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1.0  Introduction 

 
Recent experiments have advanced the current understanding of multi-nucleon 

transfer(MNT) reactions. Within nuclear science, most nuclear reaction experiments consist 
of a stationary target material, that is then bombarded by a moving projectile. Overall 
nuclear reactions can be used to produce a desired isotope. In the case of this particular 
study of MNT reactions, the resulting products of the reaction can be determined through 
radioactive decay, and then studied further. MNT reaction experiments are of interest due 
to the ability to synthesize and study heavy nuclei at the limits of stability, as well as to 
compare and evaluate models and predictions for said heavy systems. 
 
1.1 What is Multi-nucleon Transfer (MNT) 
 

Multi-nucleon transfer reactions are a type of transfer reaction. Transfer reactions in 
general are a type of nuclear reaction in which one or more nucleons are transferred from 
either the target nucleus to the projectile nucleus, or vice versa. In the past, transfer 
reactions have played leading roles in studying and evaluating the structure of nuclei. For 
example, light ion transfer reactions were used to help construct the shell model, while 
heavy ion transfer reactions helped to define the reaction mechanisms for quasi-elastic, 
deep inelastic, and fusion reactions [1]. 
 

Since so much has been done with transfer reactions already, one might wonder 
why there is a renewed interest in multi-nucleon transfer reactions. Looking at Figure-1, 
one can see the cross section (in pico-barns) vs. the atomic number of the completely 
fused system, or ZCN, for cold and hot fusion reaction studies (those pertaining to the 
synthesis of superheavy nuclei). For cold fusion reactions, a consistent decrease in cross 
section corresponds with an increase in the ZCN of a system. The heaviest element formed 
through this cold fusion procedure was element 113 with a cross section of 22+/-17fb. On 
the other hand, hot fusion reactions experience a “leveling out” of the cross section around 
Z=110, with a slow decrease occurring from Z=116 to Z=118. The cross sections for these 
production paths correspond to a few atoms or less per year. Moreover, a key point is that 
through this process the produced nuclides are neutron deficient [2]. Therefore, according 
to previous works [1-3], the motivation to use multi-nucleon transfer reactions in today's 
scientific community is the pursuit of neutron rich isotopes of the heaviest elements, a part 
of the chart of nuclides that has been sparsely explored. 
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Figure-1: Cross section for the production of superheavy nuclei as a function of ZCN, or atomic number of the 

completely fused system [2].  

 
Figure-2: Visual representation of the stages of a nuclear reaction [4]. 

 
Rate =NσΦ   

N= Number of target nuclei 
σ = The cross section of the reaction 

Φ = The flux, or number, of incident projectile nuclei 
 (Equation-1) 

 
Understanding how multi-nucleon transfer occurs starts with understanding the 

general form of a nuclear reaction. As seen in Figure-2 and according to [4], a nuclear 
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reaction can be split up into the initial, intermediate, and final stages. Through these stages 
the reaction may take different paths depending on the bombarding energy, trajectory, and 
target repulsion (if the target is a charged particle). Furthermore, the rate of said reaction 
can be characterized by Equation-1 [4]. 

 
In the initial stage of a nuclear reaction, the projectile is approaching the target 

nucleus. As stated above, what happens next depends on the charge and trajectory of the 
projectile, as well as the charge of the target. If the projectile is uncharged, i.e. a neutron, 
there is no Coulomb repulsion from a charged target, allowing the reaction to move on to 
the intermediate stage. However, if the projectile and target are charged, two things can 
occur: (1) The projectile and target nuclear force fields interact, and the incoming projectile 
changes trajectory in “shape elastic scattering” where no direct interaction between the two 
nuclei take place  (2) If “shape elastic scattering” does not occur, the reaction moves on to 
the intermediate stage [4]. 

 
When the projectile overcomes the nuclear force field of the target (or the projectile 

or target are uncharged) the system can move on to the intermediate stage.  In the 
intermediate stage, if the projectile reacts via a two-body collision with a single nucleon of 
the target, the nucleon may raise to an excited state. If the struck nucleon leaves the 
nucleus a “direct reaction” is said to occur. If not, further two body collisions may occur 
leading to the formation of a compound nucleus (CN in Figure-2) [4]. 

 
After the formation of said compound nucleus, this complex nucleus is said to 

“forget” how it was formed. This means that its subsequent breakup only depends on the 
excitation energy and angular momentum of CN, not the nature of the two nuclei used in its 
formation. If the compound nucleus emits a particle similar to or identical to the projectile, 
and with the same energy of the projectile, then “compound elastic scattering” is said to 
have occurred. Otherwise, depending on the stability and the characteristics of the CN, the 
CN can decay through neutron evaporation, alpha emission, beta emission, positron 
emission, or electron capture [4]. 

 
Taking into account the knowledge of general nuclear reactions just mentioned, 

there are a few reaction mechanisms of transfer reactions, which depend on the impact 
parameter of the collision. The impact parameter is the offset distance between the centers 
of the two nuclei in a reaction. A head on collision would have an impact parameter of zero, 
while a peripheral collision would have a large impact parameter, close to the summation of 
the two nuclear radii of the system [5]. 
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These reaction mechanisms include: quasi-elastic scattering, deep inelastic 
collisions, and quasi-fission, and complete fusion. Large impact parameters correspond to 
quasi-elastic scattering reactions, moderate-to small impact parameters correspond to 
deep inelastic collisions and quasi-fission, while the smallest impact parameters may result 
in complete fusion. The smaller the impact parameter, the larger the possible amount of 
mass transfer between the two nuclei. Quasi-fission and deep inelastic scattering are the 
transfer reaction mechanisms with the most mass transfer. In these mechanisms the nuclei 
form a di-nuclear system in which a neck is formed, but a compound nucleus is never fully 
formed, the rotation of the compound nucleus results in its breakup into two fragments, a 
projectile-like (PLF) and a target-like fragment (TLF) [4-6]. 
 

According to the model of Zagrebaev and Greiner [6] when talking of quasi-fission 
and deep inelastic collisions, there are two possible transfer reaction scenarios (seen in 
Figure-3). These scenarios are “symmetrizing” and “anti-symmetrizing” reactions. 
“Symmetrizing” reactions are characterized by a small projectile and a large target, hence a 
large mass difference. The nucleons in this reaction prefer to transfer from the heavier 
nucleus to the lighter nucleus. On the contrary, an “anti-symmetrizing” reaction is 
characterized by a target and projectile nuclei with similar masses. For example, if one 
were to take a 248Cm target and bombard it with a 238U projectile(as seen in Figure-3), the 
nucleons would transfer from the lighter uranium nuclei to the heavier Curium nuclei. This is 
due to 238U being closer to a potential energy well caused by the Z=82 and N=126 closed 
shells. Therefore, the nucleons would transfer from the Uranium resulting in a neutron-rich 
superheavy target-like fragment.  

 
Figure-3: Diagram from the Zagrebaev and Greiner model of the two paths quasi-fission transfer reactions 

can take from [6]. As stated, during an “anti-symmetrizing” reaction, as many as 30 nucleons can be 
transferred resulting in a neutron rich, superheavy, TLF.  
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1.2 Overview of Past Works and Going Forward 
 

With a general background of multi-nucleon transfer and nuclear reactions 
explained, one should now look at the current scope of knowledge pertaining to these 
experiments. To begin with, one acknowledged experimental question to be answered is 
what data can be achieved experimentally pertaining to the r-process waiting points? 
 

The r, or rapid nuclear capture, process of stellar nucleosynthesis is used to explain 
the production of stable, and long lived radioactive, neutron-rich nuclei observed in stars 
and other metal sources in our solar system. The r-process has what are called waiting 
points at the closed neutron shells of N= 50, 82, and 126. These waiting points occur due to 
the stability of these nuclei to resist neutron capture, and the competition of beta decay with 
neutron capture at these points [4]. 
 

The waiting points have some major effects on the r-process. First, the waiting 
points are one of the main factors in determining how much time it takes a seed nuclei to 
flow within the r-process to a final heavy nucleus. Second, if we think  of the time scale of 
the r-process as competing with some dynamic time scale of the environment, by knowing 
the half-lives and time scale of the r-process, one could conclude on some conditions of the 
astrophysical environment itself [7]. 
 

One issue is only a few half-lives of the N=50 and 82 waiting points are known, and 
almost no experimental data exists for the N=126 shell. Therefore, in 2013 Watanabe et. al. 
used the KEK Isotope Separation System at RIKEN in order to obtain  isotopic distributions 
for the MNT products of the 136Xe + 198Pt reaction at 8 MeV/A (1085 MeV). The reason this 
reaction was done, is due to both the GRAZING code predictions and Zagrebaev and 
Greiner predictions leading to the production of N=126 nuclei [8]. 

 
Watanabe et al. detected and identified PLF’s and TLF’s from this reaction. Their 

measured isotopic distributions reported for the TLF’s and PLF’s roughly matched the 
GRAZING code, with some with some cases of the theory over-estimating the cross 
section. In addition, the experiment found neutron rich TLF’s of the N=126 shell, and it was 
therefore concluded that it is advantageous to use a neutron rich heavy beam such as 136Xe 
for producing TLF’s around N=126 [8]. 
 

In 2015 Watanabe et al. performed another experiment, this time at GANIL, the 
Grand Accélérateur National d’Ions Lourds, in Caen, France. A +20 136Xe beam was 
directed at a 91.6% enriched 1.3 mg/cm2 198Pt target with an energy of 7.98MeV/nucleon 
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(approximately 1085 MeV), with a typical beam intensity of 0.25pnA. The importance of this 
experiment was the measurement of absolute cross sections of some TLF’s with N  126≥  
deduced from the identified and measured PLF cross sections. The promised potential of 
the production of new isotopes around and beyond the neutron shell N =126 by MNT 
transfer reactions was experimentally established for the 136Xe+198Pt system for the first 
time at an energy above the Coulomb barrier in this experiment [9]. 
 

Another recent study, completed in 2015, by Barrett et. al. from Oregon State 
University [10] tested the accuracy of cross section estimations from the GRAZING code 
and from the multi-nucleon transfer model of Zagrebaev and Greiner. The aforementioned 
experiment took place at the Gammasphere facility of Argonne National Laboratory. A 136Xe 
beam of energy 785 MeV struck a 49mg/cm2 208Pb target that was mounted at the center of 
gammasphere. Due to the thick target, the beam is fully stopped within the target. [10] 
 

Gammasphere contains a maximum of 100 Compton suppressed Germanium 
detectors. For the Barrett et. al. study, only 90 detectors were operational. With spacing 
between the beam bursts of 824ns, triple gamma coincidence events (γ-γ-γ) were 
recorded. After 39 hours, the target was removed from gammasphere and was counted 
with a single Germanium detector. The spectra from these detectors were analyzed using 
the FITZPEAKS [11] software. Cumulative cross sections, or yields were measured later 
using the RADWARE [12] software for both the post-beam and in-beam data. 
 

The yields of over 200 PLFs and TLFs from the interaction described above (at 
Ecm=450 MeV) were measured. This was able to give a thorough picture of the production 
cross sections from 136Xe + 208Pb, , and the shell stabilized projectile and target nucleus 
were representative of a multi-nucleon transfer process. After comparing the experimental 
results to the theory and GRAZING code, it was concluded that: (1) GRAZING is only 
accurate for small transfer estimations, and the model itself underestimates the observed 
cross sections by an order of magnitude (2) The Zagrebaev and Greiner transfer model is 
good at predicting the TLF transfer cross sections for a wide range of transfer sizes (3) An 
enhancement of measured cross section (relative to the theory) for trans target nuclei. 
 

From these studies, where does one go next? According to the “Opportunities for the 
Near Future section” of a White Paper on Low-Energy Nuclear Physics in 2015, there are 
two main forks provided from the past works and the characteristics of multi-nucleon 
transfer. First is the ability and use of multi-nucleon transfer reactions to go toward the 
heaviest elements for the synthesis of new neutron rich heavy nuclei. Second is  the study 
of reaction mechanisms by inducing multi-nucleon transfer reactions with high-intensity 
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stable beams, and therefore exploring the predictions pertaining to the ability of 
multi-nucleon reactions to produce said heavy neutron rich nuclei [13]. 

 
2.0 Experimental 

 
In order to advance our understanding of multi-nucleon transfer and hopefully 

reinforce the findings of Watanabe et. al. the reaction that was studied in June of 2016 was 
136Xe + 198Pt at a center of target energy of 777 MeV, or 5.7Mev/A. The beam was run at 
the ATLAS facility at Argonne National Lab, and the Xenon beam had a charge of +26. The 
target was a stack of a 3.2 mg/cm2 198Pt foil, a 4.0 mg/cm2 198Pt foil, and a 24mg/cm2 Au 
backing, with an effective target thickness of 6.98 mg/cm2 found using RANGE [15]. 

 
The center of target energy was calculated by first converting the lab energy incident 

on the target of 860 MeV, into the center of mass energy in equation-2. 
 

( ) 10 MeVEcm = Elab
Atarget

(A +A )target projectile  
≈ 5  

(Equation-2) 
 

Then the interaction barrier for the 136Xe + 198Pt reaction was calculated in equation-3. 
 

.12(A ) .94(A ) 5.58Rp = 1 p
1/3 − 0 p

−1/3 =    
.12(A ) .94(A ) 6.37Rt = 1 t

1/3 − 0 t
−1/3 =   

.2 14.94Rint = Rp + Rt + 3 =   
.44( ) 11MeVBint = 1 Rint

Z Zp t − R Rt p

R +Rt p
≈ 4  

(Equation-3) 
 

When the beam of initial energy 510 MeV travels through the target it loses energy to its 
surroundings. Once the energy has dropped past the interaction barrier, no further 
interactions with the target will occur. Therefore, the effective target thickness is equal to 
the amount of target it takes to drop the energy past the interaction barrier. In addition, this 
means the energy at the center of the target is equal to the initial energy minus half of the 
energy difference between the initial and interaction barrier energies. This comes out to a 
Ecm = 460.6 MeV and a Elab =777 MeV at the center of the target. 
 

In beam data for this experiment was taken in Gammasphere, similar to Barrett et. 
al. mentioned above. In addition, after irradiation in the beam line was finished, the target 
was removed and placed in front of a single Germanium detector, where decay data was 
taken for several days. The reasons for this proposed experiment and analysis include: (1) 
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The observation and acquisition of data for the neutron rich side of the chart of nuclides, 
which could be important in nuclear astrophysics and structure pertaining to the r-process 
(N=126 factory) (2) To gain experience in multi-nucleon transfer reactions, cross sections, 
and the pertaining analysis. 
 
2.1 HPGE Detector 
 

For the sake of this project, only the out of beam decay data taken from the single 
HPGE detector is relevant. In John Greene’s lab at ANL, a target holder, with multiple slots, 
was placed over the HPGE detector. The target, when placed on the closest slot to the 
detector, was about 1cm away from the detector face. 
 

Before the target was placed in the detector set-up, a background measurement and 
a detector calibration were performed.  After a 24 hour background was taken, a 
comprehensive calibration was created using an Eckert & Ziegler standard point reference 
source [16], and John Greene’s Germanium detector. The calibration source measurement 
was done for a real time of 4.1 hours, with a 2.6% dead time, making the live time 
approximately 4 hours.  Table-1 below details the makeup of the calibration source. 
 

Isotope E-gamma (KeV) T1/2 (days) GPS GPS(now) %uncert. 

Am-241 59.5 1.58E+05 2.24E+03 2.22E+03 3.5 

Cd-109 88 4.63E+02 3.08E+03 3.09E+02 4.7 

Co-57 122.1 2.72E+02 1.64E+03 3.28E+01 4.1 

Ce-139 165.9 1.38E+02 2.30E+03 1.03E+00 3.9 

Hg-203 279.2 4.66E+01 4.10E+03 4.98E-07 3.8 

Sn-113 391.7 1.15E+02 3.23E+03 3.10E-01 3.9 

Sr-85 514 6.46E+01 6.03E+03 4.24E-04 3.5 

Cs-137 661.7 1.10E+04 2.06E+03 1.87E+03 4 

Y-88 898 1.07E+02 7.70E+03 3.70E-01 3.9 

Co-60 1173.2 1.93E+03 3.09E+06 1.78E+06 4 

Co-60 1332.5 1.93E+03 3.86E+03 2.22E+03 4 

Y-88 1896.1 1.07E+02 8.16E+03 3.92E-01 4 

Table-1: The nuclides used in the energy and efficiency calibrations of the single HPGe detector. 
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The gammas per second, or GPS, at the current time (GPS (now)) were solved for using 
the following equation-4: 
 

eAt = Ao −λt  
(Equation-4) 

 
where A0 is the original activity of the source, 𝜆 is the decay constant for the nuclide, and t 
is the time since the source’s creation till the experiment date, which was 1535 days. 
 

Using these calibration values, and the calibration run done before the experiment, 
both the energy and efficiency calibrations could be determined. Using FitzPeaks[11] 
gamma-ray analysis software, the energy calibration equation for the single HPGe detector 
is shown in equation-5, where x is the channel number. 
 

nergy .4114 0.25681 x 7.3103 0  xE = 1 +  *  +  * 1 −8 *  2  
(Equation-5) 

 
Figure-4 below shows the fitted efficiency curve for the reaction. The efficiency peaks at 
approximately 15% and drops to just below 1.4%, with differences between measured and 
fitted efficiencies no greater than 2.4%. 

 
Figure-4: FITZPEAKS[11] fitted efficiency curve for the 136Xe +198Pt at 860 MeV reaction. 
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After the calibration and background steps were completed, radioactive decay 

measurements were taken over 4 days from 6/15/16 to 6/19/16. The maximum percent 
dead time observed was 1.2%, allowing the sample to be close to the detector face without 
saturating the detector. Table-2 shows the run history for the single HPGE detector. 
 

Run # Live Time(sec) Real Time(sec) Dead time (%) 

1 900 910.458 1.2 

2 900 910.092 1.1 

3 1800 1819.157 1.1 

4 1800 1818.075 1 

5 3600 3633.877 0.97 

6 3600 3630.815 0.87 

7 7200 7255.292 0.76 

8 7200 7248.687 0.67 

9 14400 14482.93 0.57 

10 36000 36153.639 0.42 

11 14400 14445.982 0.34 

12 28800 28877.127 0.29 

13 40000.957 40086.004 0.21 

14 21600 21638.466 0.18 

15 21600 21634.745 0.16 

16 43200 43260.821 0.14 

17 18000 18022.544 0.13 

18 21600 21625.375 0.12 

19 43200 43246.084 0.11 

Table-2: Single HPGE detector run history for the 136Xe +198Pt at 860 MeV reaction. 
 

3.0 Data Analysis 
 

The experimental data of the first experiment was analyzed in a similar manner to 
that of the Barrett et. al. experiment. The experiment itself has given in-beam and out of 
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beam gamma ray spectra, as well as decay data . From the gamma ray energies, and the 
rate of decay of the products, one can work backwards and determine the nuclide of 
interest. However, for this project, only the decay data is relevant. 
 
3.1 Calculating Cumulative Yields 

 
In order to do this, a beam history for the run at ATLAS in June of 2016 was 

compiled. The FITZPEAKS [11] program was used to produce gamma ray spectra from the 
calibrated out-of-beam data. Since the FITZPEAKS [11] program outputs the peak 
energies, areas, activity in gammas per second (GPS), and the uncertainty in the activity, 
the gammas can then organized by energy and time of detection relative to the end of 
beam (EOB).  

 
Using a FORTRAN program, the data from FITZPEAKS [11] can then be used to 

construct decay curves, and allow the user to determine the nuclide of interest from the half 
life, as well as its activity at EOB. The program plots the organized and sorted data from 
FITZPEAKS [11] on an Activity vs. time plot. The program then calculates the best possible 
half-life or half-lives in the case of a multicomponent curve that will fit the data. The user 
selects nuclides that have gamma-rays at the selected energy and fit the curve and 
half-lives given by the program. Once the nuclides are known, the program is able to report 
an AEOB for that nuclide by using an idea similar to equation-6. 

 
 AEOB = At

e−λt   
(Equation-6) 

  
In equation-6, the activity of a data point at time t (At) is related to the AEOB and the 

decay constant λ. After looking at the curves and predicted half lives produced by the 
program, determining the nuclide or nuclides making the curve, and said nuclides activities 
at EOB, the output is sorted by another FORTRAN program. The beam history is added 
and another program is used to produce cumulative yields for the nuclides of interest, using 
the effective target thickness, the currents and times from the beam histories, and the A0’s 
found.  

 
The program that outputs cumulative cross-sections is cross.for. The program uses 

the input file to calculate and store the following variables: 
 

Flux(ϕ) in particles/minute 
Irradiation time (TIM) 

Total Time of Bombardment (TOB) 
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Time after irradiation until EOB (TIAB) 
N (# of atoms per square centimeter) 

 
These variables can be calculated for each beam period i as follows in equation-7: 
 

IAB  OB OTIM  T i = T − T i  

OTIM OTIM  T IM   T i = ∑
n

i=1
T i−1 +  i  

N = MW  of  the nuclide of  interest
(Target Thickness)(Avogadro s #)′  

(Equation-7) 
 

Then by using the following equation-8: 
 

σϕ(1 )e  At = N − eλt1 −λt2  
(Equation-8) 

 
where At is the activity at the time of measurement, t1 is the irradiation time, t2 is the time 
elapsed after radiation (or decay time), and 𝞼 is the cross section.  By subbing in 
equation-7 to equation-8, the cross section for a given nuclide can be solved with 
equation-9: 

 

LUX (1 )(e )∑
 

 
F = ∑

n

i=1
ϕi − e−λT IM i −λT IABi  

σCY = AEOB

N LUX∑
 

 
F

 

(Equation-9) 
 

 
Afterwards, by summing the yields of ground state and isomeric states for a reaction 

product, such as in the previous experiment, the cumulative yields for each nuclide of 
interest were acquired. This includes the includes the yields from precursor beta decay 
from a parent and grandparent nucleus. 
 
3.2 Calculating Independent Yields 

 
As mentioned, the nuclides may have been a direct reaction product, or formed 

through the beta decay of a parent or grandparent. Therefore, a correction for this beta 
decay feeding must be done in order to convert the cumulative yields into independent 
yields. The general approach here is to assume that the independent cross sections for a 
given nucleus, 𝞼(Z,A), can be expressed as a histogram that lies along a gaussian 
following equation-10: 
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(Z, ) (A)[2C (A)] exp[ ]σ A = σ z
2 −1/2

2C (A)z
2

−(Z−Z )mp
2

 

(Equation-10) 
 

In this equation, Cz(A) is the width parameter of the Gaussian for mass number A, Zmp is the 
most probable Z value, and is the isobaric cross section for a given A. Using the(A)σ  
further assumption that varies smoothly and slowly as a function of A one can(A)σ  
determine the width parameter and most probable Z for a given A range, and correct for the 
precursor decay [14].This described procedure is done using a pair of FORTRAN programs 
to sort and perform the corrections for nuclides produced via direct reaction and precursor 
beta decay. Independent fractional yields are reported after the corrections are applied, the 
two Gaussian-like fits seen in figure-5 show that the fits were done, however, due to the 
limitations of the amount of data points collected from just the radioactive decay analysis 
one can see a few outliers. This could be alleviated with the addition of the in-beam 
gammasphere data. 

 
Figure-5: Charge distribution graphs for the PLF’s (left) and TLF’s (right). General gaussian-like fits can seen 

within the limitations of the data found. 
 
 

4.0 Results and Discussion 
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4.1 Tables of Yields 
      

Element N Z A CY(mb)  ECY(mb) IY(mb)  EIY(mb) 

Zn 39 30 69 0.0744 "+/-" 0.0479 0.0744 "+/-" 0.4791 

Zn 42 30 72 0.2867 "+/-" 0.0823 0.2865 "+/-" 0.0823 

As 39 33 72 0.2302 "+/-" 0.0170 0.2301 "+/-" 0.0230 

Zr 57 40 97 0.3593 "+/-" 0.0307 0.3593 "+/-" 0.0359 

Nb 55 41 96 0.9894 "+/-" 0.0206 0.9894 "+/-" 0.0989 

Mo 51 42 93 0.9452 "+/-" 0.0676 0.9452 "+/-" 0.0945 

Mo 57 42 99 5.6560 "+/-" 1.4900 5.6560 "+/-" 1.4900 

Sb 69 51 120 0.3677 "+/-" 0.0492 0.3677 "+/-" 0.0492 

Sb 71 51 122 1.4610 "+/-" 0.0421 1.4610 "+/-" 0.1461 

Sb 75 51 126 1.3100 "+/-" 0.2520 1.3100 "+/-" 0.2520 

Sb 76 51 127 1.8150 "+/-" 0.3122 1.7140 "+/-" 0.2948 

Sb 77 51 128 0.7663 "+/-" 0.0746 0.7173 "+/-" 0.0717 

Te 79 52 131 1.3410 "+/-" 0.3107 1.0490 "+/-" 0.1393 

Te 80 52 132 0.6971 "+/-" 0.9116 0.6494 "+/-" 0.8493 

I 71 53 124 1.0420 "+/-" 0.0675 1.0420 "+/-" 0.1461 

I 77 53 130 5.5760 "+/-" 0.1561 5.5760 "+/-" 0.5576 

I 78 53 131 13.7100 "+/-" 0.2496 11.6800 "+/-" 1.1680 

I 79 53 132 8.1340 "+/-" 0.2880 8.0100 "+/-" 0.8010 

I 82 53 135 4.6280 "+/-" 0.4185 4.6280 "+/-" 0.4628 

Xe 71 54 125 0.8702 "+/-" 0.5041 0.8428 "+/-" 0.4882 

Xe 73 54 127 2.6500 "+/-" 0.4259 2.5560 "+/-" 0.4108 

Xe 81 54 135 156.0000 "+/-" 1.5400 152.1000 "+/-" 15.2100 

Cs 72 55 127 1.6170 "+/-" 1.4870 1.5520 "+/-" 1.4270 

Cs 79 55 134 9.2710 "+/-" 1.0430 9.7210 "+/-" 1.0430 

Cs 81 55 136 13.0100 "+/-" 0.4972 13.0100 "+/-" 1.3010 

Ba 75 56 131 1.0670 "+/-" 0.2232 1.0340 "+/-" 0.2163 
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Ba 79 56 135 10.8700 "+/-" 0.1931 10.8700 "+/-" 1.0870 

Ba 84 56 140 0.6567 "+/-" 0.6460 0.5470 "+/-" 0.5381 

La 83 57 140 2.2470 "+/-" 0.0565 0.2244 "+/-" 0.2244 

Ce 83 58 141 6.7700 "+/-" 1.0390 5.4160 "+/-" 0.8405 

Tb 89 65 154 1.9210 "+/-" 0.1128 1.7630 "+/-" 0.1763 

Table-3: The cumulative yields(CY) and Independent yields (IY) for the PLF’s found in this experiment, with 
their associated errors (ECY and EIY). 

 
Table-3 contains the cumulative yields and independent yields for the PLF’s found in 

this experiment. 31 PLF yields were determined ranging from Z = 30 to Z=65, and A’s 
ranging from 69 to 154. Most of the nuclides found through the radioactive decay analysis 
were south and west on the chart of nuclides from the 136Xe projectile nucleus.    

      
Element N Z A CY (mb)  ECY (mb) IY (mb)  EIY (mb) 

Hf 101 72 173 0.7220 "+/-" 0.0241 0.6925 "+/-" 0.0693 

Hf 103 72 175 2.5110 "+/-" 0.4732 2.1670 "+/-" 0.4083 

Hf 108 72 180 0.6155 "+/-" 0.2246 0.6155 "+/-" 0.2246 

Ta 103 73 176 1.3470 "+/-" 1.1760 1.2510 "+/-" 1.0920 

Ta 111 73 184 0.7979 "+/-" 0.0252 0.7809 "+/-" 0.0781 

Re 107 75 182 6.9400 "+/-" 2.6740 6.9400 "+/-" 2.6740 

Re 114 75 189 5.8610 "+/-" 3.4140 5.3900 "+/-" 3.1390 

Os 106 76 182 0.1828 "+/-" 0.1810 0.1691 "+/-" 0.1675 

Os 107 76 183 0.7904 "+/-" 0.0410 0.5909 "+/-" 0.0591 

Ir 111 77 188 3.2920 "+/-" 1.4070 3.2850 "+/-" 1.4040 

Ir 113 77 190 3.1060 "+/-" 0.2453 3.1060 "+/-" 0.3106 

Ir 118 77 195 17.2300 "+/-" 1.9390 17.2300 "+/-" 1.9390 

Ir 119 77 196 7.5730 "+/-" 0.1110 7.5730 "+/-" 0.7573 

Pt 107 78 185 0.6379 "+/-" 0.2733 0.6054 "+/-" 0.2594 

Pt 110 78 188 0.5529 "+/-" 0.2641 0.4976 "+/-" 0.2377 

Pt 113 78 191 5.5960 "+/-" 0.0097 5.0000 "+/-" 0.5000 

Au 115 79 194 6.3880 "+/-" 0.0846 6.3880 "+/-" 0.6388 
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Au 117 79 196 7.4810 "+/-" 0.6665 5.8250 "+/-" 1.0415 

Au 119 79 198 4.5360 "+/-" 0.0497 4.5360 "+/-" 0.4536 

Au 121 79 200 1.6770 "+/-" 0.0792 1.6770 "+/-" 0.1677 

Hg 117 80 197 6.0770 "+/-" 2.3240 6.0770 "+/-" 2.3240 

Tl 114 81 195 11.4800 "+/-" 1.3370 10.4000 "+/-" 1.2110 

Tl 121 81 202 1.3020 "+/-" 0.0269 1.3020 "+/-" 0.1302 

Pb 120 82 202 2.3750 "+/-" 2.6100 2.3750 "+/-" 2.6100 

Bi 120 84 204 0.7644 "+/-" 0.0237 0.6945 "+/-" 0.0695 

 
Table-4: The cumulative yields(CY) and Independent yields (IY) for the TLF’s found in this experiment, with 

their associated errors (ECY and EIY). 
 

The independent and cumulative nuclidic yields for the TLF’s in this experiment are 
given in table-4. The 25 observed nuclides range from Z= 72 to Z=84 with  an range in A of 
173-204. Most of these nuclides were west and south of the 198Pt target on the chart of 
nuclides. In addition, through the radioactive decay analysis, no N=126 TLF’s were found. 
There were also no indications of any heavy Pt isotopes. Furthermore, no 199Au was found, 
which is weird since 199Au would just be one proton and one neutron away from the target. 
These oddities could be due to many things and will be discussed later in the work.  
 
4.2 Evaluation of Work Compared to Theory and Past Experiments 

 
Figure-6 below shows a compilation of graphs containing the PLF GRAZING [17] 

predictions for this experiment and the PLF data from this study. Figure-6 contains similar 
graphs, however, this time the graphs contain the TLF theory and project data.  Looking at 
Figures 6, 7, and 8 one can see some trends between the theory and experimental results. 
The main visual trend to be seen is, the closer one arrives to either the target or the 
projectile Z, the closer GRAZING [17] is in predicting the cross-section of a given A. On the 
opposite note, the further away from the projectile or target Z, the more shifted to the right 
or left (higher-A or lower A) and lower the estimated cross section will be from the 
experimental findings. These trends can also be seen in Figure-9 and which contain 
reported PLF and TLF data from the 2015 Watanabe et. al experiment for the same 
nuclides found in this study vs. GRAZING [16] and this OSU study. In addition, both of 
these observations coincide with similar trends seen in Barrett et. al. [10]. 
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Figure-6:  Logarithmic scaled graph of the OSU experimental PLF yields compared to the GRAZING [17] 
predictions. The black diamonds represent the OSU experimental, and the red line represents the GRAZING 

[17] code. In addition, the nuclide of interest is written in the top corner of the graph with its Z value and 
amount of proton transfer from the 136Xe projectile. 
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Figure-7:  Logarithmic scaled graph of the OSU experimental TLF yields compared to the GRAZING [17] 
predictions. The black diamonds represent the OSU experimental, and the red line represents the GRAZING 

[17] code. In addition, the nuclide of interest is written in the top corner of the graph with its Z value and 
amount of proton transfer from the 198Pt target. 
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Figure-8: Logarithmic scaled graph of the 2015 Watanabe et al. experimental TLF yields [9] compared to the 
GRAZING [17] predictions. The black diamonds connected by a line represent the Watanabe experimental, 
and the red line represents the GRAZING [17] code. In addition, the nuclide of interest is written in the top 

corner of the graph with its Z value and amount of proton transfer from the either the 136Xe projectile or in the 
case of Os the 198Pt target. 
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Figure-9: Linear graph of the 2015 Watanabe et al. experimental TLF yields [9] compared to the OSU 

experimental yield. The black diamonds represent the OSU experimental, and the green dots connected by a 
line represent the Watanabe experimental. In addition, the nuclide of interest is written in the top corner of the 

graph with its Z value and amount of proton transfer from the either the 136Xe projectile or in the case of Os 
the 198Pt target. 
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When looking at figure-9, one can see the Watanabe data finding higher cross 

sections across the board. This phenomenon can be due to the fact that the Watanabe 
experiment was done at a center of target energy of 1085 or 7.98 MeV/A, while this project 
was done at 777 or 5.7 MeV/A. In addition, taking note that the scale of the graphs in 
figure-9 are linear, it can be seen that there is never more than about a half magnitude of 
difference between the two sets of data. Besides the energy some other differences 
between the OSu experiment and the Watanabe experiment include: the Watanabe 
experiment was done with a much thinner target (1.4 mg/cm2 vs. 6.9mg/cm2) and the beam 
for the Watanabe experiment had a lower charge ( +20 vs. +26). 
 

In Barrett et. al. a theory evaluation factor, or tef was used to compare the theory 
and experimental results quantitatively using equation-11 [10]. 
 

ef  logt =  σtheory
σexperimental   

(Equation-11) 
 
 
The average tef for a given Z was calculated as well as the standard deviation as follows in 
equation-12. 
 

ef  eft Ave = 1
Nd

∑
Nd

i=1
t i  

D  S tef = 1
Nd√ (tef ef )∑

Nd

i=1
i − t Ave

2  

(Equation-12) 
 
Furthermore, when using the tef values, the smaller the tef value (closer to 0) the more the 
two things being compared agree [10]. 
 

Therefore, in order to quantitatively compare this project to GRAZING [17] and the 
Watanabe experiment, the following comparisons will be done using a similar evaluation 
factor method: 
 

1. tef for experimental vs. GRAZING [17] 
2. tef for Watanabe experiment vs. GRAZING [17] 
3. Comparison between these tef’s 
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Figure-10: Graph of tef vs. Z for the two sets of experimental data (Watanabe (red squares) and OSU(black 

diamonds)) vs. GRAZING [17]. 
 

Figure-10 shows a graph of the tef value vs. Z of the nuclide in question, and as 
stated above the closer the value is to zero, the more the two things being compared 
agree. Furthermore, the sign of the value determines if the theory underestimates (+ sign) 
or overestimates (- sign) the experimental. Overall, through the evaluation of the tef’s, one 
can again see that the closer to the target Z, the more the theory agrees with the 
experimental data.  

 
The same trend can be seen in figure-7 for the TLF’s, but one can also see a shift in 

A to the right for the TLF’s, this shift makes it difficult to create TEF’s for these nuclides, so 
therefore nothing definitive can be concluded. In addition, when comparing this study’s data 
to that of Watanabe’s 2015 experiment, not only are similar trends seen when put aside the 
GRAZING [17] predictions, but there is also at maximum about a half a magnitude of 
difference between the two. This matches up with the general trends of the two sets of data 
on the graphs in figure-6, 7, 8, and 9 looking similar. 
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5.0 Conclusions 
In conclusion, nuclear reactions can be used to produce and study products from 

reactions of interest.  Fifty-six nuclidic yields were found for the reaction of 136Xe + 198PT at 
center of target energy of 777 MeV. Thirty-one of these yields were found as projectile-like 
fragments, or PLF’s, while twenty-five of these yields corresponded to target-like fragments, 
or TLF’s. For the PLF’s, nuclides were found from Zn (Z=30) to Tb (Z=65), with A values 
ranging from 69-154. With the TLF’s, nuclides were found from Hf (Z=72) to Bi (Z=84), with 
a range in A from 173-204. 
 

The characterization of the N-126 nuclei has the ability to help experimenters 
understand some aspects of the r-process of nucleosynthesis. However, the experiment 
done in this project found no N=126 nuclei, which could be do to it being more of rough look 
of what could be in this area (due to the fact that only out of beam radioactive decay data 
was analyzed). This is compounded by the fact that we really don’t know a lot about the 
N=126 nuclei, and that between this experiment and that of Watanabe et. al. done in 2015 
there were a few differences. These differences include, differences in energy at center of 
target and differences in detector scheme.  
 

Furthermore, in past experimental systems similar to this one, the heavy Pt isotopes 
as well as their Au daughters have been seen. In this system, one would also expect to see 
these nuclides, however very few heavy Pt isotopes were found, especially 199Pt was 
missing, which is just an (n,𝛾) reaction on the 198Pt target. In addition, 199Au, was one of the 
Au isotopes missing, and should’ve been seen from the decay of 199Pt, and the principal 
gamma-ray for 199Pt was not scene from the FITZPEAKS[11] output. These oddities are 
uncharacteristic and it doesn't quite make sense why they are in this work, and should be 
addressed in possible future works. 
 

In regards to the Watanabe et. al. experiment and the GRAZING [17] code, 
comparisons were made against the experimental data found in this project. Overall one 
could see similar trends to those found in the Barrett et. al. MNT reaction study. 
Furthermore, similar trends were seen between the Watanabe experiment and this project, 
with some order of difference possible due to being done at different center of target 
energies, 1085 MeV and 777 MeV respectively. 
 

6.0 Future Work 
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Something seen throughout the entirety of the work is that the small number of 
nuclidic cross sections found in the out of beam radioactive decay analysis makes it hard to 
properly see trends or compare. In order to correct for this, in the future an analysis of the 
in beam data to go along with this project will help to secure which nuclides are present, as 
well as add in a-lot of the much shorter lived nuclides to the mix. In addition, doing this 
analysis at a much more similar energy to the Watanabe experiment, with a better 
detection scheme, may alleviate the lack of nuclides, especially those of the N=126 shell. 
However, the issue here is what is the “right” energy for this experiment. In the center of 
mass frame, Zagrebaev and Greiner’s best predicted energy is 450 MeV [3] and the 
Watanabe experiment was done at 643 MeV. The OSU experiment was done in between 
the two, so in order to figure out which energy truly gives the best results, doing another 
experiment completely similar to the OSU experiment, but at a higher and a lower energy 
(close to the Zagrebaev and Greiner predictions, as well as the Watanabe experiment) may 
answer this question. Though one does have to note that going higher in energy does 
contradict the ideas of Zagrebaev and Greiner [3]. 
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