often lead to excited states of the daughter nucleus, caus-
ing gamma emission. The present study focused on these
gamma transitions. The energy involved in this process
is low, therefore the treatment was non-relativistic.

A theoretical framework is provided in section II, wich
is used for a later discussion on the probability and types
of transitions. Section III shows the decay chain of 226Ra.
The next section gives an inside on gamma spectroscopy,
i.e. describing the materials and methodologies used in
this type of experiments and concretely on the measure-
ment performed. The results are exposed on the final
section and they are compared with the values given in
the literature [1, 2]. The intensities of the peaks are jus-
tified using the theoretical background given in section
II. Finally the quality of the results is discussed and the
conclusions are formulated.

II. INTERACTION OF ELECTROMAGNETIC
RADIATION WITH ATOMS

In this section the probability and the selection rules
for gamma transitions will be found. For that it is
of need to know how the atom interacts with an elec-
tromagnetic field. The total Hamiltonian for a sys-
tem formed of an atom and an external electromagnetic
field characterized by the four-potential A* = (<I>,ff)
is H = Hpquii + Hfieta'[3]- It is useful to write it as
H = Hy + H' where Hy = Hautom + Hficta ? and H' is
the part that induces transitions between H| states. In
the Coulomb gauge® H’ can be written as:
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1 The Pauli hamiltonian Hpqq1; is a nonrelativistic hamiltonian for
particles of spin 1/2 interacting with an electromagnetic field.

2 Hatom = 3, p2/2m+V; Hpq = 3, hwabl by where V includes
all the interactions within the atom and bi\ and by are the cre-
ation and annihilation operators for bosons.

3 V2p = —drp; VA =0, which implies - A = A - .

These three terms are defined as Hy, Hy and H,,, re-
spectively. H, is proportional to A2, that means it de-
scribes the processes involving two fotons. Hs can be
neglected, as well as H,, [4]. The states of the system
can be written as |¥) = |Warom) [V ficta) = [P) |-..nr...)%
From the Fermi’s Golden Rule [4] it is known that the
probability of transition between an initial state |¥;) and
a final state |¥¢) is given by:

27
Tisy = ;lMﬁPP(Ef) (2)

Where p(Ey) is the density of final states and, in
the first order of the perturbation theory, My =
(0| H'|,).

The vector potencial can be expressed as a function of
the creation and annihilation operators as:

A =3 Clwnbae™ T +ble™Tey  (3)

Where €, is the polarization direction of the field and
C(wy) = /2mhe? [ L3wy,.

In this study the importance relies on the emission
of photons. In this case |¥;) = |®;)]...05...) and |¥y) =
|®#)|...1x...). Knowing how the creation and annihilation
operators work, the commutation rules between p and 7,
and using the conservation of energy ° E; — Ey = hw, it
is easy to conclude that:

2mhe3wy, ik
My =\ T2 (re ) (4)

Since the wavelenght of the photons is much larger
than the size of the nucleus, the approximation e =7 ~ 1
can be done. From the series expansion of the exponen-
tial® this is a dipole (L=1). Then, the transition rate’,
replacing the density for its value and integrating over all
possible direction of emission [4], is:

4e?w?
NEN) =T, = 30;

K3
~1,0-10" A2 EkeV]?

2E3
L 2p2

(he)* (5)

[(r) ] ~

4 Using the occupation number formalism.

5 Since the mass M of the nucleus is big (AE >> Mc?) then
AFE ~ E,. The energy recoiled by the nucleus is negligible.

6 o=tk 7 = S~ (—ik - F)L /1l = 3, (—ikr cos 6)! /1L,
It can be identified as the classical electromagnetic multipoles of
order [.

7 Probability per unit time for photon emission, in s~1.
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In equation (5) the radial parts of the nuclear wave
functions are assumed to be constant up to the nuclear
radius R 8[5]. The same can be done for L > 1 [4]. For

example:
ME2) ~ 1,0 - 10*AY3 E[keV]® (6)

There can also be magnetic transitions, where the ra-
dial term is r“~!. The final expressions for the two first
magnetic multipoles are [4]:

AM1) ~5,6-10°E[keV]?

7
MM2) ~ 3,5-10*AY 2 E[keV]® @

These are the Weisskopf estimates. They are not accu-
rate computations and only give good relative compar-
isons between the probabilities of transitions. Usually,
the lowest multipole predominates and the electric mul-
tipoles have a higher transition rate than magnetic mul-
tipoles [4]. However, not all of them are always allowed.
In the emission of the photon two quantities must be con-
served: the angular momentum and the parity. There-
fore, a certain rules must be fulfilled (Selection rules).
These are [5]:

|Ji — Jf| <L<J + Jf (HO LZO)
EL: mmp = (—1)% ; ML: mmp = (—1)5H

Where L is the angular momentum of the photon emit-
ted, J; and J; are the angular momentum of the initial
and final state of the atom, respectively, and A is the
change of the parity.

(8)

III. THE DECAY CHAIN OF 22Ra

A sample of 22°Ra was measured. This element is un-
stable, and leads to a series of decays, like alpha and
beta decays. 22Ra has a half-life of 1600 years. Subse-
quent atoms in the chain are usually not in the ground
state. This excited states decay via gamma radiation into
a lower state, until they reach the ground state. In this
text the alpha and beta decays are not discussed. The
different probabilities (intensities) to reach each state can
be found in the literature [6]. Sometimes the same ele-
ment can decay into two different isotopes via alpha de-
cay or via beta decay. Figure 1 shows® the decay chain
of ??5Ra [6].

IV. GAMMA SPECTROSCOPY

There are two basic types of detectors used in gamma
spectroscopy: scintillators (e.g. Nal detectors) and semi-
conductor detectors (e.g. Germanium detectors). The
detector used in this study was a Nal detector.

A. Experimental assembly

The experimental assembly used is shown in Figure 2,
which is the usual assembly needed when scintillators are
used.

8 R=rgAl/3, with rg ~ 1,2 fm and A the atomic mass number.
9 There is also a small possibility (107°%) that 21°Pb leads to a
parallel decay chain which ends at 296Pb.
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Ficure 1: Decay chain of 22%Ra.

The process from the entrance of the gamma ray until
the result is seen on the PC screen is the following. First
a photon coming from the sample enters the detector,
which is surrounded by lead to avoid the background ra-
diation and where several interactions, discussed in the
next section, may occur. These interactions lead to the
arrival of photons in the optical range to the photocath-
ode, in which, due to photoelectric effect, the photons
excite electrons, setting them free from their atoms. The
photoelectrons reach the photomultiplier tube (PMT).
The PMT is connected to a High Voltage (HV) source
and is linear only in a certain range of voltage and signal.
Inside this tube there are dynodes. When an electron
hits one of them it pulls out more electrons. In the end,
after the electron has passed several dynodes, typically
10* — 109 electrons for each photoelectron arrive at the
anode. Once the electrons pass the anode, the electric
charge is turned into a proportional voltage pulse. After
this, in the Multichannel Analyzer (MCA), also called
Pulse High Analyzer (PHA) the signal is turned into a
digital and visual representation of the counts versus the
channel number, which corresponds to the height of the
pulse measured. Counts can be seen as the number of
photons of that energy that have arrived. A calibration
can be done with isotopes that emit photons of known en-
ergy to obtain a relationship Channel-Energy and obtain
the calibrated spectrum.

: - :
| Lead sample :
| Nal |
| HV MCA PC 1
| PMT |
| |
| |

Ficure 2: Experiment assembly. See abbreviations in the text.
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The statistical error in gamma-ray spectrometry fol-
lows a Poisson distribution. Then, the relative statistical
error is:

€stat. — U/N == [\/N]il (9)

Where ¢ is the standard deviation of the Poisson dis-
tribution, which is equal to the square root of the mean
count rate N (property of this distribution).

The detector has a certain energy resolution, which
depends on the energy and which can also depend on the
high voltage. For each full energy peak one the resolution
is defined as [7]:

R =AE(fwhm)/E (10)

Where AE(fwhm) is the full width at half maximum
of the peak.

B. Gamma interactions with the detector

Gamma interactions with matter are relevant for the
detector response function [7]. When a bunch of photons
enter the detector, different things can happen: some of
the photons pass right through it, not leaving any trace;
some of them do not deposit all their energy due to inter-
actions with the detector and a fraction of them deposit
all the energy leading to the photopeak (also called full
energy peak). Each peak will have a certain width due
to statistical variations.

One of three main interactions is the photoelectric ef-
fect: the photon excites an atomic electron, the resulting
free electron excites the atoms or molecules coming in
his way until it loses all its energy and it is reabsorbed.
These atoms emit photons of lower energy than the one
that entered the scintillator. The photons arrive to the
photocathode initiating the process descrived above.

The photon can be scattered and it leaves the detector.
The deposited energy'® is emited by the excited atoms
and affects the spectrum from very low energies to the
Compton edge, slightly below the photopeak. This is
the Compton plateau. There can also be a energy peak
around 200 keV, which is caused by photons that are
backscattered in the lead that surrounds the detector and
return to be absorbed!!.

Pair production can also occur if the energy of the
photon is high enough (E, > 1022 keV). The photon an-
nihilates into an e~ and a e*. Then, the electron ionizes
the atoms in the same way as the electron in the pho-
toelectric effect. The positron, when it has low enough
energy, annihilates with an atomic electron into two pho-
tons. If one of these scapes it leads to a peak of energy
E., — 511 keV, if the two scape the peak is at F, — 1022
keV. If none of them scape the contribution goes to the
full energy peak.

10 When the initial energy of the photon is E, and it comes
out with an angle 6, the final energy of the photon is E; =
E,/[(14 Ey/mc?)(1 — cos6)], and the atom is left with an ex-
tra energy AF = E, — E/,

1 The exact position depends on the energy of the photon (E). If
E >> mec? then E' ~ mec?/2 = 250keV.
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The probability of all these interactions is given by
the cross section, which depends on the energy and the
material.

V. EXPERIMENTAL RESULTS AND
DISCUSSION

A. Calibration and background radiation

First of all a calibration to determine the relationship
Channel-Energy and also to check if the PMT is linear at
750 V was done. The known peaks of 37Cs (661.6 keV ),
60Co (1173.2 keV and 1332.5 keV) and ??Na (1274,5 keV
and 511.0 keV) were used [8-10]. The result obtained
doing a lineal fit [11] to the measurements taken during
900 seconds (a good amount of time to minimize statis-
tical error) gave the relationship Channel-Energy with a
correlation coeficient of R? = 0.999884, proving to be
linear.

Also the background radiation'? was measured. The
results were: Background= 5.6 counts/s ; Signal with Ra
=259.3 counts/s. The absolute effect of the background
was smaller than the statistical error of the signal. There-
fore the effect of the background was neglected.

B. Peak mesurment

A measurement was taken during 2.5 days and the
peaks were identified [1, 2]. Equation (9) indicates that
the relative statistical error associated with these mea-
surement is of 0.01%. Figure 3 shows the spectrum, al-
ready calibrated, in log scale to better appreciate the low
intensity peaks. The observed peaks are shown in the Ta-
ble 1.

54keV]

287 keV
345 keV

s

]
i
a
3

Counts (#)
942 keV
1131 keV
1249 keV
1398 keV

1761 keV

" 1 " 1 " 1 " 1 L 1 L 1 L 1 L 1 " 1 " 1 " 1 ]
0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200
E(keV)

Ficure 3: Gamma spectrum of 226Ra

The intensities were measured computing the area un-
der the peak and subtracting the continuous below it [11].
The intensity of the 611 keV peak is taken as reference
to express the other intensities (1,611 = 100).

12 The background radiation is the radiation occurring from other
things than the sample, e.g. cosmic radiation.
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Em Im R E¢ In/I JT Jf ELML Ayr MeL

54 254.8 0.57 - - - - - -
170 18.4 0.18 186 2.15 2+ 0T E2 - 0.30
229 13.3 0.12 242 0.82 1~ 2— MI1,E2 0.01 1.06
287 22.7 0.09 295 0.55 1~ 1~ MI1,E2 0.01 2.86
345 36.4 0.10 352 0.45 1~ 1— M1,E2 0.02 6.92
611 100.0 0.11 609 - 2t ot E2 - 107
770 6.0 0.09 768 0.56 2T 2t MI1,E2 0.25 342
942 1.1 0.06 934 0.16 2t 2+ MI1,E2 0.46 910
1131 10.3 0.07 1120 0.31 2+ 2+ M1,E2 0.79 2256
1249 0.3 0.03 1238 0.02 2+ 2+ MI1,E2 1.06 3722
1378 0.72 2+ ot E2 - 6360
1408 1.16 1~ 2t  E2 - 7083
1761 12.6 0.08 1765 0.36 1t 0t M1  3.08 -
2119 0.09 1+ 0t M1 533 -
2204 0.39 1t 0t M1  6.00 -

1398 6.3 0.07

2158 1.0 0.05

TABLE [: Peaks observed in the gamma spectrum shown in Fig.
3. Label meaning and units in the text.

In Table I E,, and E; are the measured and the refer-
ence energy in keV [1, 2], respectively, R is the resolution
computed with equation (10), I,,/I; is the quotient be-
tween the measured and the reference intensities [2], JT
and J{ are the initial and final angular momentum and
parity of the atom, EL/ML is the possible polarity of
the radiation acording to the selection rules of equation
(8) and ) is the transition rate in 10'%s~! to the lowest
multipoles computed acording to equations (5), (6) and
(7).

Two of the peaks shown in Table I (1298 keV and 2158
keV) could be supepositions of two of the peaks found in
the literature. Both are indicated.

An intense peak was seen at 54 keV, which was proba-
bly coming from K emission lines of the surrounding lead.
These emission lines are known to be 75 keV and 73 keV
[12], which are not exactly our measured value. How-
ever, we have to keep in mind that at these low energy
our system may not be completely linear. In fact, there
is a transition that emits a photon of 53 keV, but it is of
very low intensity (i.e. 2.49 according to [2]) compared
with the one measured .

Every full energy peak has his compton plateu at lower
energies, which explains the decreasing continuum below
the peaks, besides the fact that for high energies the prob-
ability of interaction (cross section) is small [13]. At first
look no scape peak could be observed. The resolution
was better (diminished) when the energy increased.

Figures 4 and 5 show the gamma decay schemes for the
transitions measured with the relevant transitions that
can contribute to these. Above each energy level the
momentum and parity J™ (left) and the energy in keV
(right) is shown. In the right side of the levels the beta
decay intensities are indicated. The gamma transition in
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FiGgure 4: [ decay of Qéng showing the observed gamma
transitions and the most relevant contributing.

222Rn that leads to a peak of 186 keV it is not drawn
since the main contribution to the 170 keV peak was the
backscattering peak, as explained ahead.

In Figure 5 the dashed arrows stand for several tran-
sitions coming from several levels. The one in the left
represents 7 transitions and the one in the right 5 tran-
sitions. They are not drawn for sake of simplicity. There
are also two extra transitions that end in levels 2017 and
1764, but they are of very low intensity. Also, there is
another transition that emits a photon of 609 keV (com-
ing from 2!8Rn — 2Po), but is of much lower intensity
that the one in the Figure 5.

A representation was done for E,, vs. E;, and a linear
fit was adjusted. The result was F; = 0,983FE,, + 14, 379,
with R? = 0,9997. Therefore, the relationship is linear
as expected, but with a deviation in the origin ordinate.

A discussion on the intensities and the probabilities
of transition was done from two perspectives. On the
one hand, the experimental values obtained were com-
pared with other experimental values from the literature
obtained with higher resolution detectors as Germanium
detectors [2]. On the other hand, the experimental val-
ues were compared with the transition rate probabilities
shown in equations (5), (6), (7).

Table I shows that the measured and the reference in-
tensities differed, i.e. I,,/I; # 1. The ounly case that
I, > I; was for the 170 keV peak, because of the main
contribution of the backscattering peak. Besides from
this case, the intensities measured were lower than the in-
tensities given in the literature, which can be explained
by the finite size of the detector. As explained above,
some photons with high energies can pass right through
the detector without being detected, since higher the en-
ergy smaller the cross section [13], i.e. lower probability
of interaction. In the very wide peaks the difficulty re-
garding its measurement can be a cause of the discrep-
ancy.

Moreover, the general divergence in the intensity values
probably comes from the low resolution of the Nal detec-
tor compared to the ones used in the literature, causing a
superposition of the peaks and thus difficulting the sub-
traction of the continuum.

The intensities were also compared with the decay
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Ficure 5: 3 decay of 2§3Pb showing the observed gamma
transitions and the most relevant contributing.

rates A. It has to be taken into account that the popu-
lation of each initial level is also relevant, which depends
on the probability of decay (beta or alpha) into that state
and on the other gamma transitions that populate that
state, shown in Figures 4 and 5. This is not reflected
when A is computed.

Several transitions are discussed next, starting with
the three transitions in 2!*Bi. Figure 4 shows that the
probability of beta decay into the initial states is simi-
lar for all of them, and that there is one other transition
which populates each initial state. Therefore, the inten-
sity difference should be explained with the decay rate,
which is shown in Table I that was increasingly higher for
the three transitions, as well as the intensity. Therefore,

in this case the results suited the Weisskopf estimates.
However, for the transitions in 2'#Po the more intense
peak was not the one with higher decay rate, but on the
contrary. That is understood looking at Figure 5 in which
a lot of transitions end in the 609 keV level.

A similar justification could be done for the intensity
of rest of the transitions.

VI. CONCLUSIONS

Gamma radiation can give us an idea of the energy,
angular momentum and parity of the excited states of
atoms by measuring the properties of the emitted pho-
tons. The intensity and the energy of several transitions
were measured with a scintillator, compared with the-
oretical approximations and with the references in the
literature. The energies measured were pretty accurate
and the Weisskopf estimates gave an idea of the probabil-
ity of the transitions. However, the intensities measured
did not match the results found in the literature. That is
mainly because the available detector used for this study
did not have enough resolution, making it harder to sub-
tract the continuum below the peaks and to differentiate
them. One way to perform the same study in a more ac-
curate manner would be to use a Germanium detector for
example, which has typically a resolution of one order of
magnitude better than scintillators. Doing this, not only
the intensity measurments would be better but also the
identification of additional peaks would be enabled.
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