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Introduction

About 3.1 percent of californium-252 (252Cf)
nuclei undergo spontaneous nuclear fis-
sion, ' in which the nucleus splits into two
daughter nuclei, ? followed by a number
of neutrons evaporated (also known as the
“neutron channel” number). Usually, only
about 4 neutrons are evaporated [1], but an
unexpectedly high yield of decays that evap-
orate 8, 9, and 10 neutrons have been ob-
served when barium (5sBa) and molybde-
num (45 Mo) are produced as daughter nu-
clei [2]. My role in this study was to de-
termine the uniqueness of this case; my
goal was to verify whether any other daugh-
ter nuclei element pairs were also capa-
ble of evaporating a high number of neu-
trons. | studied two element pairs: tellurium
(52Te) and palladium (4Pd), and strontium
(38Sr) and neodymium (sNd) using ~-ray
spectroscopy data taken of 2*2Cf with the
GAMMASPHERE [3] detector array.

Methods

| exploited the structure of the studied nu-
clei to measure how frequently certain iso-
tope pairs of daughter fragments were pro-
duced. Under the nuclear shell model, nu-
cleons 2 occupy certain “shells,” or levels
with specific energies, much like electrons
do in the atom. When a nucleon descends
an energy level, it emits a high energy pho-
ton (y-ray) of energy equal to the difference
in the energies of the final and initial lev-
els. This process is called v decay. When
a nucleus is at its lowest energy state, it is
said to be in the ground state; otherwise, it

"The remaining 96.9 percent of nuclei a-decay to
248Cm, which then follows a decay chain whose anal-
ysis was not part of this study.

2whose atomic numbers sum to that of (45Cf)

3neutrons and protons

is in an excited state. Because each nuclear
isotope has a unique series of levels and
level transitions, the energies of v-rays can
be used as “fingerprints” for identifying spe-
cific isotopes (see Figure 1). Of particular
interest to me were the ~-rays emitted when
nuclei decay to the ground state. Virtually
all daughter nuclei from spontaneous fission
begin in excited states; therefore, they must
emit a ground state transition y-ray at some
point as they undergo v decay. Counting the
number of ground state transition y-raysis a
standard method for determining the yields
of specific isotopes in a decay process. *
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Figure 1: The level scheme of ¥‘Te, which
shows all the discovered energy levels and tran-
sitions seen in this nuclear isotope. Circled in
red is its ground state transition.

To determine the yields of isotopes pro-
duced as daughter pairs in the decay, |
had to add an additional layer of complex-
ity to the measurements. | used coincidence
counting, in which | chose, or “gated on,” the
ground state transition of one daughter iso-
tope, then measured the intensities of v-ray
peaks that were emitted at the ground state

4A small number of daughter fragments will be
produced in the ground state already, but their effect
is negligible for this study.
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transition energies of its possible partner
isotopes within a 1 pys coincidence window
(see Figure 2). From the figure, note that
most intense peak belongs to ''*Pd, indicat-
ing that it was produced in coincidence with
134Te more often than any other Pd isotope
was. This is expected because 4 neutrons
must have been evaporated from these two
isotopes, as the total number of neutrons
between these two isotopes is 4 fewer than
in 252Cf. Deviating from '!*Pd, one can see
the intensities of the peaks drop, to the point
where neutron channels of 9 and 10 are im-
measurably small, if they exist at all. To per-
form my measurements, | used the software
suite RadWare [4], which has utilities for gat-
ing on energies and measuring the intensi-
ties of v-ray peaks. °
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Figure 2. A gamma ray spectrum after coin-
cidence counting on the ground state transi-
tion energy of ?4Te. Labeled are the peaks of
ground state transition energies of Pd isotopes.

Complicating the process, some isotopes
have multiple ground state transitions, such
as '5Pd in Figure 2. Each of these transi-
tions has to be measured separately, with
their results combined to obtain a total mea-
surement for the isotope.

5The intensity of a peak is the area underneath a
normal distribution fit of the peak.

Results

After gating on each isotope of a daugh-
ter element and measuring the ground
state transition peaks of the partner iso-
topes, | calculated the yields for each mea-
sured isotope pair using a script | wrote in
Python. The calculations included correct-
ing the measurement for the efficiency of
the GAMMASPHERE detector [5], scaling
for each isotope, and correcting for the inter-
nal conversion coefficient according to the
Bricc database [6]. | tabulated the yields in
a matrix, which | then normalized and scaled
according to calculations in Reference [7] to
obtain the absolute yields. My final yields
matrices for the two studied element pairs
are seen in Figures 3 and 4.

Te vs. Pd yields matrix

Tel30 - 0010 0003 0017

Tel3l - 0054 0042 0006 0010

Tel32 - 0036 0059 0073 0185 0018 0016
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Figure 3: The yields matrix for the element pair
Te and Pd. On the horizontal axis are isotopes
of Pd, and on the vertical, Te. The highest yields
are in the center and along the diagonal of the
matrix, indicating that the 4 neutron channel was
usually the highest, with zero yields seen for
very high neutron channels (upper left corner).

Conclusion

There is no evidence for high neutron chan-
nel yields for my studied element pairs (see
Figure 5), unlike what was seen in the case
of the Ba and Mo fragment pair. This sup-
ports the hypothesis that the Ba and Mo
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Sr vs. Nd yields matrix

srol - 0.004 0.005

5r92 - 0020 0.019 0.030

Sro3 - 0.005 0.027 0012 0.022

5ro4 - 0010 0.026 0.088 [BE:h] 0132 0.047 0.043 0.20

Sras - 0.017 0.033 0117 s 0109 0.023 0.012
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Sra6 - 0.040 0.060 FEL] 0.062 0.010

Sre7 - 0.030 0.043 0.061 0.071 0.021
Srgg8 - 0.010 0.031 0.080 0.044 0.063 0.025

Sr99 - 0020 0.017 0.015 F 0.05

Srloo - 0.026 0.006
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Figure 4: Similar plot seen in Figure 3, but for
the other studied element pair, Sr and Nd. We
can draw the same conclusion that the 4 neu-
tron channel usually had the highest yields, and
there was no evidence for very high neutron
yields as well.

case is truly unique in the spontaneous fis-
sion of ?°2Cf, in that it is capable of evapo-
rating up to 10 neutrons. A possibility as to
why this can occur is that a highly energetic,
hyperdeformed '*Ba nucleus is produced
immediately after scission; ¢ however, more
research must be done to determine the ex-
act cause of this anomaly.

Future Studies

Continuing my study of nuclear decays, |
am further broadening my research expe-
rience with the EXO-200 project, a search
for a hypothetical form of exotic nuclear de-
cay called neutrinoless double beta decay.
Through this work, | am developing addi-
tional skills such as machine learning, opti-
mization, and detector design—all valuable
for any experimental physics project. More-
over, | intend to complete another research
experience for undergraduates (REU) in a
different nuclear or neutrino physics project,
such as MicroBooNE, over the Summer of
2019.

Sthe splitting of the 252Cf nucleus

Yield of Te isotopes as a function of neutron channel number
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Figure 5: A plot of yields against the neutron
channel number for select isotopes of Te, taken
directly from the yields matrix (Figure 3). Note
that the highest yields are clustered around 3 or
4, and become very small by 7+.
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