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Abstract 

 The Large Hadron Collider (LHC) is set to reach a stage of high luminosity by 2026. In 

order to keep up with the resulting increase in pileup conditions, the Compact Muon Solenoid 

(CMS) will also be getting an upgrade. With this upgrade, it is important to understand the full 

capabilities and limitations of the tracker & trigger to read and store data about particles of 

interest. The following study details the losses of data due to limitations on the CMS Binary 

Chip (CBC). CMSSW 10.4.0 was used to simulate and analyze a sample of 500 events for stub 

losses in the barrel of the CMS due to CBC limitations. It was found that stubs from secondary 

reactions were consistently the highest volume of stubs that were lost due to a CBC failure in 

each of the layers and that layers 4, 5. & 6 had higher losses in comparison to losses in layers 1, 

2, & 3. 

1.Background 

 1.1 The Compact Muon Solenoid 

 The Compact Muon Solenoid (CMS) is one of seven experiments found at the LHC. The 

CMS is designed to detect and store data about the products of a high-energy collision. This is 

achieved using a solenoid with a magnetic field greater than 100,000 times than the earth’s [2]. 

Figure 1 illustrates the many layers of the CMS 

detector. Each layer takes precise measurements 

of different types of particles. The following 

study is concerned with the tracker of the 

detector, which tracks and stores data about the 

path of particles as they go through the layer. 
Figure 1: Layers of the CMS detector [1]
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 The tracker is the innermost layer of the CMS which allows it to catch all of the particle 

spray that occurs from an event. The tracker can be divided into four subsections: Tracker Inner 

Barrel (TIB), Tracker Outer Barrel (TOB), Tracker Inner Disk (TID), and Tracker End Caps 

(TEC). Each subsection’s location can be described by the radial distance from the center of the 

CMS detector (r), the linear distance down the center of the CMS detector(z), and pseudorapidity 

( ). The following study examines the TOB. Figure 2 shows a cross section of the tracker labeled 

with each of the subsections described. TOB is located where r >550 and z <1200 

 TOB has six layers of detector modules which are represented by lines in Figure 2. Each 

detector module is made up of two parallel silicon sensors. The first three layers use PS modules 

which use a strip sensor and a pixel sensor. The last three layers contain 2S modules which are 

simply made of two identical strip sensors. In comparison, PS modules have a higher granularity 

and provide higher precision hits which helps with the high levels of occupancy in the inner three 

layers [3].

Figure 2: Schematic cross section through the CMS []
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 When a collision occurs, an electric signal is 

produced as a particle passes through pixels or strips 

creating a cluster. Correlated clusters in the parallel 

detectors within a module become reconstructed by CMS 

Binary chips (CBC) or Macro Pixel ASIC (MPA) chips to 

create stubs; CBC are used with 2S modules while MPA chips are used for PS modules.  

 Figure 3 shows the concept of a stub and explains how stubs can be used to significantly 

reduce the enormous inflow of data. The transverse momentum (pT) of a particle is directly 

related to the width of the stub that it creates. A cut-off pT can easily be applied by examining the 

deviation of the second cluster and the implied momentum. As figure 3 suggests, a high pT cut-

off will cause certain particle paths to fail rejecting those stubs. Since CBC/MPA chips only 

readout stubs, this rejection of stubs helps reduce the flow of data coming in significantly. 

 Though stubs can reduce the amount of data coming in, there are still losses due to 

failures in the CBC readout chip. The CBC has a buffer that can be filled up when there is too 

much data which causes the data that does not make it into the buffer to be lost. Figure 4 shown 

below offers a diagram showing the full front-end data extraction and the rates at which data is 

produced in each step. The following study focuses on the truncation of data done by the CBC. 

Figure 3: Stub schematic [3].

Figure 4: Front-end data extraction [4].
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1.2 Past Studies 

In a study performed in 2018, Christopher E. McGrady set out to understand how high 

data rates and limits on bandwidth readout affected losses of data in the tracker of the CMS. 

McGrady used CMSSW 9.3.7 to analyze data that were lost and understand what conditions 

caused the data to be lost. It was found that TOB encountered the highest percentage of losses 

ranging from 1.51% to 5.58% depending on pile-up conditions [1]. Table 1 demonstrates the high 

percentage of data lost in TOB (barrel layers 4, 5, & 6) due to CBC limitations. The full limit of 

data losses were based on a sample in which there was a pile-up of 300 collisions. With the 

conclusions found in McGrady’s study, it was suggested that more studies should be done in 

order to understand why such high losses were occurring due to CBC/MPA losses.

2. Methods 

CMS SoftWare (CMSSW) creates samples of events and shows how the CMS detects 

those events. In this study, CMSSW 10.4.0 was used. Events are simulated using the Monte 

Carlo technique, which estimates the value of an unknown quantity through inferential statistics 

[6]. A sample was created where the max events was set to 500 using the 

Table 1: Stub loss from different limitations [1]
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L1TrackNtupleMaker_cfg.py file which can be found in the CMSSW_10_4_0/src/L1Trigger/

TrackFindingTracklet/test directory. This sample was then used to make plots using stubRate.C 

located in the CMSSW_10_4_0/src/L1Trigger/TrackFindingTracklet/test/code2 directory. Losses 

due to CBC limitations were broken up into categories of stub types in order to understand what 

kind of stubs were being lost.  

 Three types of stubs were considered in this study: genuine, combinatoric, and unknown. 

A genuine stub contains two hits from the same Monte Carlo truth track, while a combinatoric 

stub contains one Monte Carlo hit and another hit with a different ID. An unknown stub contains 

hits that are not differentiable. 

 Four-dimensional arrays were created to account for stub volumes while also keeping 

track of the particular stubs’ location. the parameters for the arrays created were barrel, layer, 

ladder, and module. Table 2 provides a comprehensive list of arrays created and descriptions. 

 The arrays shown were then used to create one-dimensional plots so that they could be 

analyzed visually. The plots were made using ROOT. One-dimensional plots of each type of stub 

were made in each layer for a stub count. The plots were then superimposed into stacked 

histograms so that the full population of stubs could be seen while also knowing how many stubs 

belonged in each category. 

Array Description
GenuineStubs Count of all genuine stubs in each module

GenuineStubsCBCfail Count of genuine stubs that failed CBC in each module

CombinatoricStubs Count of all combinatoric stubs in each module

CombinatoricStubsCBCfail Count of combinatoric stubs that failed CBC in each module 

UnknownStubs Count of all unknown stubs in each module

UnknownStubsCBCfail Count of unknown stubs that failed CBC in each module

Table 2: Arrays created
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3. Results 

 Figures 5, 7, & 9 show a count of stubs per module in each layer of TIB on a logarithmic 

scale. The different colors represent the stub type; Red represents unknown stubs, green shows 

combinatoric stubs, and blue is for genuine stubs. Similarly, Figures 6, 8, & 10 show the count of 

stubs that were lost due to a CBC failure broken up in colors again by stub types in layers of 

TIB. TOB is represented by Figures 11-16.
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Table 3 seen below shows the total amount of stubs and stub losses due to a CBC failure.  

Table 3: Count of total stubs and stub layers 

4. Discussion  

 The population of unknown stubs grew to be the majority of all stubs when progressing 

through the layers. Unknown stubs were also the majority for stubs that were lost due to CBC 

failures in each of the layers. However, there is a distinct increase in the sheer amount of CBC 

losses when comparing TOB to TIB.  

 The amount of CBC failures in the first three layers decrease when moving outwards 

(from layer 1 to layer 3) from the collision point. Although the CBC failures decrease from 

layers 1 to 3, the amount of total stubs increases by nearly a factor of 1.46. This is shown in 

Figures 5-10 and in Table 3. Moving from layer 3 to 4, the amount of total stubs decreases a little 

Total Stubs Losses due to 
CBC failure

Layer 1 27262 171

Layer 2 37536 28

Layer 3 39853 33

Layer 4 32888 991

Layer 5 27731 982

Layer 6 17158 887
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Figure 16: CBC failed stubs layer 6
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bit but the population of stubs that are lost from a CBC failure increases drastically. In layer 3, 

there are only 33 stubs lost to a CBC failure. In layer 4 there are 991 stubs lost from a CBC 

failure which is an increase of a factor of about 30. This is shown in Table 3 and in Figures 9-12. 

 The low amount of CBC failures in layers 1-3 can be attributed to the fact that these 

layers use an MPA chip to reconstruct stubs while layers 4-6 use CBC chips to reconstruct stubs. 

The CBC  failures in each of these cases were mostly unknown stubs which can account for why 

the track efficiency in layers 4-6 are high despite the high loss of stubs. 

 In further studies, The performance of the MPA chip should be looked at and compared to 

the performance of the CBC chip. Ways to improve losses in TOB should also be researched by 

looking into other data compression methods. 

 

176



References 

(1)  McGrady, C. E. (2018). Using particle interaction simulations to understand tracker 

efficiency for the phase II high luminosity upgrade on the cms experiment (National Science 

Foundation). Indiana, United States: Notre Dame University, Physics. 

(2) Taylor, L. (2011, November 23). What is cms? Retrieved from http://cms.web.cern.ch 

(3) Viret, S. (2018). Stubs. 

(4) Viret, S. (2017). Data transmission efficiency of the phase II tracker front-end system for the 

tilted geometry.  

(5) The CMS Collaboration et al 2008 JINST 3 S08004

(6) Guttag, J. [MIT OpenCoureWare]. (2017, May 19). Monte Carlo Simulation. Retrieved from 

https://www.youtube.com/watch?v=OgO1gpXSUzU

177



 

178



Improving the Notre Dame MR-TOF and using Photodiode Detectors for

Beam Analysis

Jason Prochaska

2019 NSF/REU Program

Physics Department, University of Notre Dame

Advisor: Maxime Brodeur

179



Abstract

This report first discusses the use of Multiple Reflection Time-of-Flight Mass Spec-

trometry in analyzing Radioactive Ion Beams. Particularly, the optimal beam pulse

width to maximize the Mass Resolving power of said Mass Spectrometer. The success-

ful use of Multiple Reflection Time-of-Flight Mass Spectrometry will aid in the study

of many rare nuclei that have an extremely low natural abundance here on Earth.

Additionally, we discuss the use of a particle detector called Ackbar in analyzing beam

contents. The Ackbar detector utilizes a small gas chamber coupled to a silicon surface

barrier to identify the beam contents. This paper presents a potential replacement for

the silicon detector, by a photo-diode detector, as well as a mount for said photo-diode.

Introduction

There are two major processes that create elements heavier than iron. The discussion

of this paper is focused on the r-process, or rapid neutron capture process, which generally

synthesizes the most neutron-rich isotopes of the heavy elements. The r-process produces

approximately half of all elements beyond iron in the universe [7]. To better understand the

rapid neutron capture process it is necessary to study nuclei near neutron number N=126.

This is because nuclei around the closed neutron shells of N=82 and N=126 have a large

influence on the final abundances of nuclei that are produced by the r-process [7]. However,

nuclei near N=126 are rare given their radioactivity, and production of these radioactive

nuclei presents many challenges. Multi-nucleon transfer reactions are a viable method for

reaching the N=126 region [8]. At Argonne National Laboratory, a facility is being created
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to produce these rare nuclei allowing for their study [9]. However, production of these nuclei

yields contaminant isobars. In order to filter out the contaminants, a Multiple Reflection

Time-of-Flight Mass Spectrometer (MR-TOF-MS) [1, 2] will be utilized in the facility at

Argonne National Laboratory.

The University of Notre Dame has developed an MR-TOF-MS that has been tested and

commissioned off-line. One of the main goals of this endeavor was to optimize the resolving

power of the mass spectrometer.

The off-line testing of MR-TOF-MS at Notre dame utilized a Bradbury-Nielsen Gate

(BNG) to chop the beam into pulses, allowing only a specified width to go on to the Mass

Spectrometer. The size of the pulse can have an influence on the resolving power of the

beam. In order to determine the ideal size for the width of the beam, characteristics of the

detected peak were analyzed.

Implications and Advantages of the MR-TOF-MS

Argonne National Laboratory is creating a facility in which radioactive beams of high

purity are required. These beams will provide insight into the astrophysical processes under

which r-process neutron capture can occur. However, many experiments like specifically a

mass measurement requires isobarically pure beams. Hence, a MR-TOF-MS is required to

filter out isobaric contaminants (isobars are isotopes having the same atomic mass) [3]. Even

isobars have slight variations in their mass. Therefore, if the ions are produced at a constant

energy, isobars will travel at a slightly different velocity. Thus, the time of flight will vary
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between isobars.

One of the major advantages presented by TOF-MS is the extremely short time scale

on which it can separate isobars. This is of particular importance in the Argonne National

Laboratory setup, as the beams produced will be radioactive in nature. Another significant

advantages of the Multi-Reflection TOF-MS is the length of the device [2]. An ordinary

time of flight mass spectrometer would require a significant distance for the beam to travel

to achieve a sufficient resolving power. Multiple-Reflection TOF-MS traps ions within a

potential well, allowing them to oscillate along the length of the chamber. This allows for

a far shorter beam line as mentioned, and has the added benefit of allowing for the Time-

of-Flight to be modified and optimized. The MR-TOF-MS at the University of Notre Dame

utilizes two sets of 5 electrodes forming mirrors and two Einzel lenses in order to create a

modifiable reflecting potential.

MR-TOF-MS Optimization

When optimizing the MR-TOF-MS we seek to maximize the resolving power, which is

given by the following equation:

R =
t

2Δt
(1)

In equation (1), Δt is the width of the peak at half the height of the peak, and t is the

total time of flight of the ions. At Argonne National Laboratory the Radioactive Ion Beam

will be bunched by a component prior to the MR-TOF-MS. However, we decided to analyze

the optimal pulse length for the MR-TOF-MS. On the offline setup, the BNG can be opened
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Figure 1: The above plots display the total counts, full width half maximum, and resolving
power vs. the number of loops the ions are reflected. Each plot displays various pulse widths.

for a set amount of time [2]. However, it is a delicate balance between peak height and width.

Too short of a pulse and less ions will get through. Also, a greater proportion of the beam

will suffer from a transverse kick that will adversely affect the efficiency and resolving power.

Too long of a pulse the width of the peak will be too large. The number of loops that the

ions undergo determines the total distance they will travel. For all widths studied the mass

resolving power and total number of ions gets affected the same way with the increased num-

ber of loops. Also the total number of ions increases with the pulse width as expected. The

large drop in FWHM in the first 100 loops is due to ions entering the MR-TOF with large an-

gles no longer being detected. The ideal resolving power is reached after 200 loops for 180 ns.
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Issues Addressed and Potential Causes

Throughout measurement using the MR-TOF-MS a few issues were encountered. The first

of which is that the influence of the steerer potential drifts. One possible cause for this is

the varying temperature in the detector development lab. The facility at Argonne National

Laboratory will be better temperature controlled, nullifying this issue. Another issue that

was faced was the loss of vacuum in the system. The turbo-vacuums require a back pressure

that was provided by a pure nitrogen supply. This supply ran out during the summer, and

caused the system to lose vacuum briefly. Finally, the ion source seemed to die out, yielding

progressively less counts and thus causing mass resolving power to plummet for high loop

counts.

Testing TwinSol Contents with Ackbar

A particle identification detector, called Ackbar is used to analyze the contents of

the TwinSol beams. Often these beams contain the primary beam from the FN that has

scattered, the radioactive species of interest, as well as an array of isotopes that were not the

intention of production. The Ackbar particle identification system allows operators to tune

the beam to minimize contaminants. The Ackbar system is similar to a ΔE − E telescope

detector that is built in two parts to classify the particles within the beam (see Figure 2).

Particular isotopes can be identified according to their energy loss through the ionization

chamber, and the final energy they deposit on the second detector. Usually for a telescope,

the first of these detectors is ordinarily a thin silicone detector, which allows the incoming
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particles to pass through. The first detector measures the energy loss of the particle. Within

the Ackbar system the first detector is instead a gas detector, which provides three main

advantages over the normal silicone detector. The first of which is it allows for detection

of ions with a higher number of protons (Z). The second major advantage is the flexibility

presented by varying the pressure and composition of the gas in the chamber. The most

common gas utilized is P-10 gas which is comprised of 90% argon gas and 10% methane gas.

The final advantage that gas detectors present is the ability to detect lower energy particles

with higher accuracy. Gas detectors utilize a container with conducting walls, and is often

filled with an inert gas [7]. When the ions enter the chamber they lose energy via excitation

and ionization through the creation of a free electron and ion [7]. The cross-section for

the latter to occur is one order of magnitude higher [7]. However, excitation reactions are

generally more observed as they have a lower energy threshold than ionization processes [4].

The gaseous region of Ackbar is held under a constant applied voltage. These freed electrons

then drift to the anode plate, and are detected as a current on the circuit. The second

detector of the system will measure the remaining energy of the particle. The next section

will discuss the two options for the final detector.

Photodiode Detector compared to Silicone Detector

Silicone detectors utilize a P-N junction diode that is put under reverse-bias [4]. This P-N

junction has a depletion layer (which becomes larger in the presence of a reverse-bias) in

which external particles that enter the region will deposit energy. This deposited energy
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Figure 2: The lefthand particle identification plot that was created using Ackbar in it’s
previous telescopic form. The righthand utilizes a gaseous ionization detector to measure
ΔE. The beam was produced by accelerating Oxygen-16 on a deuterium target with the
goal of producing Flourine-17 for both plots. The righthand plot clearly displays a higher
resolution than the previous arrangement.

creates electron-hole pairs. The N-type semiconductor collects the electrons, and visa versa

for the P-type semiconductor [7]. Both of these enter the external circuit in which they

can be detected. Silicone has a crystal lattice structure that vibrates when excited [8].

Photodiode detectors also utilize a p-n junction. Photodiodes utilize light as their external

input. Photodiodes, however, utilize Gallium Arsenide instead of silicone, which has the

benefit of bypassing the crystal lattice structure of silicone. Gallium Arsenide produces

electron-hole pairs without the need for slow crystal lattice vibrations, making photodiodes

more sensitive [8]. Photodiodes provide a better resolution of total energy. The main benefit

of photodiode detectors is their reduced cost in comparison to silicone detectors. Photodiode

detectors can be purchased for nearly a tenth of the cost of silicone detectors, and especially

important given that the detectors will have a finite lifespan when exposed to accelerated

beam. In the case of the Ackbar system, the ion beam will first strike a scintillation material

which emits photons that will be detected in the photodiode.
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Proposed Detector Mount

The following detector mount is designed such that the aluminum fixture can still

support the previously used silicone detectors, but can also house the photodiode detector.

The photodiode will be housed in the designed mount which will connect to the output wire

(see Figure 3). The center of the photodiode will be exposed to the center of the beam.

An aluminum mounting plate will be placed on top, and is designed to columnmate the

beam (reducing fringe effects). The righthand mount is to be fabricated out of plastic or

ceramic.

Figure 3: The lefthand plate has been designed to house a photodiode detector. The detector
itself will be raised off the surface, with the back cylinder on the righthand side resting on
the ridge inside the plate.

Conclusion

In this report the importance of optimizing the MR-TOF has been emphasized. The

optimal pulse width was determined to be 180 ns, with a time of flight corresponding to 200

reflections. Further research into the effects of temperature on the steering potentials could
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provide insight into the root cause of potential drift. However, this will likely be unnecessary

for the setup at Argonne National Laboratory.

Photodiode detectors present clear advantages over silicone detectors. The cost advan-

tage of the photodiode is significant. Further, the photodiode allows for faster data collection

and will reduce detector dead-time. The manufacture of the above mounting system is still

required, and then the mount must be tested with a well known beam like Oxygen-16 accel-

erated on a deuterium target.
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Abstract 

The Deep Underground Neutrino Experiment is an international experiment through the Fermi 

National Accelerator Laboratory that will study neutrinos. In this study, we examined at the 

detector effects on low energy supernova neutrinos in order to improve energy reconstruction at 

energies less than 40 MeV. In order to do this we looked at supernova neutrino events in a 

LarSoft detector simulator with and without background. We looked at the ratios between the 

true data and reconstructed data to identify the deficiencies of the detector, which we found to be 

low energies and high drift times. We also improved the ratio between the true and reconstructed 

data by applying the physical limits of the detector. The efficiency of the improved ratio of the 

clean data was 93.2% and the efficiency of the improved ratio with the data with background 

was 82.6%.  We concluded that a second photon detector at the far wall of the detector would 

help improve the resolutions at high drift times and low energies.  

 

Introduction 

The Deep Underground Neutrino Experiment (DUNE) is an experiment that will study 

neutrinos and proton decays. Two detectors are currently being built and will be installed at the 

Fermi National Accelerator Laboratory and the Sanford Underground Research Laboratory. This 

experiment will aim to answer fundamental questions about matter, neutrinos, and the universe 

[4].  

The DUNE detector will be installed almost 1,500 meters underground to reduce cosmic 

ray background. The detector consists of 17 kilotons of liquid argon each in a time projection 

chamber. The argon is viewed electronically with a cathode plane across from the wire collection 
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plane. The wire plane consists of three layers of wires in different orientations. The combination 

of ‘hits’ from each of these planes of wires allows researchers to reconstruct a three dimensional 

picture of what happens within the detector. The process of reconstruction ideally allows 

scientists to get an accurate representation of what happened in the detector from the digital 

information collected [5].  

In this experiment we will study the detector effects on the data in order to improve the 

energy reconstruction, particularly at low energies. We specifically looked at the electron drift 

times which are important for energy correction and determining the coordinates of the neutrino 

interaction. The charge collected depends on the energy deposition so by learning about the 

charge and correcting for any lost charge helps us reconstruct the energy.  

Neutrinos account for about 99% of the energy released from supernovae due to a process 

called neutrino cooling. The study of these neutrinos will allow a unique view into what is 

happening inside a star during its collapse. 

There is a difference in the energy spectrum of actual supernova neutrinos as opposed to 

simulated neutrino energy spectrum is one of the main differences between the simulation [3] 

and what we expect from actual data.  

 

Figure 1: (Left to right) The spectrum created by the neutrino flux multiplied by the cross section 
in the detector in GeV; The simulation neutrino energy spectrum in (MeV). 
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The observed supernova neutrino energy spectrum peaks around 20 Mev, whereas in the 

simulation we are using, the neutrino energies are flat with the discrepancies due to binning 

effects.  

Data  

For this study we used a simulation created by Erin Conley [3] and the data without 

background [1] and data with background [2] that resulted from said simulation. One of the main 

focuses of this study was of the electron drift time ( s). The electron drift time was calculated by 

dividing the vertex position by the known drift velocity. The following plots show a comparison 

of the reconstructed drift times to the true drift times.  

 

Figure 1:(Left to right) Comparing the reconstructed drift times  (red) to the true drift  
        times (blue) for clean data and data with background.  

 

The detector seemed to have deficiencies at higher drift times that was worsened when 

background was added. Next, we created three dimensional histograms to compare the drift 

times to the true neutrino energies (MeV).  
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Figure 2: (Clockwise from top left) The true neutrino energies vs. the true drift time (clean); The 
true neutrino energies vs. the true drift time (with background); The true neutrino energies vs. the 
reconstructed drift times (with background); The true neutrino energies vs. the reconstructed drift 

times (clean). 
 
 

Next we created ratios of the histograms of the true drift times divided by the reconstructed drift 

times. Different cuts were used to try to improve the ratio and to create histograms that are easier 

to read. The following plot shows the clean data with the true or reconstructed drift times ( s) 

compared to the true neutrino energies (MeV).  
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Figure 3: (Clockwise from upper left) The true neutrino energies vs. the true drift times; The true 
neutrino energies vs. the reconstructed drift times cut at physical bounds; The true neutrino 

energies vs. true drift times uncut; The ratio between the first histogram and the third histogram 
(uncut); The ratio between the first histogram and third histogram (cut at 0 s to improve 

visibility); The ratio between the first and second histogram (cut at physical bounds). 
 

The following shows similar plots but with background included.  

 

Figure 4: (Clockwise from top left) The true neutrino energies vs. the true drift times; The true 
neutrino energies vs. reconstructed drift times (with physical bounds); The first histogram 
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divided by the true neutrino energies vs. the reconstructed drift times (no bounds); The first 
histogram divided by the second histogram (physical bounds).  

 
 

Methods 

 Many of the drift times for the reconstructed data (both with and without background) 

was outside of physical limits of the detector. To fix these inconsistencies, we added cuts to drift 

times that were too large to be found in the detector and cut drift times below 1 s. We also 

added cuts on the energy. We cut all of the data above 40 MeV and below 5 MeV.  Finally we 

scaled the reconstructed data to account for the data that was lost in making these cuts. 

 

Results 

When these improvements were implemented some of the reconstructed data was lost. 

There was an efficiency of 93.2% with the clean data and an efficiency of 82.6% with the data 

with background. The following histograms show the improved ratios for the clean data. 

 

Figure 5: (Left to right) True neutrino energy vs. true drift time; Improved true neutrino energy 
vs. reconstructed drift time; Improved ratio between the first and second histograms. 

 
These next set of plots show the improvements on data with background.  
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Figure 6: (Left to right) True neutrino energy vs. true drift time; Improved true neutrino energy 
vs. reconstructed drift time; Improved ratio between first and second histograms.  

 
 
Discussion 

When improving the ratio of the clean data set, the efficiency is quite good and we only 

lose a small fraction of the reconstructed data. However, almost 20% of the reconstructed data 

was lost when improving the ratio with background.  

It is important to note when interpreting the previous histograms that the true drift time 

was divided by the reconstructed drift time so the peaks in the previous histograms highlight a 

deficiency in the detector as opposed to the detector over measuring a particular part of the 

dataset. In the clean data set, there are deficiencies at low energies and high drift times, with the 

greatest deficiency at the cross section of both. In the simulation with background, there is also a 

deficiency at low energies and high drift times. However, the deficiency at high drift times 

increases as the neutrino energy increases.  

It would be possible to reduce the deficiencies of the detector at the high drift times if the 
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size of the detector was reduced to less than 2000 s or if there was an added detector at the far 

wall of the detector. With a second detector the electron would never have a drift time greater 

than 2000 s from either one of the detectors. Adding a second detector, while more expensive, 

would greatly improve the relationship between true and reconstructed drift times at high drift 

times without sacrificing the amount of data collected.  

 

Conclusion 

In this study, we looked at the relationship between the true and reconstructed drift times 

as a function of the true neutrino energy in order to further understand the detector effects on the 

energy resolution. The efficiency of these improvements for the reconstructed clean data was 

93.2% and for the data with background was 82.6%. We created new histograms of the ratio 

between the true and reconstructed drift times against the true neutrino energy which reveal that 

there were deficiencies in the detector at low energies and high drift times. However, in the 

simulation with background, the deficiencies at high drift times increased at higher energies. Due 

to the large deficiencies in the detector at high drift distances for both the clean data and data 

with background, we believe that a second photon detector on the far wall would be best to 

improve the energy resolution.  

 

Further Research 

Unfortunately, there was more research that we did this summer than can be fit in ten 

pages. If you wish to read the full paper please check the dune science documents [6] or email 

me at rprocter@asu.edu. 
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Abstract

The nuclear incompressibility is a fundamental property of nuclear matter which

is critical for modeling astrophysical processes. Measurements of the isoscalar giant

monopole resonance (ISGMR) is the most direct means to extract the incompressibil-

ity from finite nuclei. 6Li can be used in studies of the ISGMR with radioactive ion

beams. However, before measurements with radioactive ion beams may begin, the

optical model parameters for 6Li scattering need to be determined. To determine the

optical model parameters, the elastic angular distributions of the 90Zr(6Li,6Li) reaction

were measured using the Grand Raiden spectrometer at the Research Center for Nu-

clear Physics at Osaka University. Experimental density distributions were used for the

projectile and target nuclei to generate realistic volume potentials for the DWBA cal-

culations. The optical model code, ECIS, and a Markov Chain Monte Carlo (MCMC)

algorithm were employed to constrain the remaining optical model parameters for the

reaction. The MCMC algorithm sampled from the 11-dimensional parameter space

to visualize parameter probability distributions, from which the ideal optical model

parameters were extracted.

Introduction

Nuclear Incompressibility

The nuclear incompressibility is a fundamental property of nuclear matter that can help

provide insight into the dense internal environment of neutron stars [1]. It would provide

information that could help determine the equation of state for these stars. K∞ is the
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most important incompressibility term for astrophysics, incompressibility of infinite nuclear

matter, currently measured to be 240±20 MeV [2].

KA ≈ K∞ +KsurfA
−1/3 +Kτ

(
N − Z

A

)2

+KCoulZ
2A−1/3 (1)

Another important value is that of Kτ , the asymmetry term, and it was found to be -555±75

MeV from analysis of Cd isotopes [3]. Both these values are in Eq. (1) that describes finite

nuclear incompressibility KA. As for the other terms in Eq. (1), KCoul is the best known, but

least important, with a value found to be 5.2±0.7 MeV, and Ksurf has no firm value [2].

EISGMR = h̄

√
KA

m 〈r20〉
(2)

The relationships in Eq. (2) and Eq. (1) allow us to measure the value of K∞ by studying

the energy of isoscalar giant monopole resonance (ISGMR) of nuclei. The strength of the

ISGMR is determined experimentally with inelastic scattering; in the past, this has typically

been done with 208Pb and 90Zr, due to their stature of doubly-magic nuclei. In measuring tin

isotopes though, the strength of the ISGMR was significantly lower than predicted by theory.

This tendency has been labeled as “fluffy” nuclei. In order to understand the fluffiness of

nuclei, more nuclei need to be studied, including radioactive nuclei. Measuring 132Sn, one

of the prototypical radioactive nuclei for ISGMR studies, would be a particularly important

experiment where 6Li would be used, since it has a large proton-neutron imbalance as well

as having a doubly-closed shell structure. Owing to their radioactive decay, it is difficult to

prepare a target from radioactive isotopes to be used in a traditional scattering experiment.

When used in inverse kinematics, the beam intensities available at modern-day radioactive

isotope beam facilities are typically low, but sufficient to measure the ISGMR when the
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radioisotopes are scattered off the stable targets. 6Li is an isoscalar nucleus that can be

made into a target for radioactive beams.

Optical Model

Before 6Li can be used for radioactive beams, the optical model of 6Li must be studied. The

optical model offers a phenomenological way to model the angular distributions resulting

from reactions, which then are used to extract the strength distributions of giant resonances

using Distorted-Wave Born Approximation calculations and a multipole decomposition anal-

ysis [3]. The functional form of the optical model is,

V = VCoul + VV OL + VSURF + i[WV OL +WSURF ] + VLS (3)

where,

VV OL = −Vvolfv(r, Rv, av), (4)

WV OL = −Wvolfwv(r, Rwv, awv), (5)

WSURF = 4awsWsurf
d

dr
fws(r, Rws, aws), (6)

VSURF = 4asVsurf
d

dr
fs(r, Rs, as), (7)

VLS = Vls

( h̄

mπc

)21
r
(�L · �S) d

dr
fls(r, Rls, als), (8)

ECIS is a optical model calculating code which is used to create a fit to angular distribution

data. The code DFPD5 was used to calculate values for the real and imaginary volume

potentials in ECIS at angles and the folded Coulomb part of the optical potential. The
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functional form of “f”, Eq.(7) is of the Woods-Saxon form, where for 90Zr a = 0.523 and

c = 4.911 fm.

f(r, c, a) =
1

1 + e
(r−c)

a

(9)

Markov Chain Monte Carlo Method

The principle of Markov Chain Monte Carlo (MCMC) methods is that the posterior distri-

bution is estimated by taking simulated samples from the prior distribution. There are many

types of MCMC algorithms, but the one used in this research is known as the Metropolis

algorithm (see Algorithm 1). This algorithm draws samples from a probability distribution

by using the full joint density function and independent proposal distributions for every pa-

rameter [4]. In Algorithm 1, π(·) represents the prior distributions, which in our case is the

bounds of the parameters based on physical requirements and q(·) represents the likelihood

based on the calculated weighted χ2 value. The acceptance probability for a sample that

increases the likelihood of matching the posterior distribution, which in our case reduces χ2,

will be 1, so the sample will be accepted. Otherwise, a sample has a chance, based on the

ratio α and a uniform distribution, to be accepted even if it increases the value of χ2. This

allows the program, with a sufficient amount of samples, to escape local minima and find the

absolute minimum within the bounded parameter space. An important part of the algorithm

is the size of the steps for each parameter. These are tuned by hand to get an appropriate

acceptance fraction, somewhere between 30% and 70%. This, along with a burn in phase,

where the first portion of results the algorithm produces is ignored, allows the program to
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reach a higher probability region of the sample distribution and provides a more reasonable

posterior distribution from the accepted samples.

initialize x(0) ∼ q(x);

for iteration i=1,2,... do

Propose: xprop ∼ q(x(i)|x(i−1));

Acceptance Probability:;

α(xprop|x(i−1)) =min{1, q(x(i−1)|x(prop))π(xprop)

q(xprop|x(i−1))π(xi−1)
};

u ∼Uniform(u; 0, 1);

if u < α then

Accept the proposal: x(i) ← xprop;

else

Reject the proposal: x(i) ← x(i−1);

end

end

Algorithm 1: Metropolis Algorithm

Methods

Grand Raiden Spectrometer

The data collection for the 90Zr(6Li,6Li) reaction, with the incident 6Li at 340 MeV, took

place at the Research Center for Nuclear Physics (RCNP), Osaka University, Japan. The

Grand Raiden spectrometer is a high-resolution spectrometer that can measure forward

angles up to 0◦. This is especially useful since the cross section of the giant monopole
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resonance is maximum at 0◦. The data collected from the reaction is the cross section at a

specific angles, ranging from 2.90◦ to 26.30◦ in 0.40◦ increments. For further specifications

about the Grand Raiden spectrometer, see [3].

Parameter Step Size Scale

Real Volume Normalization 0.0001

Imaginary Volume Normalization 0.0001

Real Surface Depth 0.005

Real Surface Radius 0.0001

Real Surface Diffuseness 0.0001

Imaginary Surface Depth 0.005

Imaginary Surface Radius 0.0002

Imaginary Surface Diffuseness 0.0002

Real Spin-Orbit Depth 0.005

Real Spin-Orbit Radius 0.0001

Real Spin-Orbit Diffuseness 0.0001

Table 1: The step size scale for the random walk steps for each parameter.

Metropolis Program

The Metropolis program that was developed in python can handle large (> 109) χ2 values by

rearranging the exponentials and logarithms preventing overflow errors. The program reads

in an ECIS input file, inputs the parameters the program will search over, runs ECIS, then
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recovers the χ2 value from the ECIS output and that value is compared to the previous value.

At the end, the program will generate a plot based on the best optical model parameters

found. It also generates distribution plots of the tested parameters to provide a visual to

determine if there are any correlations between parameters. The tuned step size scaled

parameters are seen in Table 1, and the burn in size is set at 10% of the total number

of samples. The parameters that were searched for were the normalizations for real and

imaginary volume potentials, and the depth, radius, and diffuseness terms for the imaginary

surface, real surface, and real spin-orbit potentials.

Figure 1: The fit of the data from the extracted optical model parameters.
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Results

The values extracted by the Metropolis program that produced the best fit can be seen in

Table 2. Figure 1 shows the fit based on these parameters with the experimental data. The

χ2 value of this fit is 27381.5, and the Metropolis program took about 7 hours to run for a

hundred-thousand samples. The acceptance fraction was acceptable at 42.12%

Parameter Extracted Value

Real Volume Normalization -0.633

Imaginary Volume Normalization -0.598

Real Surface Depth -19.456

Real Surface Radius 0.785

Real Surface Diffuseness 1.566

Imaginary Surface Depth 31.098

Imaginary Surface Radius 1.072

Imaginary Surface Diffuseness 0.864

Real Spin-Orbit Depth 1.512

Real Spin-Orbit Radius 1.243

Real Spin-Orbit Diffuseness 0.744

Table 2: The final set of optical model parameters extracted by the program.
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Discussion

A longer run time would also produce a better fit, since the Metropolis algorithm, given

enough time, will find the best fit even if the parameters are correlated. The next step is

to run this code for one or two million samples, since it is likely the program had not yet

reached the stationary distribution. Additionally, the value of χ2 seems disturbingly high,

but this is due to the high precision of the measurements, which raises the χ2. The extracted

parameters in this paper were just for the inelastic part of the 90Zr(6Li,6Li) reaction. The

next step of this research would be to expand this to also find the parameters for the inelastic

optical model. Making this program more efficient would be important for the future, or

exploring other algorithms to see if, in this correlated parameter space, a faster and better

algorithm exists.
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Abstract

Instrumentation development is a key component of observational astronomy. Since

the mid-90’s ground based telescopes have been using adaptive optics to improve their

resolution capabilities. Adaptive optics uses real time computing to identify distor-

tions in an incoming wave front, correct for them with a deformable mirror and then

repeat the process. The industry standard is the Shack-Hartmann Wave Front Sensor

(SHWFS). Technological advances in instrumentation have led to recent developments

in more accurate ways of identifying the aberrations in incoming light. Combining

expertise in computer science, theoretical modeling and optical systems assembly, our

team is working on creating a new wave front sensor that can surpass the resolution

power of the current industry standard. The non-linear Curvature Wave Front Sen-

sor (nlCWFS) being developed will greatly enhance the capability of adaptive optics

systems.

Introduction

The science of astronomy is conducted primarily by collecting light from distant sources

in the universe and analyzing that data. Even close objects are very far in physical space

and a high degree of precision is required to obtain usable data. Naturally, improving the

resolution of the images provides better data. In some cases this can mean the difference

between indiscernible noise and a verifiable signal.

Increasing resolution presents certain technological challenges. The obvious answer is to

build bigger telescopes, with bigger mirrors to collect more light. The scientific community
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has been doing just that, but at a certain point this becomes logistically and financially

prohibitive. And because of financial and logistical issues only a limited number of the

biggest telescopes can be built, which introduces supply and demand considerations for time

usage.

Building bigger telescopes, however, is not the only way to increase resolution capabil-

ity. Space based telescopes have the advantage of being able to resolve better images with

smaller mirrors simply by collecting light before the Earth’s atmosphere interferes with it.

Turbulence in the atmosphere distorts and scatters incident rays of light. But space based

telescopes are also prohibitively expensive and few and far between.

By being able to account for atmospheric distortions with relatively inexpensive hardware

it is possible to significantly increase the resolving power of all ground based telescopes. Op-

tical systems for this purpose have already been put into effect since the 1990s. The current

industry standard employed at most major telescopes is the Shack-Hartmann Wave Front

Sensor (SHWFS). It uses a lenslet array, a detector, a real time computer and a deformable

mirror to analyze the atmospheric distortions, calculate how to counteract them and deform

the mirror accordingly. Since it was first implemented, advances in optics, computing and

the actuator hardware that deforms the mirror accordingly, have all improved the system to

make this a robust method of increasing the resolution of ground based telescopes.

Since the advent of adaptive optics, advances in theory have led to a new kind of wave front

sensor called a non-linear curvature wave front sensor. While the theory is more complicated

and less intuitive than the Shack-Hartmann, this new sensor offers distinct advantages over

its predecessor. The non-linear Curvature Wave Front Sensor (nlCWFS) uses four defocused
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planes straddling the pupil to reconstruct an image at the pupil plane. This requires the use

of Fourier transforms and iterative numerical analysis. Technological advances in computing

power have made it possible to perform these calculations in real time, making a closed loop

system feasible to construct. The nlCWFS is theoretically capable of more than ten times

the sensitivity of the SHWFS. [2]

Method

Adaptive Optics

The most effective adaptive optics systems work in a closed loop by splitting some of the

incoming light to a wave front sensor to detect distortions in the light wave, calculate how

to correct for that distortion, signal a deformable mirror to make the corrections and repeat-

ing the process as the distortions change with time. Figure 1 shows how this process flows

through the system. The wave front sensor depicted is the SHWFS, though any wave front

sensor can be applied in its place. The key feature is to have a closed loop system that can

iterate and correct for the constantly changing aberrations in real time. This process needs

to cycle on the order of microseconds in order to keep up with the rapidly changing pertur-

bations caused by atmospheric interference. Current technology allows arrays of thousands

of actuators to deform a mirror at 50μs with nanometer precision. [2] Naturally, the real

time computer needs to work faster than this to calculate the wave front and communicate

the correction to the actuators.
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Figure 1: A typical closed loop adaptive optics system uses a beam splitter (BS) to send

some of the incident light to a wave front sensor to be analyzed.

Industry Standard

The Shack-Hartmann wave front sensor is currently the industry standard in adaptive

optics. It utilizes a simple lenslet array to identify how the wave front is distorted. Knowing

that a plane wave front should create a perfectly focused image at the center of each lenslet

array, it is easy to reconstruct how a wave has been distorted by analyzing how the image

in each cell has been shifted. By increasing the number of lenslets in the array, higher order

measurements can be made. However, that also decreases the amount of light per cell and

the SHWFS cannot detect aberrations in the absence of light. [2] While adaptive optics

using the SHWFS have proven incredibly successful, there is a technological limit to the

device that is well below the theoretical diffraction limit that could be achieved with better

instrumentation.
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Figure 2: The Shack-Hartmann Wave Front Sensor uses a lenslet array to detect how a

wavefront is distorted from what a flat wave front should look like.

The New Wave Front Sensor

The non-linear Curvature Wave Front Sensor (nlCWFS) or Fresnel WFS is capable of

improved resolution over the SHWFS. It utilizes four defocused images on either side of the

pupil to reconstruct an image at the pupil plane. Figure 3 shows the basic idea behind a

conventional Curvature Wave Front Sensor, which utilizes the same physics but only two

planes. By comparing phase information between defocused planes on either side of a pupil

it is possible to reconstruct an image at the pupil plane. Utilizing four planes instead of

two greatly enhances the sensitivity of the wave front sensor. [1] In order to reconstruct the
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Figure 3: non-linear Curvature Sensors use defocused planes on either side of the pupil to

compare the relative curvature in the wave front and reconstruct an image at the pupil plane

between them. [2]

image at the pupil plane, the Fresnel diffraction integral must be used: [4]

U(x2, y2) =
eikΔz

iλΔz

∫ ∞
−∞

∫ ∞
−∞

U(x1, y1)e
i k
2Δz

[
(x1−x2)2+(y1−y2)2

]
dx1dy1. (1)

This integral must be solved numerically through an iterative process using Fourier Trans-

forms. The solution method has been easily doable for some time, however only recently have

advances in computing power made it possible to converge on a solution and reconstruct a

wave front in real time.
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Conclusion

This project is still ongoing and will culminate with the successful completion of a self-

contained nlCWFS optical system for use at a major telescope. It will replace the Shack-

Hartmann wave front sensor as the industry standard and provide superior resolution by at

least a factor of ten. This will allow ground based telescopes to obtain images much closer

to the theoretical diffraction limit than is currently possible.

Current progress is proceeding apace with many milestones met and many more feasible

on the horizon. Using Object Oriented Matlab Adaptive Optics (OOMAO) the team has

demonstrated the theoretical capability for the new wave front sensor. A real time computer

(RTC) has been built with a wave front error budget within acceptable processing time

using simulated data. The instrumentation has been setup and aligned to provide real data

using both the SHWFS and the nlCWFS. Artificial aberrators have been constructed and

put in place to demonstrate the resolving power of the system. More work needs to be done

to the RTC system to improve its performance and ensure proper treatment of any wave

front distortion. Once a reasonable comparison between the SHWFS and the nlCWFS can

be made using real data, proof of concept will help draw the necessary funds to upgrade

the equipment to improve all aspects of the design and increase resolution and processing

speed.

246



References

[1] Guyon, O. (2009). High sensitivity wavefront sensing with a nonlinear curvature wave-

front sensor. Publications of the Astronomical Society of the Pacific, 122(887), 49.

[2] Crass, J. (2014). The Adaptive Optics Lucky Imager: combining adaptive optics and

lucky imaging (Doctoral dissertation, University of Cambridge).

[3] Mateen, M. (2015). Development and verification of the non-linear curvature wavefront

sensor.

[4] Schmidt, J. D. (2010, July). Numerical simulation of optical wave propagation with

examples in MATLAB. Bellingham, Washington, USA: SPIE.

247



 

248



249



250



pitch dr

251



252



253



254



255



256



257



258



259



260



261



262



263



 Theoretical and numerical population ratio of 
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Figure 3: a) Error over radius of balls with different probability P2. b) Error over area density with different 
probability P2. 

a) Error and area density. b) Number of total balls and population ratio of green balls and red balls. 
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Error over area density for a) different P1 with P2 = P3 = 0.3 and P4 = 0.1, b) different 
P2 with P1 = 0.5, P3 = 0.3, and P4 = 0.1, c) different P3 with P1 = 0.5, P2 = 0.3, P4 = 0.1, and 
d) different P4 with P1 = 0.5, P2 = P3 = 0.3.
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Abstract

Measurements on the isoscalar giant monopole resonance (ISGMR) in finite nuclei

over a range of isotopes permit the extraction of Kτ , the nuclear incompressibility

asymmetry term. Kτ is critical to understanding systems with a large imbalance of

protons and neutrons. A recent study has claimed that the energy of the ISGMR is

higher in heavier calcium isotopes than lighter ones, indicating a positive Kτ . This is

surprising when compared to most research on extracting finite nuclear incompressibil-

ities from giant resonances. To independently verify the claim, a simultaneous study

of the ISGMR of 40,42,44,48Ca was conducted. However, contributions from hydroxide

contamination were found in the 48Ca foil used in the experiment. The contribution

of the contaminant to the spectra had to be subtracted to ensure an accurate strength

distribution extraction.

Introduction

Kτ , the nuclear incompressibility asymmetry term, is an essential parameter for the

nuclear equation of state (EOS) for asymmetric matter. The nuclear EOS describes the

binding energy per nucleon in terms of nuclear density. It is used to understand several

interesting phenomena, including supernovae and neutron stars [1].

A Kτ value can be extracted from measurements on the ISGMR in finite nuclei over

a range of isotopes. The ISGMR is a high-frequency, damped, nearly harmonic density

vibration around the equilibrium density of the nuclear system, depicted in Figure 1. The

ISGMR is directly related to KA, the incompressibility of a particular nucleus, via
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Figure 1: A depiction of the ISGMR resonance. Here, pn stands for protons and neutrons.

EISGMR = h̄

√
KA

m 〈r20〉
(1)

where EISGMR is the energy needed to induce the ISGMR state and 〈r20〉 is the ground-state

mean-square radius of the nucleus [2]. Further, KA is related to Kτ via

KA ≈ K∞(1− A−
1
3 ) +Kτη

2 +KCoul
Z2

A
4
3

+ ... (2)

where A is the mass number, Z is the atomic number, η is N−Z
A

(N is the number of neutrons),

KCoul is −5.2± 0.7 MeV, and K∞ is 240± 20 MeV [2].

The goal of this experiment is to support or refute a controversial Kτ value proposed by

a contemporary group at Texas A&M. This group claims that the heavier calcium isotopes

are more incompressible than the lighter isotopes, as indicated by Kτ = +500 MeV, rather

than the negative value that has been previously measured [3].

Experiment

A simultaneous study of the ISGMR of the 40,42,44,48Ca nuclei was conducted at the

Research Center for Nuclear Physics, Osaka University in November 2018. The calcium
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Figure 2: Schematic of Grand Raiden. Figure courtesy of Atsushi Tamii.

isotopes were excited with 386 MeV α particles. These α particles were scattered off the

calcium targets and then into the spectrometer, Grand Raiden, which separated the α par-

ticles according to their momentum. Upon examining the spectra, it was discovered that

the 48Ca isotope was partially oxidized. At some angles, the contaminant line crossed the

excited state of 48Ca, meaning that the momentum of the ejected alpha elastic scattering

off the contaminant nucleus was the same as its inelastic scattering off of the excited 48Ca

state (see Figure 3). Thus, the mass number that gave an elastic scattering momentum

equal to the momentum of the 48Ca inelastic scattering at the given laboratory-frame an-

gle was calculated to be 16O (see Figure 4). The contribution of the contaminant to the

measured angular distributions must be accounted for to accurately determine the GMR

strength distribution.
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Figure 3: Theta Corrected vs. x-focal

plane for the 12.8◦ elastic 48Ca run. The

box marks the intersection of the 16O

elastic state and the 48Ca excited state.
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Figure 4: Velocity of ejectile vs.

scattering angle. The purple line

corresponds to 16O(α,α) elastic

scattering and the blue line cooresponds

to 48Ca 2+ inelastic scattering.

Data Reduction

To determine the amount of oxygen present in the target, one must find the counts

arising solely from 16O(α,α) elastic scattering. First, one must identify which events corre-

spond to α particle scattering. The rate of energy loss of any charged particle as it travels

through the target is dependent on that particle’s velocity and charge [2]. Thus, one can

measure the energy a particle deposits into the scintillator after it exits the target to identify

which particle it is.

Next, one must remove any background events. Background events occur when α

particles have the same momentum as if they truly scattered off the target, but actually

originated from the α particle scattering off of other objects. Due to the optical properties
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Figure 5: Particle Identification

histogram for the 8◦ elastic 48Ca run.

The boxed region corresponds to the α

particles of interest.

50 40 30 20 10 0 10 20 30 40 50

1

10

210

310

410

Figure 6: Background Subtraction

histogram for the 8◦ elastic 48Ca run.

The lines mark the boundaries of the

regions.

of the spectrograph, the true events congregate in a sharp peak along the y-focal plane,

while the background events form a flat distribution. These regions were distinguished, the

total background counts were determined, and a normalized amount of this background was

subtracted from the true + background region.

Due to the optical properties of the spectrograph, the θ-scattered vs. x-focal plane

spectrum becomes slanted. To remedy this, the spectrum was straightened with a 2nd-degree

polynomial fit. With a straightened oxygen line, there is less overlap between the oxygen

state and calcium states. After integrating in this region, one has obtained the counts arising

solely from 16O(α,α) elastic scattering, as desired (see Figure 8).

Data Analysis

The thickness of any target (contaminant or otherwise) can be determined from
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Figure 7:

Theta Scattered vs. x-focal plane for the

8◦ elastic 48Ca run before shape

correction.
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Figure 8: Theta Scattered vs. x-focal

plane for the 8◦ elastic 48Ca run after

shape correction. The box marks the 16O

elastic state.

dσ

dΩ
=

Y A

kQΔΩΔxεV DC

(3)

where dσ
dΩ
is the cross section (mb/sr), Y is the true counts, A is the mass number (AMU),

k is a conversion factor (6.022e-7 mg/cm2

AMU
), Q is the incoming beam charge (nC), ΔΩ is the

solid angle (msr), Δx is the thickness (mg/cm2), and εV DC is the VDC efficiency. Y can be

obtained after data reduction, and A, ΔΩ, Q, and εV DC are known experimental parameters.

Thus, determining the cross sections for 16O(α,α) elastic scattering in the lab frame at the

run angles allows one to determine the thickness of the 16O contaminant.

16O(α,α) elastic scattering cross sections have been published in the center of momen-

tum (CM) frame and were converted to the lab frame for use in this analysis [4]. However,

these cross sections correspond to different angles than those used in the present experiment.

Thus, the published cross sections were interpolated using a cubic spline (see Figure 9).
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Figure 9: Cross Section interpolation. Data adapted from Ref. [4].

Error Analysis

The oxygen thickness uncertainty is given by

δx =

√√√√(√Y

Y

)2

+

(
δ dσ
dΩ
dσ
dΩ

)2

Δx (4)

where δx is thickness uncertainty, Y is true counts, dσ
dΩ

is cross section, δ dσ
dΩ

is cross sec-

tion uncertainty, and Δx is thickness. At this point in the analysis, only the cross section

uncertainty remains to be determined.

First, the inherent experimental uncertainty from the original published data was

converted from the CM frame to lab frame. Then, this uncertainty was interpolated to the

run angles by a cubic spline fit of the lab frame angle and uncertainty. Next, the uncertainty

associated with interpolating the cross sections themselves had to be accounted for. To do

this, half the experimental data was cubic spline fitted, from which the other half of the

286



Figure 10: Oxygen Thickness Calculations. The line of best fit is 0.44± 0.02 mg/cm2.

data was interpolated. The difference between the interpolated experimental data and the

measured experimental data represented the error associated with this half-set interpolation.

The full-set interpolation error was then determined for each point using

Efull ≤ Ehalf (
hfull

hhalf

)
4

(5)

where Efull is the full-set interpolation error, Ehalf is the half-set interpolation error, hfull

is the full-set interpolation step size (0.919), and hhalf is the half-set interpolation step size

(1.753). To ensure that this uncertainty encompasses any point on the interpolation, the

highest percent uncertainty (4.4%) was used for each lab angle. The total cross section

uncertainty is the sum of the experimental uncertainty and the interpolation error.

Results and Discussion

Oxygen thicknesses were calculated from five elastic runs with ΔΩ=12msr and a

constant line of best fit was determined. The thickness of the 16O contaminant was found to

287



be 0.44± 0.02 mg/cm2. Using this thickness, the appropriate number of counts arising from

the oxygen contamination was subtracted from the excitation spectra of 48Ca + 16O. The

analysis of this spectra and the extraction of a Kτ value is ongoing.
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Abstract

In this study, we analyze the PIGE and PIXE data for different proton beam energies: 2.4MeV, 3.4MeV, 4.2MeV,

5.1MeV of elements with Z=9, 11-17, 19-23, 25-30, 35, 37, 40-42, 44-45, 47, 49-50, 53, 55-56. We introduce a

mean filter method to smooth raw data, to determine and subtract backgrounds, to find peaks, and to integrate and

to normalize the peak areas. Then we obtain tables of γ−ray and X−ray signal sensitivities for each of the different

proton beam energies. Lists of elements observed by γ−rays and X−rays were tabulated for each spectrum.

1 Introduction

Particle induced prompt γ−ray emission (PIGE) is a

good way to analyze the light elements in samples ac-

cording to the known γ−ray energies of each isotope.

However, sometimes it is hard to identify peaks in a

spectrum because there might be a lot of background

noise and to find and identify every peak manually is

a time-consuming task. Moreover, for some elements,

they might not be enough proton energy to induce γ−ray
emission, since the signal sensitivity is quite different

for different proton energies. Measuring the sensitivity

of elements as a function of proton energy can help us

better identify materials when running samples and ana-

lyzing peaks. Thus, a good method is needed to subtract

backgrounds as well as to find and identify peaks au-

tomatically. We also want to make a table of elements

and isotopes observed by their unique energies for each

spectra, and to identify their relative signal sensitivity.

In 1980s, Kiss[1] (1984) and Räisänen[2,3] (1982,

1987) measured many elements γ−ray emissions at low

energy (2.4 MeV) and high energy (7 MeV) and made

tables of target γ−ray yields. But there are no data pub-

lished in the medium energy proton energies between

2.5 - 7 MeV. Since PIXE can also be used to mea-

sure both light and heavy elements simultaneously with

PIGE, we can often use PIXE to reconfirm our elemen-

tal identification using X−ray data. There is also limited

X−ray data about X−ray emission on these elements as

a function of proton energy. Therefore our experiment

was designed to collect both the γ−ray and the X−ray
data for each of the four energies for a wide variety of

elements and to analyze their peak sensitivity.

2 Experimental Method

In our experiment, we used the Alpha toss ion source

and the 9SDH 3MeV St. Andre accelerator at the Uni-

versity of Notre Dame (see Fig.1) to generate accel-

erated proton beams of 2.4 MeV, 3.4 MeV, 4.2 MeV

and 5.1 MeV by adjusting the accelerating voltage.

The whole accelerator system runs in high vacuum

about 10−7 torr, to reduce the energy loss of proton

beams before they hit the target. We also use mag-

netic quadrupoles to focus the proton beam and mag-

netic dipoles to bend the beam onto our targets.

Non metallic target samples are typically ground into

powder and mounted into small bags, which are around290



Figure 1: Alpha toss ion source and 9SDH St. Andre

accelerator facility at the University of Notre Dame. The

box on the left is the alpha toss which generates either

H or He ions. The big blue tank holds a 3 MeV tandem

accelerator.

10mm× 10mm in size, and about 2mm thick. Then

tape is used to stick the bags to our stainless steel tar-

get frames, which are then attached to the target wheel

(see Fig.2). Each target frame has a hole in center to let

the beam go through target sample. We run samples ex

vacuo for approximately three minutes of beam at ap-

proximately 50 nA current on target. In our experiment,

we used samples of Ag2S, BaOH, CaCO3, Co3P2, CsCl,

CuCl2, Dy, NaF, FeCl3, In, KBr, KI, MgCO3, MgSO4,

Mn(OAc)2, Mo, N2NiO4, NaHCO3, Nd2O3, Pt, RbCl,

Rh, RuO2, SiO2, Sm2O3, Ti, ZnS.

Figure 2: Target wheel and γ−ray detector. One wheel

can mount and rotate each of sixty samples into the

beam. The γ−ray detector is at the right of the target

wheel and the X−ray detector is behind the wheel at top

right in this figure.

3 Measurement and Data Analysis

The counts received by the high-purity germanium de-

tector for each different γ−ray energy are recorded in

each analysis. The raw data of Ag2S sample for 3.4 MeV

protons is shown in Fig.3. The γ−ray energy ranges

from around 50 keV through 2500 keV. In the figure

several dominant peaks can be seen and the energy of

the peaks can be readily identified by eye and their iden-

tifications known by looking up online γ−ray charts of

nuclides.
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Figure 3: γ−ray raw spectrum of Ag2S with 3.4 MeV

protons.There are clear dominant peaks as well as a lot

of background noise in this figure.

However, many peaks are generated from background

reactions, for example, 511 keV is from positron anni-

hilation. And if we zoom in on an area of the spectrum,

as shown in Fig.4, we can see that there is a lot of back-

ground noise and even for the peaks, there are a lot of

fluctuations. Also, the background noise intensity is dif-

ferent for different detection energies, for instance, the

background noise is higher at low energy (less than 500

keV) than in high energy (more than 1000 keV). That is

because our γ−ray detector sensitivity is different at dif-291



ferent energies. It is much more sensitive at low energy

than at high energy. So first we smoothed the spectrum

to find the average background and then subtracted it off

to identify the actual peaks.
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Figure 4: γ−ray raw spectrum of Ag2S for 3.4 MeV pro-

tons, zoomed in around 511 keV (positron annihilation

peak).

3.1 Spectrum Smoothing

We used a Mean Filter Method to smooth the spec-

trum. For each data point, we calculated the average of

three points before and after and took this average value

as the value of the selected point. This process was re-

peated for all points except for a few points at the be-

ginning and the end of the spectrum because there is no

before or after points with which to take an average for

them. After doing this averaging, we obtain a new set

of data. And we repeat the procedure for each spectrum

10 times. Then we get a satisfactorily smoothed curve

of modified data that represents the spectrum accurately.

As shown in Fig.5, the blue thin line is raw data and

the red thick curve is the smoothed curve after using the

Mean Filter Method. The smoothed curve lowers the

peak height to some extent, but this does not affect our

calculated peak energy which is used for identification

of the emitting nucleus. In general, the smoothed curve

well represents the peaks shape and position, and it re-

duce the fluctuations of raw data which helps to identify
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Figure 5: For the same spectrum shown before the mean

filter smoothed curve (thick red line) and the raw data

(thin blue line), zoomed in around 54-68 keV

the gamma peaks accurately. It also shows us a clear

line of background, which is used to find the background

subtraction.

3.2 Determining the Background

From Fig.5, we can see that most of the background

noises fluctuations have been reduced. But there are still

some fluctuations in the smooth curve. So we utilize

these fluctuations to determine the background value at

different γ−ray energies.

To determine the background, we first find all the lo-

cal minima of the smooth curve. However, if two peaks

overlap, there would be a minimum between two peaks

but it is much higher than background. So we designed a

filter to eliminate those minima points on the peaks. To

do so, we compare all the local minima with their adja-

cent points. Specifically, for any point, we calculate the292



average of two lower energy and two higher energy min-

ima separately. Then we compare the point value with

these averages. If it is larger than both of the averages,

then the point is regarded as an invalid minimum and

eliminated. After determining all the valid minima, we

use the Mean Filter Method to smooth these minima and

then use the smoothed curve as the background which

will be subtracted later.
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Figure 6: Smoothed spectrum (thin blue line) and back-

ground (thick red line) of Ag2S for 3.4 MeV protons.

In Fig.6, the thick red line shows the background de-

termined by these methods, and the thin blue line is the

smoothed spectrum. This figure clearly shows the larger

background at low energy and smaller background at

high energy.

3.3 Finding Peaks and Integrating Peaks

Once the background is determined, it is subtracted

from the smoothed spectrum to find the peaks of inter-

est. After subtracting the background, although there are

still some noise fluctuations, they are all centered around

zero and the positive and negative numbers are roughly

equal, which confirms a proper background subtraction.

To find the peaks, all the local maxima are identified,

and then thresholds are set to eliminate false peaks, in-

cluding peaks that overlap too much, and small peaks.

We find that the residual background noise fluctuations

are related to the value of the background, i.e., higher

background usually has higher noise fluctuations. So

we set different thresholds according to different back-

ground values. Generally, we set the threshold as twice

of the local background noise. If the maxima is lower
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Figure 7: Subtracted background spectrum and peaks

with normalized area. The blue line is the smoothed

curve of raw spectrum for which the background has

been subtracted. The red asterisks show the position of

peaks found in the Ag2S spectrum for 3.4 MeV protons.

The numbers near asterisks show the normalized area of

every peak.

than the threshold, then it is disregarded as a small peak

and eliminated. As for overlapped peaks, we set a over-

lapped threshold as 0.75. This means for every adja-

cent peak, we first find the lowest point between the

two peaks and then compare the minimum value with

the lowest peak height. If the minimal value is higher

than 0.75 of the lowest peak height, the two peaks are

viewed as undistinguishable and we eliminate the lower

one and retain the higher one. Then we compare the re-293



tained peak with next peak.

After locating the final significant peaks, we continue

to locate the peak bases of every peak. For each peak,

we first find two locations (before and after the peak) at

half the height of the maximum. Then the distance be-

tween the half-height points is calculated and the summit

of the peak identified. Then we multiply the half-height

distances by a factor of 1.7 to locate the peak base. That

is because the Full Width at Half Maximum (FWHM)

is about 2.4σ and the peak width is about 4.2σ. So the

peak width is about 1.7 times FWHM. Then we use a

trapezoid method to integrate the peak area from one

peak base to another channel by channel. We then nor-

malize the areas observed by the total integrated charge

of proton beam on target, i.e., divide the area by the

beam current multiplied by the run time for each sam-

ple. The background-subtracted spectrum and the peaks

found with normalized areas are shown in Fig.7.

3.4 X−ray Data Processing

X−ray data are easier to analyze because they typi-

cally do not have too much background noise in our sys-

tem. Therefore, it is not necessary to determine and sub-

tract background. The other procedures are the same as

dealing with γ−ray data. The X−ray spectrum of Ag2S

for 3.4 MeV protons is shown in Fig.8.

4 Results

We ran the program described above for all of our

samples recorded in 2017 and 2018, which is more than
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Figure 8: X−ray data after processing. The thick yellow

line shows the smoothed spectrum. The colored areas

are the peaks identified and the number near the peaks

are normalized peak areas. The dominant two peaks are

22.1 keV and 24.9 keV, which are the Kα and Kβ decay

of silver in this case.

500 separate spectra. The table of γ−ray and X−ray
lines identified for different elements and isotopes is

shown below. We also calculate the signal sensitivity

for different elements based the amount in sample and

the natural abundance of isotopes in each target. This

is helpful because for each peak in future analyses you

can look up our tables to determine the what the element

corresponds to which peak. Often identifications can be

confirmed by using PIGE and PIXE data simultaneously.

It is possible to select appropriate elements to identify in

each spectrum according to our signal sensitivity table

as a function of beam energy.

Table 1: Isotopes for γ−ray peaks

Energy(keV) Isotope Energy(keV) Isotope

110 19F 808 51V
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121.5 152Sm 843 27Al

122 57Fe 847 56Fe

126 55Mn 858.5 55Mn

127 101Ru 889 45Sc

130 150Nd 889 46Ti

159 47Ti 926.5 45Sc

170 27Al 928.5 51V

172 127I 931 55Mn

182.5 79Br 962 45Sc

190 81Br 962 63Cu

197 19F 974.5 45Sc

203 127I 975 25Mg

217 79Br 980.5 41K

231.5 85Rb 983.5 48Ti

255 113In 1014 27Al

276 81Br 1024 113In

302 133Cs 1049 45Sc

302 148Nd 1093 47Ti

306 79Br 1120.5 45Sc

311 109Ag 1131 113In

320 51V 1149 51V

324 107Ag 1157 44Ca

334 150Sm 1165 51V

338 59Co 1220 35Cl

358 104Ru 1228 87Rb

364 45Sc 1235 19F

370.5 48Ca 1237 45Sc

383 133Cs 1263.5 59Co

390 25Mg 1274 29Si

411 55Mn 1294 41K

415 109Ag 1300 114Sn

423 107Ag 1312 48Ti

431.5 45Sc 1327 63Cu

440 23Na 1333 60Ni

454 146Nd 1368 27Al

475 102Ru 1369 24Mg

484.5 87Rb 1380 25Mg

520.5 48Ca 1408 55Mn

523 79Br 1410 37Cl

530.5 45Sc 1438 48Ti

539.5 100Ru 1454 58Ni

543 45Sc 1480 51V

550 148Sm 1525 42Ca

585 25Mg 1609 51V

617 79Br 1611 37Cl

628.5 127I 1634 23Na

632 133Cs 1643 37Cl

638 113In 1663 45Sc

670 63Cu 1728 37Cl

691 45Sc 1763 35Cl

696.5 144Nd 1779 28Si

700 119Sn 1809 26Mg

720.5 45Sc 1813 51V

749 51V 1943 41K

780 48Ca 2028 29,30Si

804 55Mn 2128 37Cl
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Table 2: PIGE relative signal sensitivity of isotopes

Element
Signal Sensitivity (MeV)

Ep=2.4 3.4 4.2 5.1

107Ag 0 0 0 223

109Ag 0 0 14 274

27Al 0 193 9494 47600

79Br 0 65 858 5663

81Br 0 41 599 4754

42Ca 0 0 0 5748

44Ca 0 0 1339 7699

48Ca 0 1688 25650 112388

35Cl 0 0 293 2298

37Cl 0 0 0 2686

133Cs 0 4 21 58

63Cu 0 0 61 941

19F 135 37626 265322 684468

56Fe 0 0 291 3210

57Fe 0 0 0 4958

127I 0 0 0 69

113In 0 0 0 3316

41K 0 0 695 10043

24Mg 0 140 2223 13178

25Mg 0 3388 20827 60306

26Mg 0 0 5042 14064

55Mn 0 794 9852 60556

58Ni 0 0 0 249

60Ni 0 0 0 237

23Na 0 184 3012 50070

144Nd 0 0 0 48

146Nd 0 7 79 225

148Nd 0 88 473 1118

150Nd 0 284 1063 2051

85Rb 0 0 115 746

87Rb 0 0 87 357

100Ru 0 0 0 282

101Ru 0 0 0 294

102Ru 0 8 103 484

104Ru 0 33 323 1250

45Sc 0 238 2606 12396

28Si 0 0 2066 7914

29Si 0 49 4735 19182

30Si 0 0 0 4467

150Sm 0 30 279 1035

152Sm 0 205 838 2386

154Sm 0 45 144 515

114Sn 0 0 11286 0

119Sn 0 0 0 137

46Ti 0 8 1637 8813

47Ti 0 724 13589 47351

48Ti 0 7 1339 7964

51V 0 13 1322 9326

Table 3: X−ray peaks and signal sensitivity

Element
Energy Signal Sensitivity(MeV)

(keV) 2.4 3.4 4.2 5.1
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Ag 22.1 0 2 53 258

24.9 0 0 8 41

Ba 4.5 0 2 4 6

4.8 0 5 11 18

32.2 0 1 4 12

36.3 0 0 1 2

Br 11.9 7 728 2764 5966

13.3 1 155 609 1353

Co 6.9 1 116 655 1319

7.6 0 26 159 344

Cs 4.3 0 0 1 1

4.6 0 1 3 5

30.9 0 5 30 68

34.9 0 1 5 10

Cu 8 2 450 2304 3840

8.9 1 110 597 1024

Dy 6.5 0 4 53 243

7.2 0 3 46 297

Fe 6.4 8 240 863 1603

7 3 77 293 569

I 28.5 0 0 10 56

32.3 0 0 1 8

Mn 5.9 14 1099 3754 0

6.5 6 392 1374 47

Mo 17.5 33 678 1882 3810

19.6 5 124 356 721

Ni 7.5 0 344 1723 3310

8.3 0 88 448 875

Nd 5.2 1 10 24 29

5.7 1 24 59 75

Pt 7.4 269 2599 1184 2266

8.2 64 639 321 617

Rb 13.4 0 64 237 1516

15 0 11 42 285

13.4 2 349 1219 2171

15 0 68 249 461

Rh 20.2 18 292 1142 2035

22.7 3 46 184 334

Ru 19.2 0 57 382 0

21.7 0 10 69 0
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Table 3: (continued)

Element
Energy Signal Sensitivity(MeV)

(keV) 2.4 3.4 4.2 5.1

Sc 4.1 0 2 8 11

4.4 0 3 9 14

Sm 5.6 2 39 90 160

6.2 2 69 181 335

Sn 25.2 0 13 81 201

28.5 0 2 13 34

Ta 8.1 3 78 186 609

9.3 2 75 197 761

Ti 4.5 0 7 18 22

4.9 0 6 15 19

V 5 0 19 96 134

5.4 0 9 53 75

W 8.4 0 53 421 427

9.7 0 39 421 651

Zr 15.7 1 59 295 644

17.7 0 11 55 122

Zn 8.6 0 27 447 6

9.6 0 6 100 0

5 Discussion

In our data analysis, the background-subtracted mean

smoothed curve was used to integrate the peak areas.

As discussed above, our curve smoothing will lower the

peak height, which causes some uncertainty. We can do

uncertainty analysis by using FWHM. We plan to com-

bine Föurier Transformation Filter Method in the future

to smooth the spectrum to overcome the shortcomings

of the Mean Filter Method.
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Abstract

Nuclear-reaction cross sections play a pivotal role in understanding the evolution of the

elements, energy production, and nucleosynthesis during stellar formation. In this work, the

cross section of an (α, γ) reaction is studied in inverse kinematics. The St. George recoil

separator at the University of Notre Dame’s Nuclear Science Laboratory is used to separate

the beam that did not interact in the HIPPO helium gas jet target from the products of

a reaction. The number of reaction products detected is proportional to the cross section,

the transmission efficiency of St. George, the beam intensity, and the target thickness. The

intensity of the incident ion beam is deduced from the number of elastically-scattered helium

in a detector placed at 65◦. A calculation was implemented to deduce intensity from the

experimental energy spectra. The calculation is based on the finite element method (FEM)

and includes the energy loss and straggling of the beam through the target. The calculation

results agree well with the experimental data. Our approach provides an accurate and

efficient method to compute the intensity of the incident beam and provides one of the key

ingredients for the measurement of the (α, γ) reaction cross section.

1 Introduction

The object we are analyzing is HIPPO (HIgh Pressure POint like gas target), the target of the

St. George recoil separator [1]. The supersonic and windowless design makes HIPPO produce a

confined region of gaseous helium, which is the requirement of recoil nuclei capture [2]. A heavy

incident beam gains energy from 5U accelerator impinges on HIPPO. Precise (α, γ) reaction cross

sections are crucial to accurately model a variety of astrophysical phenomena. Direct kinematic to

detect the gamma rays has been done for decades. To measure smaller and smaller cross sections,

high efficiency and signal that is larger than the background are hence needed. Besides, the elastic
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measurement is critical to provide normalization of the measurement of the recoil nuclei.

The jet is produced by flowing pure compressed gas through an axisymmetric convergent-divergent

nozzle into an almost-vacuum chamber. When a reaction happens, the central chamber is generally

surrounded by a close-packed γ -detection array to detect γ -rays emitted by the reaction, while a

collimated silicon detector fixed at a forward angle is used to monitor the incoming ion-beam current.

The beam and HIPPO are schematically shown in Fig. 1a. One can easily see the effective zone is

the intersection of two cylinders. Gas is injected through a nozzle into the central chamber and the

(a) The intersection of the boundary of HIPPO and beam.. (b) The eneral layout of the HIPPO.

Figure 1: Schematic of the HIPPO gas-jet target, the left one is used for simulation, the right one is viewed perpendicular

to the ion beam and gas-jet axes.

main fraction of the gas flow is captured by a catcher, as seen in Fig. 1b [3].

2 Numerical Simulation

2.1 Finite Element Analysis (FEA)

The basic formula we use to calculate elastic scattering is the Rutherford scattering formula. The

differential cross section can be derived from the Binet equation, given by

σC (θC) =

(
1

4πε0

Z1Z2e
2

4EC

)2

csc4
θC
2

, (1)
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which is derived for the center of mass frame. We numerically solved the discretized version of the

scattering and subdivide the HIPPO gas target into tiny parts. After solving the parts directly we

can assemble every element into the complete HIPPO, that describes the entire problem.

The cross section is

σtotal =

∫∫∫
(V )

dσL

dΩ
dΩ, (2)

The probability be be calculated by

P =

∫ ∞
−∞

∫∫∫
(V )

f (E) σC (φ
′)nt dEdV, (3)

We take the discretized form to calculate numerically,

P =

p∑
i=1

q∑
j=1

f (Eq) σCp

(
φ′p
)
npΔtp. (4)

where f (Eq) is the probability density function (PDF) of the beam, n is the number denssity of

HIPPO, and t the thickness.

2.2 Space Analytic Geometry to Calculate Effective Solid Angle

There are two collimators before the detector to restrict the angle of Helium recoil, thus it is

necessary to consider solid angles carefully. The effective area in the detector is the intersection of

Figure 2: Take the center of the gas target as the vertex, take the sight as the bus, and make two cones, the intersection

of the detector with which is defined as an effective area.

two ellipses, resembling your visible range of a plane when looking through two apertures, as shown
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schematically in Fig. 2. Here we apply space analytic geometry to calculate. Note that the axis here

needs to be transformed from the original one.

The silicon detector is so big that every particle being able to pass the two collimators are bound

to hit on the detector.

2.3 Energy Loss and Straggling

Charged particles like our ion beam suffer energy loss when traveling material. The relativistic

version of energy loss is described by Bethe formula, found by Hans Bethe in 1932,

−
〈

dE

dx

〉
=

4π

mec2
· nz2

β2
·
(

e2

4πε0

)2

·
[
ln

(
2mec

2β2

I · (1− β2)

)
− β2

]
, (5)

where c is the speed of light and ε0 the vacuum permittivity, β = v
c
, e and me the electron charge

and rest mass respectively.

Besides, there are statistical fluctuations when particles colliding and transferring energy in each

collision, known as energy straggling, described by the Gaussian form, assuming there are sufficient

collisions.

f(x,Δ) ∝ exp
(−(Δ−Δ)2

2σ2

)
, (6)

The first approximation is derived by Bohr to be [4]

σ2
0 = 4πNAr2e

(
mec

2
)2

ρ
Z

A
x. (7)

We calculate the energy loss and energy straggling layer by layer when the ion beam traveling through

the target, ensuring the accurate energy distribution of the beam at every element.

2.4 Kinematic Relationships and Probability

It is obvious that we can not apply directly the Rutherford differential scattering cross section

formula. The recoil separator relies on gaseous helium target HIPPO, which uses inverse kinematics,
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i.e. a heavier incident beam collide with an almost-standing lighter gas target. That is why we will

discuss the kinematics of recoil and scattered here. Using the transformation of the reference frame

from the center of mass (C.M.) to the lab, as shown schematically in Fig. 3, we derive the cross section

for Helium, the recoil. The energy of the incident in the C.M. frame is

Figure 3: Trajectories of an incident particle and gas target particle before and after a scattering event as seen from

the C.M. frame and laboratory frame. The primed quantities are in C.M. system.

EC =
m2

m1 +m2

EL.

Another transition is the solid angle. The solid angle we calculated is for Helium in the lab frame

and need to be turned into the version in the C.M. frame. The intensity ratio for recoil nucleus is

σ (φ′)
σ(φ)

=
I (φ′)
I(φ)

=
sinφdφ

sinφ′dφ
=

1

4 cosφ
. (8)

Substitute (8) into what has been calculated about solid angle before, we can immediately know the

total cross section, sum up all of which will give the probability.

3 Results and Discussion

3.1 The Result

The exact calculation result and the experimental data are carried out as mentioned before. We

carried out a 2 − D matrix plane to describe the energy distribution when the beam going through
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the target. One of the intermediate states is shown in Fig. 4.

The comparison between the calculation and the data are shown in Fig. 5a. However, there is an

imprecise calibration of the silicon detector. Thus we manually shift the data to the position of the

calculation to compare the shape.

The density of the outer section of the gas target is much lesser the inner section, which is the

reason why there are two bumps at both sides of the curve. Moreover, the energy will lose when

passing through the material, making the curve asymmetrical, the most direct phenomenon of which

is that the peak is split, especially the left secondary peak is higher than the right one. Once we take

(a) μ (b) σ

Figure 4: Energy distribution in a particular plane of the beam when passing through the gas target. We approximate

it as a Gaussian distribution, with the parameters represented by the two surfaces keep changing.

the detector resolution into account, which is about 15keV the two curves become almost the same,

as shown in Fig. 5b.

We consider the detector resolution by replacing every point as a small Gaussian distribution, by

which the total calculation counts are redistributed, faring more dispersed than the exact one. Obvi-

ously, the fine structure of the recoil counts-energy is covered up due to the relatively low resolution.
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(a) Exact Result (b) Result with resolution

Figure 5: Exact calculation implemented by our algorithm. The red line is the calculation and the blue line is the

experimental data in St.George Run 1091. Note that the detector resolution is not high enough so the data looks like

a symmetrical curve.

3.2 Deducing the Beam Intensity

As we have mentioned before, the foremost function of our calculation is to deduce the beam

intensity from the spectra of scattering energy distribution to offer a precise way to calculate the

reaction cross-section. Beam intensity will be easily calculated based on the former discussion. We

reverse the way of developing the simulation, reading in the elastic detector spectra and calculate how

much beam is hitting the HIPPO. The result is I = 463.51nA, which is very close to the coarse data

I = 500nA.

306



4 Conclusion

We use the FEM to calculate the distance and solid angle of a single element to the detector, using

inverse kinematics and Rutherford scattering to derive the cross-section of the recoil. We subsequently

consider the Gaussian distribution of the beam, including the energy loss and straggling layer by layer

when traveling through the target. Numerical simulation demonstrates that there exist two bumps

in the curve and the peak is split into two asymmetrical secondary peaks, but the fine structures

are covered up due to the relatively deficient resolution. After considering the effect of the detector

resolution, the calculation results agree very well with the data. Therefore, our approach provides an

accurate and efficient method to compute the intensity of the incident beam and fine structure of the

recoil counts-energy relationship.
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Abstract

Accurate estimates of effective temperature are of significant importance for the further study of a star. For

the carbon enhanced metal-poor stars, the strong absorption lines can severely affect the color, hence affecting

the estimated temperature. This work shows the influence of the carbon abundance on the temperature estimates

by getting the fitting formula for carbon-rich and carbon-poor stars in SEGUE and comparing their difference.

During the fitting process, we use iteration within a uniform sample. The residual of the fitting is given as a

test. The effective range of the calibration is also given based on the investigation of the error distribution. It’s

shown from the results that at different temperature range and for different colors, the degree of influence of

carbon abundance is quite different. For cooler stars and for filters at the blue end, the carbon’s influence is more

pronounced.

1 Introduction

There has been a long history for the human to point

the telescope into the deepest part of the sky, trying to

find the objects far away from us to get an insight into

the origin and evolution of the universe. This is called

the traditional cosmology. While in recent decades, the

idea of ‘near-field cosmology’ has been formed and

developed. That is, using the stars in our Galaxy, the

Milky Way, to study the early universe and the origin

of stars and galaxy formation (Freeman and J.Bland-

Hawthorn, 2002).

The chemical abundance of a star has been assumed

as one of the best proxies for its age. In general, the at-

mospheric metallicity (usually refers to the elements

heavier than lithium) reflects the degree of chemi-

cal enrichment of the gas clouds from which the star

formed. The underlying assumption is that metal-poor

stars are likely to be old (Frebel and Norris, 2015).

Over the past few decades, extensive efforts have been

devoted to the search and study the metal-poor stars.

Now it’s been confirmed that those stars provide means

for investigating numerous issues regarding the na-

ture and evolvement of the early universe (Beers and

N.Christlieb, 2005). For example, the nature of the Big

Bang and the first stars, prediction of element produc-

tion of supernovae, the first mass function (FMF), the

nature of the metallicity distribution function (MDF),

the astrophysical sites of neutron-capture element pro-

duction.

One of the most important and interesting results

so far is that a large part of the metal-poor stars ex-

hibits overabundance of carbon, i.e. [C/Fe]>+1. Beers

and N.Christlieb (2005) classified C-rich objects hav-

ing [C/Fe] >+1.0 as Carbon Enhanced Metal-Poor

(CEMP) stars. Those metal-poor stars have received

extensive study over the past few decades. To learn

more about the subclasses and process of CEMP, we

refer the readers to Beers and N.Christlieb (2005),

Yoon et al. (2016).310



The carbon enhancement can be seen clearly from

the presence of an abnormally strong CH G-band fea-

ture at 4300
◦
A. Strong absorption lines can severely

affect the emergent flux distribution. In many cases,

they reduce the flux in some bands and hence change

the color. For color consists of two filters, if the carbon

abundance influences the two filters at a similar level,

the color won’t show much difference between CEMP

and normal metal-poor stars. While in many cases, the

carbon abundance affects some specific filters far more

than others, so the colors would increase or decrease

to some degree. The effective temperature is usually

gotten from the comparison between colors and tem-

perature scales. Hence, the carbon abundance will in-

fluence the temperature estimates (Aoki et al., 2002).

Getting an accurate temperature is a fundamental de-

mand for further study, so to investigate the difference

between the temperature of CEMP and that of normal

metal-poor stars is an important task.

This work aims to show such influence and develop

an empirical color-temperature calibration. The paper

is organized as follows. In Section 2, we show where

we get the data and how we perfrom the data-cleaning.

Then we analyze roughly the parameter distribution of

the data. In Section 3, we attempt to find the most sen-

sitive color by calculating the variance of color. The

process of fitting is provided in Section 4. In Section 5,

the difference of carbon-rich and carbon-poor stars are

shown and error distribution is also discussed. Then

we analyze the influence of carbon for different tem-

perature range and different colors. We finally con-

clude in Section 6.

2 Dataset

Figure 1: Parameter distribution of the used data

In this work, we use the SEGUE data to build the

empirical calibration. There are 300398 records in the

SEGUE but there are some abnormal values and miss-

ing data which needed removing before the analysis.

At first, we pick the ‘star’ from those data for there

are some records for galaxy and QSO and then there

are 249584 records left. We also remove the stars

whose magnitude are missing and whose other param-

eters, such as [C/Fe] and [Fe/H], are abnormal. (If the

SDSS system cannot get that value of the parameter,

it will return a special number such as -9999 in some

case, which is obviously abnormal.) We also consider

uncertainty distribution. Because the estimated tem-

perature and the carbon abundance are of significant

importance for the research, we put strict limitations

on the effective temperature uncertainty and the [C/Fe]311



and [Fe/H] (since what we need is absolute carbon

abundance instead of the radio of [C/Fe], the value of

[Fe/H] is also something that needs to be considered).

We limit the effective temperature uncertainty within

50K, the [C/Fe] uncertainty within 0.2, the [Fe/H] un-

certainty within 0.1. At last, we have 114379 stars left.

Then we study the distribution of several param-

eters such as temperature, [Fe/H], [C/Fe] and log g

in Fig.1. Among them, the distribution of the low-

temperature end needs to be paid special attention.

There are abnormally too many stars whose temper-

ature around 3500K and there is an unexplained gap

at about 3800K. That’s because SDSS may put all the

stars whose temperature under a special temperature

into the 3500K. To exclude those part of stars, we don’t

study the stars whose temperature under 4000K.

Figure 2: The relation between the temperature and

color (g−r). The colorbar shows the absolute carbon

abundance.

We show the relation between the temperature and

color in Fig.2, we use g−r as an example. There

are many stars concentrate in the temperature range

around 6200K and the data are dispersed to some de-

gree. Those are stars in the main-sequence turnoff.

There are many complicated physical and chemical re-

actions during this process, depending on the mass of

the stars, so it’s understandable that the dispersion is

present.

3 Find the most sensitive color

In the SDSS system, there are five filters (ugriz) so

we can get 10 color indices from them. To find the

most sensitive color to temperature and carbon is an

important task because the most sensitive color tends

to correspond to the most reliable fit formula.

To find the most sensitive color to temperature, we

divide the stars into different temperature bins and

each bin is 50K wide. For the stars in each bin, we

calculate the average color for them. The variance of

these average colors can show the difference between

the colors of stars with different temperature, namely,

the color’s sensitivity of the temperature. And to find

the most sensitive color to carbon abundance, we do

the same thing for the stars in each carbon abundance

bin. We divide the stars according to [C/Fe] and each

bin is 0.1 ( 0.7 ∼ 2.7).

We list the result in the Table.1. The colors are

sorted in descending order. From the result, we can see

that for temperature and carbon abundance, the order

of colors sorted by the variance are almost the same,

u−z is the most sensitive color, followed by u−r. And

the r−z and i−z are the least sensitive ones, meaning312



Figure 3: Filter transmissions of the SDSS photome-

try

that stars with different temperature or carbon abun-

dance don’t differ a lot in r−z or i−z, but have dis-

tinguishing u−z or u−r. That’s understandable for the

filter u and the z are far from each other (which we can

see from the Fig.3), so these two filters will cover more

information about the spectrum than other colors.

Table 1: Variance of color

Color Var(T) Color Var(C)

u−z 1.30 u−z 1.04

u−r 1.06 u−r 0.79

u−i 0.74 u−i 0.44

g−i 0.44 g−i 0.40

g−z 0.30 g−z 0.25

u−g 0.26 u−g 0.15

g−r 0.14 r−i 0.14

r−i 0.08 g−r 0.07

i−z 0.03 i−z 0.06

r−z 0.01 r−z 0.02

What has to be mentioned is that the order of colors

will change when different ranges are investigated, so

the most sensitive color is different for different tem-

perature ranges. We calculate the variance for temper-

ature range of (4000,6000), (6000,8000), in which the

order of colors changes a lot. Result are listed in the

Table.2.

We can see from these results that for the high tem-

perature end, the color u−g, u−r, u−i, u−z are not so

effective compared with their behavior at lower tem-

perature range. Although high temperature stars are

not the main target of this study, if we need to cali-

bration them, choose g−z or g−i instead of u−z or u−i
might be a good choice. Because of such difference

between the behavior of u−z, u−i,u−r at high and low

temperature ends, when we develop the calibration for

these colors, we exclude the high temperature end and

limit the data below 6000K, otherwise it’s challenging

to get a good fit.

Table 2: Variance for different temperature range

Color Var(4000,6000) Color Var(6000,8000)

u−z 1.11 g−z 0.045

u−i 0.93 g−i 0.032

u−r 0.70 u−z 0.020

u−g 0.30 g−r 0.013

g−z 0.26 u−i 0.011

g−i 0.18 r−z 0.010

g−r 0.09 u−g 0.006

r−z 0.05 r−i 0.004

r−i 0.02 u−r 0.002

i−z 0.01 i−z 0.002

4 Fitting Process

What we plan is to get the fit formula relating tem-

perature and color. And then we divide stars data ac-

cording to the absolute carbon abundance and get the

fit formula for each group. By comparing the differ-313



ence of these fit lines, we can have an insight into the

influence of the carbon abundance on the photometric

temperature estimates. What’s more, these fit formula

can also serve as empirical calibration which might be

helpful when we try to determine the temperature for

a star.

4.1 Problems

There are some problems need to be considered be-

fore we start to develop the empirical calibration. First,

although we have done data-cleaning, there are still

many data left and unavoidably, all these data can-

not fit perfectly with a polynomial formula. There are

many outliers that must be excluded. How to identify

these outliers is an important question. And another

problem is that the temperature distribution of these

stars is quite uneven. As mentioned above, there are

too many stars in the main-sequence turnoff, which lo-

cate around 6200K. Considering such a difference in

quantity, the data at the end cannot influence the final

result as much as the data in the medium temperature

range. And in that case, the fit formula cannot work

well for the stars at two ends. In the following section,

we will show how we addressed these two problems.

4.2 Exclude the Outliers

To exclude the outliers, we iterate the fitting process.

We use the color g−z to explain that. At first, we use all

the data (after data-cleaning) to get the first fit formula,

which is the black solid line in Fig.4(a). Then we select

(a) The first two fit lines and

the range.

(b) The final fit line and the

smaller range.

Figure 4: Iteration of the fitting.

a region, which is the space between the two dashed

lines gotten by moving the first fit line. Data outside

these two lines are excluded and we only use the data

within this range to get another fit line (the red line

in Fig.4(a)). We can see that the second line is better

than the first line. And then we iterate again but this

time we use data with a smaller range to get the third

line (yellow line in Fig.4(b)), which is also the final fit

result.

Figure 5: The empirical colour–temperature calibra-

tions of the grouped sample.The colorbar shows the

absolute carbon abundance.
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4.3 Uneven Distribution

For the second problem, we have two solutions.

One is to divide the stars into different groups and fit

each group respectively. In this way, those temper-

ature range which has less stars will have a fit line

specially for them. We design to divide the stars

into three temperature groups:>6500K, 4500∼6900,

4000∼4900. There is overlap between the groups or

the stars around boundary cannot fit well. The fit re-

sult is shown in Fig.5

Figure 6: The uniform sample: pick the same number

of stars from every temperature bin.

The other way to solve this problem is to make a

uniform sample. What we want is to make sure every

temperature range will influence the final fit result at

a same level, namely, we want the numbers of stars in

each group are similar. We divide the stars into differ-

ent temperature bins and then pick the same number of

stars from each bin, which is shown in Fig.6. And in

Fig.8, it’s can be seen that for every temperature range,

the wide of the space which most data concentrate in

is quite similar.

Figure 7: The uniform sample’s distribution of param-

eters

Ideally in this way each group will have exactly the

same amount of data. While actually, there is still

some difference between the numbers of stars in ev-

ery group. Some groups have so few stars that it can-

not provide enough data as others do, so some samples

may be a little less than others but it’s not big enough

to influence the final results. What’s more, for some

temperature ranges, the stars are dispersed, such the

main-sequence turnoff around 6200K, so many stars

in this range will be excluded in the iteration of fit-

ting process. Hence, stars which actually play a role in

the fit are still different from one range to another. We

show the parameter distribution of the uniform sam-

ple in Fig.1. From the comparison of Fig.7 we can say

that this uniform sample serve as a good representation

of the whole data for its distribution of parameters are

quite similar with that of whole sample, except for the

temperature of course. The fit result is shown in Fig.8.
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Figure 8: The empirical colour–temperature calibra-

tions of the uniform sample.The colorbar shows the

absolute carbon abundance.

We choose to use the uniform sample for the remain-

der of this work. It would bring some troubles if we

use the first solution because we have to decide which

group the star is in. It makes no difference if we’re

studying the stars with known temperature, but is quite

complicated when we try to determine the temperature

of a star using this calibration.

5 The influence of carbon abundance

5.1 The calibration

To show the influence of the carbon abundance,

we divide the stars according to their absolute car-

bon abundance and then get fit line for each group.

By studying the difference of these fitting lines, we

can learn how the carbon abundance influence the esti-

mated temperature. The medium of AC (absolute car-

bon abundance) of the used data is about 7.1. We di-

vide the star into two groups: AC above 7 and below

Figure 9: The influence of the carbon abundance on

temperature estimates,choosing the color g−z as an ex-

ample. The lower part is the residual of the fit as a

function of temperature. The blue lines are ± 250K,

and the red lie is the zero line. The lower left part is

the histogram of the error: T(fit)-T(ADOP)

7. The result for g-z is shown in the Fig.9

5.2 The influence on different temperature ranges

Regardless of the color, the carbon-rich stars are al-

ways hotter than the carbon-poor stars with the same

color value. It’s because the carbon absorption line re-

duce the emergent flux. At high temperature end, the

influence of carbon is not so clear. While with temper-

ature decreasing, the difference between two groups

shows up. That’s because for hotter stars, the molec-

ular absorption is weak so the color won’t be effected

too much.

Table 3: The temperatures below which the difference

is larger than 50K

Color u−r u−i u−z g−r
T/K 6000 6000 6000 5935

Color g−z g−i r−i r−z
T/K 5098 5446 4438 4698
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Based on the above analysis, we can find the tem-

perature range in which the carbon abundance should

take into account. For the influence is bigger for the

cooler stars, what we given is a specific temperature

below which the carbon needs to be considered. The

effect of carbon is quantified by the difference between

the fit temperatures of the carbon-rich and carbon-poor

stars with the same color value. We set the standard as

50K. The temperatures below which the difference is

larger than 50K are list in the Table.3.

Figure 10: The influence of the carbon abundance for

color u−z. The influence of carbon is obvious for all

the temperature range

5.3 The influence on different colors

The influence of carbon are very obvious for col-

ors includes filter u or g. That is because most carbon

absorption lines are located in the blue end of the spec-

trum and the filter u and g are in this part, as seen in

Fig.3. For them, the influence of carbon is obvious

for all the temperature range, which is shown in the

Fig.10. In Fig.10, the convergence of these two lines

means the fit is not quite accurate for this part, which is

confirmed by the residual. We will discuss this inaccu-

racy in the later part of this work. For the colors not so

sensitive, such as those includes filters at the red end,

the two fit lines are almost the same, especially for the

hot stars.

The data in color i−z are more dispersed than those

in other color, so it can be predicted that the fit is not so

good for this color and the standard deviation would be

quite big, which is also indicated by the Table.4. And

the standard deviation is also big for color r−i and r−z.
Hence, this three colors should avoid being used.

Table 4: The error analysis of the fit

Color u−i u−r u−z g−r g−z
Mean 5.15 5.03 5.00 1.31 -2.80

σ 165 170 163 185 190

Color g−i i−z r−i r−z
Mean -0.78 -11.27 -1.10 -7.32

σ 178 318 236 230

5.4 The effective range of the calibraion

We list the analysis of the fit error in Table.4. We

can seen form it that the residual average is around

zero. The standard deviations are all within 250K ex-

cept for the i−z. It’s quite satisfying considering the

large amount and the wide dispersion of the used data.

The fit result is good for most temperature range, while

at two ends, the fitting error diverges from the zero

line. To make sure the accuracy of the calibration, we

decide to cut the range. And the effective ranges in

which the fit is good enough are listed in Table.5. We317



determine the effective ranges by limiting the error av-

erage and the rate of star whose error is within ± 250K.

For stars with unknown temperature but with available

SDSS colors in this range, we can try to determine the

temperature according to this calibration.

Table 5: The effective range of the color.

Color u−i u−r u−z
Eff Range [1.77,4.45] [1.60,3.85] [1.90,4.85]

Color g−r g−z g−i
Eff Range [0.14,1.37] [0.14,2.22] [0.14,1.89]

Color i−z r−i r−z
Eff Range [0.24,0.26] [0.03,0.56] [-0.03,0.88]

6 Conclusion

The main goal of this work was to investigate the

influence of the carbon abundance on the photometric

temperature estimates. We first calculate the variance

of the colors of stars in different temperature or carbon

bins, showing the sensitivity of color to temperature

and carbon. Then we try to develop the calibration.

During the fit process, we come across two problems

caused by the large number and wide dispersion of the

used data. We use iteration to exclude the outliers and

make a uniform sample to make sure every tempera-

ture range affect the final results at a similar level. We

fit the stars whose AC above and below 7 respectively.

By analyzing the divergence of the two fit lines, we

gain an insight into the influence of carbon abundance.

The fit doesn’t work well at the two ends of the temper-

ature range, so we cut the range and give the effective

range of calibration for each color. For different colors

and temperature ranges, the degree of influence varies

a lot. Our analysis for the fit results reveals that for

cool stars and for filters at the blue end, the influence is

biggest, which is understandable. Ultimately, we hope

to significantly improve the calibration of photometric

temperature estimates for carbon-enhanced metal-poor

stars.
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