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1 Introduction

The purpose of this manual is to guide researchers through the complete analysis of rare
isotope production cross sections. The workflow described here is intended to be sufficiently
detailed that a new investigator, with a background in nuclear physics, can carry out a full
analysis independently, while also serving as a practical reference for experienced users. The
procedures described here are tailored to in-flight rare isotope production experiments using
magnetic separators and event-by-event particle identification. In particular, this manual has
been created for use with the Advanced Rare Isotope Separator (ARIS) |1} [2], and serves as
a concrete realization of the analysis concepts discussed throughout this manual. Examples
are drawn from its implementation wherever specificity is useful. A schematic of the system

is shown in Figure[I] A discussion of ARIS optics is presented in [Appendix C]
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Figure 1: A schematic overview of the Advanced Rare Isotope Separator. Detector and material
locations are shown.

The analysis of rare isotope production cross sections is inherently multi-stage and
interdisciplinary, combining detector calibration, data cleaning, ion optics, nuclear reaction
modeling, and statistical uncertainty analysis. The manual assumes familiarity with basic
concepts such as energy-loss, magnetic rigidity, and time-of-flight techniques, but does not
assume prior experience with this specific analysis framework. For the first-time analyst,
reading the entire manual before starting is recommended to understand the flow and scope
of the analysis.

Because of this complexity, errors introduced at any stage can propagate forward and
significantly affect the final results. For this reason, the manual emphasizes not only the
procedural steps required to complete the analysis, but also the physical reasoning that
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motivates each step. The ordering of the analysis steps is intentional; later stages rely
critically on the stability and physical validity of earlier calibrations and cleaning.

The manual is organized into five overarching components. These components mirror
the natural progression of the analysis from raw data to physics interpretation:

1. Experimental data calibration and cleaning,

2. Extraction of experimental parameters,

3. Transmission analysis,

4. Cross section calculation and error propagation, and
5. Interpretive analysis of extracted cross sections.

Wherever possible, the discussion is framed to be self-contained. Implementation details
that are not essential to understanding the analysis logic are deferred to the appendices, while
references to external documentation and published resources are provided for readers who
wish to explore underlying methods in greater depth.

1.1 Data Analysis Workflow

At a high level, the rare isotope production cross section analysis proceeds through the
following sequence:

1. Raw experimental data are calibrated to convert detector signals into physically mean-
ingful quantities, including magnetic rigidity, time-of-flight, energy-loss, and total ki-
netic energy.

2. A series of physics-motivated gates is applied to remove nonphysical events and back-
ground contributions while preserving true reaction products.

3. Cleaned and calibrated particle identification spectra are used to extract elemental and
isotopic yields.

4. Transmission corrections are applied to account for ion-optical acceptance, reactions in
materials, charge-state effects, and higher-order transport effects that are not directly
accessible in the experimental data.

5. Production cross sections are calculated from the corrected yields, and uncertainties
are propagated to obtain final error estimates.

The remainder of this manual follows this sequence explicitly. Each section is structured
to explain both how the analysis step is performed and why it is necessary, with particular
attention paid to identifying common failure modes and sources of systematic uncertainty.
[Appendix Al and [Appendix Bl provide software startup instructions and user-interface ref-
erences which are used throughout the text; these appendices are recommended reading for
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first-time analysts. However, this manual does not attempt to document the full functional-
ity of SpecTclﬂ Spechﬂ, or LISE**E]; instead, it focuses on a validated analysis path that
produces reproducible and physically meaningful cross sections.

2 Experimental Data Analysis

The goal of the experimental data analysis is to convert raw detector signals into clean,
calibrated fragment yields suitable for cross section extraction. This stage establishes the
foundation of the entire analysis. Errors introduced here propagate directly into transmission
estimates and, ultimately, into the reported cross sections.

The analysis is performed using SpecTcl and SpecTk, which together provide tools for
histogramming, gating, calibration, and yield extraction. While these programs are highly
flexible, the procedures outlined below define a standard, reproducible workflow that should
be followed unless a compelling experimental reason dictates otherwise.

2.1 Overview of the Workflow
At a high level, the experimental data analysis proceeds through the following steps:

1. Launch SpecTcl and SpecTk and load the appropriate experiment configuration files.
2. Verify detector readout integrity and establish basic diagnostic spectra.

3. Perform detector calibrations (timing, position, energy, and charge).

4. Apply physics-motivated data-cleaning cuts to remove unphysical or corrupted events.
5. Construct particle identification (PID) spectra.

6. Extract fragment yields and associated statistical uncertainties.

Before beginning the analysis, ensure that both SpecTcl and SpecTk are installed and
configured correctly. Start up instructions are provided in [Appendix A] and user interface

basics are presented in [Appendix B|

Start SpecTcl from the command line. Once SpecTcl is running, launch SpecTk and
connect it to the active SpecTcl session.
Upon successful connection, verify that:

e Spectra can be created and updated,

« Event rates appear reasonable,

'FRIBDAQ and SpecTcl documentation are available at https://docs.frib.msu.edu/daq/newsite/
index.php. All SpecTcl-related questions are directed here.

“SpecTk can be obtained from its development GitHub repository or from https://lise.frib.msu.
edu/spectk/spectk_home.html, which also hosts the official documentation.

Jhttps://lise.frib.msu.edu/lise.html


https://docs.frib.msu.edu/daq/newsite/index.php
https://docs.frib.msu.edu/daq/newsite/index.php
https://lise.frib.msu.edu/spectk/spectk_home.html
https://lise.frib.msu.edu/spectk/spectk_home.html
https://lise.frib.msu.edu/lise.html
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« No error messages related to missing parameters or channels are present.

If unexpected errors occur at this stage, they should be resolved before proceeding.
Many downstream analysis issues can be traced back to configuration or mapping problems
introduced here.

Other modes for analysis failures originate from subtle issues introduced early in the
workflow, such as incomplete data cleaning, miscalibrated timing offsets, or residual kine-
matic correlations. These issues often manifest only at later stages as poor PID separation,
unstable Gaussian fits, or anomalous transmission behavior. For this reason, analysts are
strongly encouraged to validate each step before proceeding.

2.2 Data Calibration and Cleaning

Once SpecTcl and SpecTk are running and experimental data have been loaded, the next
step is data calibration. This includes, at minimum, the calibration of magnetic rigidity
(Bp), time-of-flight (ToF), and total kinetic energy (TKE). It is important to note that
calibrating these measured observables is directly linked to calibrating the particle identifi-
cation parameters A/q and Z. The relationships between these variables are presented in
Appendix F}

Calibration steps should be performed in a consistent order, as later calibrations often
depend implicitly on earlier ones. In particular, magnetic rigidity and time-of-flight calibra-
tion should be stable before attempting total kinetic energy calibration. These calibrations
directly determine the quality of the particle identification and therefore the reliability of
extracted fragment yields.

The process of calibration converts raw elec-
tronic signals into physically meaningful quanti-
- ties such as time-of-flight, position, and energy-
. loss. Calibration procedures vary by detector
type but generally follow the same principle:
known reference points are used to define a trans-
formation from raw channels to physical units.
An example of converted (but uncalibrated) de-
tector output (time-of-flight in nanoseconds and
energy-loss in MeV) is shown in Figure . Note
180 190 200 210 250 that the blobs are ambiguous in their identity.

aris.pid.tof (ns) The goal of PID is to increase the resolution and
to determine who they are.

All calibration files are kept in the
calibration folder, locally inside the SpecTcl
build. The exception is the brho_raw.csv file,
which is shared across builds. This file should not be modified unless the user is confident
in the validity of the changes. This file sets the baseline Bp used in all calculations. Ex-
ploratory modifications should be performed on a local copy, with the file path updated in
/calibrPID/brho.tcl.

A valuable diagnostic tool during detector calibration is the ARIS scaler report. During

1400 1600 1800
R
o
g

aris.db5.pin.dE (MeV}

1200

8 & 8 B g § 5 B B

1000

Figure 2: Example of an uncleaned and
uncalibrated particle identification plot.
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data acquisition, scaler readouts record the integrated rates of selected detector and logic
channels over the duration of a run. Each scaler counts the number of times a specified
logic signal — typically the output of a discriminator, trigger, or coincidence condition —
fires within the scaler gate. Because scalers are generally free-running and insensitive to
DAQ dead time, they provide a robust means of monitoring detector performance, trig-
ger stability, and overall run conditions. It is important to note that the scalers represent
time-integrated rates rather than event-by-event measurements and do not contain energy,
timing, or correlation information. Accordingly, scaler values should be routinely moni-
tored both online and during post-experiment analysis. These reports may be accessed from
/user/arisdaq/vme/ARISscaler.

2.2.1 Magnetic Rigidity Calibration

The first experimental observable to be cali-
brated and enhanced is the magnetic rigidity Bp.
The rigidity is one component of the derived mass
to charge ratio A/q, which is the ultimate cali-
bration we are concerned with. It is this derived
quantity which, in conjunction with atomic num-
ber Z and charge-state ¢, allows us to uniquely
identify every fragment.

After ensuring the raw magnetic rigidities
have been set accordingly (these values corre-

20
.
i

10

aris.db3.a (mrad)
0

-10

-20

spond to the measured fields of the dipole mag- 2.2 23 2.4 25
nets), trajectory reconstruction corrections to Bp aris.pid.AoQ (A'q)

may be implemented. For a detailed discussion Figure 3: A/q vs DB3 x-angle before
on ion optics and trajectory reconstruction, see kinematic corrections are applied.

[Appendix C| The trajectory reconstruction is ob- -
N

tained via a LISETT transfer matrix calculation
in the extended configuration.

=T A ﬂl
- 1o

10

2.2.1.1 Trajectory Reconstruction Trans-
fer Matrices

aris.db3.a (mrad)
0

-10

To correct first-order optical correlations in Bp,
a trajectory reconstruction based on calculated
transfer matrices is required. This is done
through the LISE™T extended configuration of

-20

2.2 2.3 2.4 2.5
aris.pid.AoQ (A/q)

ARIS.
This file is distributed in the LISE™* package Figure 4: A/q vs DB3 x-angle after
(/examples/FRIB/eARIS/eL_ARIS_k3cb2). Con- kinematic corrections are applied.

figure the extended file to match the experimen-

tal setupf}

4The information can be found in an experimental planning LISE*™ file. Parameters to set include primary
beam, energy, fragment of interest, target thickness and composition, wedge thickness(es) and composition,
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Once the general experimental parameters
are set, load an experimental saveset into the extended configuration. Savesets contain
snapshots of the magnet settings at a given time (e.g., during tuning or for a specific run).
Savesets are currently saved in /departments/ARIS /info/FTC_ARIS.

The extended configuration is now ready to calculate the transfer matrices between
Diagnostic Boxes (DBs) 3-4 and DB4-5. In the main LISE*" window, click Experimental
Settings — Optics — Calculate matrix between two selected blocks. In the dia-
log box that appears choose the starting and ending points for the transfer matrix calculation.
For DB3-4, use DB3 PPAC 1 to DB4 PPACO; for DB4-5, use DB4 PPACO to DB5 PPAC
1Pl Convert these matrix elements into a form that SpecTcl can read; previous examples are
located inside the SpecTcl calibration folder: /calibrPID/matrix.

2.2.1.2 Implementing Kinematic Corrections

To enable the kinematic corrections to Bp, change the Brho_method in the /calibrPID/
CSV/pid_values spreadsheet. Multiple Bp reconstruction methods have been implemented
in SpecTcl to mitigate sensitivity to detector resolution and optical aberrations at different
focal planes. Method 34 utilizes the matrix between DB3-4, while method 45 utilizes the
matrix between DB4-5. Start with method 34. Reload the experimental data in SpecTcl and
gate on an individual Z line in the PID plot (Z vs A/q)f} Apply this gate to the position and
angle vs A/q plots and look for any correlation in the plots at the focal planes (DB3, 4, and 5).
Proper kinematic correction removes first-order correlations, producing vertical distributions
with minimal residual aberrations. If the LISETT matrix elements do not perfectly negate
the first-order correlations, tweak the values until the correlations disappear. An example of
before and after kinematic corrections are applied is shown in Figures 3] and [4] respectively.

Sometimes, there exist second-order aberrations in the data. These usually manifest as
tails on the ends of the data, forming an ‘S’-shape. Second-order corrections can be applied
to the data. In order to enable them, change the value of ‘fine’ column in the pid_values
spreadsheet from 0 to 1. Next, make adjustments in the spreadsheet pid_fine_values to
correct for the aberrations. It is important that these corrections are generally small — on
the order of 10~% or smaller.

As the kinematic corrections are applied and refined, the A/q resolution should increase
(that is, the sigma of the blobs should decrease). Once brho_method 34 is refined, move
to method 45 and repeat the process. After refining both methods, take their average with
method 345. This average will further enhance the resolution of A/q (if both 34 and 45 are
well-behaved). Figure [7| shows the increased resolution between method 1 and method 345.

If either method 34 or 45 is unsuitable for the analysis at hand, use only the well-behaved
method. In instances where neither is appropriate (e.g., when the DB4 PPAC is not used),
default to method 1, which sets all particle rigidities to the measured value at DB5.

and detectors.

5See https://lise.frib.msu.edu/work/SpecTcl/ARISmatrices_withLISE.pdf for an illustrated
guide.

6The element with the brightest blobs is usually recommended, regardless of whether or not it contains
the fragment of interest.


https://lise.frib.msu.edu/work/SpecTcl/ARISmatrices_withLISE.pdf

2.2.2 Time-of-Flight Calibration

Time-of-flight (ToF) is the second measured com-
ponent of the mass-to-charge ratio A/q. It is
calibrated between DB3 and DB5 using detector
pairs selected for optimal timing resolution. The
locations of detectors along the beam path are
stored in the /calibrPID/locations.tcl file.
SpecTecl automatically calculates the path length
between pairs of given detectors; this quantity is
held fixed for the purposes of the time-of-flight
analysis.

Where possible, multiple independent time-
of-flight measurements should be averaged to im-
prove timing resolution. This is because each
individual timing signal provides an estimate of
the same physical quantity — the particle’s flight
time — but is subject to uncorrelated statistical
fluctuations arising from detector response, elec-
tronics jitter, and signal processing. When sev-
eral such measurements are combined, these ran-
dom fluctuations partially cancel. As a result,
the uncertainty on the averaged ToF decreases
approximately as 1/y/N, where N is the num-
ber of independent timing measurements. The
increased resolution of the particle identification
when an averaged ToF method is used is shown
in Figure[6] Note that the PID shifts due to cal-
ibration differences between the time-of-flights.
Physically, the increased resolution reflects the
fact that while any single detector may register
an early or late time by chance, it is unlikely
that all detectors fluctuate in the same direc-
tion by the same amount. Averaging therefore
suppresses random timing noise while preserving
the true flight time, leading to narrower ToF dis-
tributions and improved downstream quantities
such as A/q, charge-state separation, and PID
resolution.

After new detectors have been installed, it
may be of interest to perform a principal compo-
nent analysis. This analysis estimates the intrin-
sic timing resolution of the individual detectors
after removing the global jitter from the signals.
This analysis allows one to see block jitter — the
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Figure 5: Before kinematic corrections
(Brho_method 1) with single time-of-flight
method. o(A/q) = 0.0038.
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Figure 6: Averaged time-of-flight method

used but no kinematic corrections.
o(A/q) = 0.0031.
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Figure 7: Averaged time-of-flight method
and kinematic corrections used.

o(A/q) = 0.0021.
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way all detectors on the same module fluctuate relative to others — as well as reveal any
other statistical correlation between the detectors. This has the power to reveal improve-
ments that can be made through electronics adjustments. Additionally, this analysis will
inform the best signals to combine to reduce the overall ToF variance.

Alternatively, a brute-force approach may be used in which the standard deviation of
every unique combination of detectors is calculated to find the best overall resolutionﬂ

The timing method to use is specified in the pid_values spreadsheet. The various
methods of the ToF are defined in the file /source/CAris_pid/CAris_pid_LenToF.cpp.
New averaged methods may be added with a new index number. Note that SpecTcl must
be remade after changes are made to a .cpp file.

Timing offsets are used to move the measured ToF to agree with physically-reasonable
values. These values are determined by a LISE™* Monte Carlo simulation. Using the pre-
configured experimental LISE™™ file, calculate the time-of-flight between DB3 and DB5| Use
the mean ToF value as the baseline calibration. Final adjustments will be made as dictated
by the particle identification.

To calibrate individual pairs of detectors, use the files /calibrPID/CSV/tof offsets.
Once this has been achieved (accuracy need not be perfect), the averaged time-of-flight
method may be set in the pid_values spreadsheet. Note that the global ToF offset is also
located in this sheet and is how the averaged method ToF will be adjusted, if necessaryﬂ

The final ToF calibration is to ensure that the PID lines up where expected. During
beam tuning online, particle identification (PID) should already have been determinedﬂ.
Adjust the global ToF offset to align the PID pattern (A/q vs Z). If PID needs to be

performed from scratch, see [Appendix E]

2.2.3 Data Cleaning

With PID finalized, the next step is data cleaning. Cleaning is performed by applying
physics-motivated gates to remove nonphysical or background events (colloquially referred
to as “bad counts”) while preserving true reaction products. There are many ways to remove
these bad counts; the ones presented here are the most general. Representative examples of
common cleaning gates are shown in Figures [SHI0]

It must be noted that these gates constitute a first-pass cleaning. They may be refined
later as necessary as the analysis progresses. It is important to emphasize that over-cleaning
can bias yields by preferentially removing valid low-statistics events. Cleaning gates should
therefore be as tight as necessary, but no tighter, and should always be validated by inspecting
their effect on PID and yield stability. When in doubt, apply gates conservatively and
tighten or loosen them incrementally as warranted by the data. Quantitative gate analysis

is discussed in [Appendix D]

It should be noted that this becomes infeasible as the number of detectors at both DB3 and DB5 become
large. An Excel spreadsheet has been made to calculate standard deviations of up to 5 timing signals.

8For quick calibrations, a typical flight time between DB3 and DB5 is approximately 130 ns.

9Tt is good practice to set this value to 0 at the beginning of a new analysis, as this global offset is applied
in addition to any local offsets (e.g., detector pair offsets).

0This information is located in the Olog: https://controls.frib.msu.edu/logbook/
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For high-Z beams, an additional charge-state gate should also be employed after the
total kinetic energy calibration; see [subsubsection 2.2.4{

PPAC Sum Gates

Parallel Plate Avalanche Counters (PPACs) play a critical role in event validation due to
their detector design and fast signal response. These detectors consists of thin electrodes
separated by a narrow gas gap and operated under a strong electric field. When a charged
particle traverses the detector, it produces an electron avalanche that results in a prompt
electrical signal [3]. The minimal material budget ensures negligible energy-loss and preserves
the fragment trajectoryl!}

PPACs provide both precise timing and po-
sition information. Timing signals are generated

(=]

- & at both ends of the readout structure, allowing
f;_’ the construction of a timing sum, typically de-
§ - fined as the sum of the left and right timing sig-
g S nals for a given PPAC [4]. For particles travers-
a ing the detector normally and within the active
%5 area, this timing sum is approximately constant
28 and largely independent of hit position. As a

result, the timing sum serves as a powerful dis-

910 920 930 940 criminator of valid detector traversal.

aris.db3.ppac0.sumye.t (ns) Events that do not correspond to physi-

Figure 8: Example of a PPAC sum gate.  cally meaningful trajectories are readily identi-

Valid events lie along the main diagonal.  fied through deviations in the timing sum. Ex-

amples include particles that clip the detector

edges, traverse the detector at large angles, scatter upstream, or originate from secondary

reactions. Such events often produce delayed, asymmetric, or incomplete signals, leading to

broadened or shifted timing-sum distributions. By applying gates on the timing sum, these

unphysical events can be efficiently rejected. An example of this is shown in the sum spectra
of Figure [§]

When a pair of PPACs is installed at the same focal plane, the particle trajectory
angle can be reconstructed from the two position measurements. A particularly powerful
diagnostic is the tracking spectrum formed by connecting these two positions, which directly
visualizes the reconstructed particle paths between the PPACs. Large-angle particles are
readily identifiable in this representation. During beam tuning, this capability provides a
fast and intuitive check of the angular distribution of the beam at the focal plane.

When multiple PPACs are installed along the beamline, additional consistency checks
become possible. Valid fragments exhibit correlated timing sums and positions across suc-
cessive PPACs, consistent with the expected transport through the magnetic optics. Events
that fail to register in one PPAC, or that show inconsistent timing or position correlations

1Tt is important to note, however, that for high-Z beams, charge-exchange may occur within the gas
volume. This can be observed as a difference in the reconstructed momentum between segments 34 and 45,
as seen in Figure
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between detectors, are indicative of scattering, charge-changing reactions in degraders, or
partial loss of acceptance.

PPAC-based conditions therefore act as geometric and kinematic filters that are largely
independent of energy-loss observables. This independence is particularly valuable for high-
Z beams and high-rate conditions, where pileup and reaction-induced background are more
prevalent. Applying PPAC timing-sum and correlation gates early in the analysis chain
suppresses artificial broadening in PID and isotopic spectra and improves the stability of
downstream calibrations, including total kinetic energy calibration and yield extraction.

Energy-Loss Gates

Energy-loss gates are applied between successive
detectors in the silicon stack to suppress light re-
action products and other sources of background
that do not correspond to the ions of interest.
These gates exploit the fact that, for a charged
particle traversing thin layers of material at fixed
velocity, the specific energy-loss is primarily de-
termined by its charge and velocity, and is only
weakly sensitive to small variations in detector
thickness or entrance angle. As a result, identi-
cal particles passing through adjacent thin silicon 1000 2000 3000
detectors are expected to deposit nearly the same aris.dbS.stack.si0.e (ch)
amount of energy in each layer, producing a nar- Figure 9: Example of an energy-loss gate.
row, correlated locus in AE-AFE space (Fig. @ Valid events lie along the main diagonal.
In contrast, light reaction products, scat-
tered beam particles, and partially stopped ions typically exhibit different charge-to-velocity
combinations or undergo significant energy degradation between layers, leading to broader or
displaced energy-loss correlations. By selecting events consistent with the expected AE-AFE
behavior of the isotope of interest, energy-loss gates provide an effective and largely model-
independent means of rejecting these backgrounds while preserving high efficiency for fully
transmitted heavy ions.

aris.db5_pin.e (ch)
2000 3000

1000

0

Dispersion Gates

Finally, a dispersion-ratio gate between Dip34 and Dip45 is applied when using the Bp
method 345 to ensure optical consistency of the reconstructed trajectories. In a first-order
achromatic beam line, the horizontal position at a dispersive focal plane is proportional to the
particle’s magnetic rigidity, such that ions with unchanged charge-state and momentum ex-
perience the same relative dispersion at successive dipoles. Consequently, the reconstructed
dispersions at Dip34 and Dip45 are expected to scale linearly, producing a narrow locus
along a 45° line when plotted against one another. This is shown in Figure [10] for many
charge-states. The ions whose charge-state changed by the same amount form 45° lines in
the spectrum. Both the charge-state and dq are labeled.

Events that deviate from this correlation typically correspond to particles that have
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undergone nuclear reactions, charge-changing processes, or large-angle scattering between
the two dipoles, all of which alter the particle’s effective magnetic rigidity and disrupt the
expected dispersion matching. By gating on the 45° correlation, the dispersion-ratio cut
provides a robust means of rejecting such non-ideal trajectories while retaining ions that
are cleanly transported through the spectrometer and are therefore suitable for reliable Bp
reconstruction.

2.2.3.1 Sources of Background in Cleaned Spectra

Even after careful calibration and the application

of well-designed cleaning gates, residual back- -
ground is unavoidable in rare isotope data. Un-
derstanding the physical and instrumental ori-
gins of this background is essential for interpret-
ing low-statistics yields and for avoiding overly
aggressive cleaning.

One common source of background arises g .
from the high-o tails of neighboring PID g | AT
peaks. Finite detector resolution in time-of- T gose T s
flight, energy-loss, and magnetic rigidity pro- X 4 2 0 2
duces non-Gaussian wings that extend beyond aris.Dip34.deltaP (%)
the nominal centroid of each isotope. For frag-  Figure 10: Example of a dispersion gate.
ments with large production cross sections, these  The different horizontal and vertical lines
tails can populate the PID space of rarer neigh- represent charge-states. Diagonal lines
boring isotopes, particularly along directions of represent constant charge change.
strong parameter correlation (e.g., A/¢—ToF or
Z—dE). This effect becomes more pronounced when the yield ratio between adjacent iso-
topes is large.

Background may also originate from unresolved charge-states. Partially stripped ions
can form secondary bands that overlap or intersect the fully stripped PID loci. If not ex-
plicitly separated or accounted for, these charge-state contaminants may leak into otherwise
well-defined isotope gates, especially at lower velocities or for high-Z fragments.

Secondary reactions in detectors or degraders constitute another irreducible background
source. Nuclear interactions within the target, wedge, or detector material can produce frag-
ments that mimic valid PID signatures but do not correspond to direct projectile fragmen-
tation products. These events often populate diffuse regions of PID space and are difficult
to remove without simultaneously sacrificing good events.

Finally, random coincidences and electronic effects — such as pile-up, multi-hit ambigu-
ities, or imperfect signal reconstruction — can generate isolated or sparsely populated back-
ground events. While these contributions are typically small, they become significant when
extracting yields for the most exotic, lowest-cross-section fragments, and are principally why
new isotope discoveries require two counts for positive identification [5].

For these reasons, cleaning gates should be designed to suppress dominant background
contributions while preserving physically plausible tails of genuine isotope distributions.
Residual background is best treated as a systematic contribution to the yield uncertainty

aris.Dip45.deltaP (%)
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rather than eliminated entirely.

2.2.4 Total Kinetic Energy Calibration

Total kinetic energy (TKE) calibration enables charge-state separation and is essential for
high-Z beams. TKE calibration should only be performed after PID and data cleaning are
stable. In addition, detector bias voltages and detector thicknesses must be verified before
proceeding. Failure to address these prerequisites will result in unphysical or meaningless
TKE calibrations.

It is critical that the fragments stop before or in the last silicon detector in the stack.
Particles that punch through the stack do not yield a valid TKE measurement. Punch-
through is readily identified by examining the signal in the last silicon detector: a large
population of events with amplitudes comparable to or greater than those in upstream de-
tectors indicates insufficient stopping power. Correcting punch-through requires reducing the
fragment energy, either by increasing wedge thickness or by lowering the selected magnetic

rigidity, BA™}

c1z e Ix =@lisebd.x1lsm!Show_Element(C14)
A B C D E F G H

3 Plot Label 91Mo 95Ru 97Pd 98Pd 101Ag 100Cd
4 Weight 1.00 1.00 1.00 1.00 1.00 1.00
5 name cailb1 cailb1 cailb1 cailb1 cailb1 cailb1
6 confused flag
2 Run a74 a74 874 a74 2874 874
g BrhoDB23
10 BrhoDB34 ~ 34351 % 34351 3.4351 3.4351 3.4351 3.4351
11 BrhoDB45 3.4335 34335 34335 34335 34335 34336
12 | El Mo Ru Pd Pd Ag Cd
13 A
14 Z 44
15 after target Q 44 45 45 47 48
[
73 channel dE1 pin 2904.0 3146.0 33110 3365.0 358520 35390
74 channel dE2 stack0 3269.0 3514.0 3703.0 3760.0 3990.0 3949.0
75 dE3 stack1 2670.0 29310 30700 31410 33470 32890
76 dE4 stac2 4056.0 44280 4571.0 4719.0 5112.0 4875.0
[ dE5 stack3 2352.0 2261.0 24440 22430 1899.0 2417.0
78 dEG
79
a0 channel dE1 pin 2904.0 3146.0 3311.0 3365.0 3552.0 3539.0
81 OFFSET dE2 stackl 32690 3514.0 37030 3760.0 39900 39490
g2 dEJ stack1 2670.0 2831.0 3070.0 3141.0 3347.0 3289.0
83 dE4 stac2 3121.0 3493.0 3636.0 3784.0 4177.0 3940.0
84 dE5 stack3 23520 22610 2444 0 22430 1889.0 24170
85 dEG
86 OFFSET

Figure 11: Input page (LISE_eloss) of the total kinetic energy calibration workbook. The main
inputs are the particle identification information (Box A) and the mean energy-loss channel for
each detector (Box B).

A related issue arises from improperly biased detectors. An underbiased detector will
saturate, causing most events to accumulate in the overflow bin. This condition is easily

12 Assuming, of course, that additional energy-loss detectors cannot be inserted.
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corrected by adjusting the detector bias voltage. Any change in detector bias invalidates
previous energy-loss calibrations, and therefore must be redone after voltage adjustments.

Once proper detector biasing and stopping power is confirmed, TKE calibration may
proceed. Conceptually, the TKE calibration enforces consistency between measured detector
responses and the expected energy-loss and stopping behavior of identified ions. In practice,
this means calibrating detector response functions so that reconstructed energies agree with
well-established heavy-ion stopping calculations.

§ -dhE ni E T A b5 stack si0.dE EI; D; ctldhl stack sid AC (Trug) LdhE otack 202 AF (Trag)
== & | & E | &l =] &

108

Counts
500
Counts
Counts
1000
Counts

| i

=] =]
200 400 60O 200 400 60O 500 1000 1000 2000 3000
aris.db5.pin.dE (MeV) aris.db5.stack si0.dE (MeV) aris.db5.stack.si1 .dE (MeV) aris.db5.stack si2 dE (MeV)
ctldbb.stack.si3.dE (True) ctl.dbb.stack.sid.dE (True) ctl.dbb.stack.sib dE (True) ctl:dbb.stack.si6.dE (True)
2| ] z| | == | 2= ]
g 2
= = = =
B B g 3 3 B
(5] c = (5] (5]
&
=] =] =] =]
0 200 400 1000 2000 3000 1000200030004000 1000200030004000
aris.dbb.stack si3 dE (MeV) aris.dbb.stack sid.dE (MeV) aris.dbb.stack.si5 dE (MeV) aris.dbb.stack.si6.dE (MeV)

Figure 12: Example of run with invalid energy-loss signals: stack 3 is absent, and it is unclear if
the particles stop in the last detector (stack 6)

On the PID spectrum, create 4-6 isotope identification gates spanning the full fragment
distribution. These isotope gates, together with the previously defined cleaning gates, are
applied to one-dimensional magnetic rigidity and energy-loss spectra to extract average de-
tector channel values for each fragment. Ensure that all detectors registering a valid signal
are included, up to and including where the fragment stopﬁ.

The TKE calibration is performed using a dedicated Excel workbook that compares
measured energy-loss and magnetic rigidity values with expectations calculated by LISE*T .

13Detectors downstream of the stopping location do not register physical energy-loss and should not be
included.
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The workbook determines detector slopes and offsets that best reproduce the simulated
stopping behavior. For correct operation, the 1ise64 Excel file must be the first Excel file to
be opened; ensure that all macros and external content are enabled. Opening 1ise64 while
another Excel file is open may Excel may crash. The workbook can be found in "/Program
Files/LISEcute/lise64.x1sm".

A FIN stack0 stackl stack2 stack3 stackd
Thickness (mg/cm2) 116.1 116.1 116.1 2321 2321 2321
e1_slope= 0.3909 PIN um 500 500 500 1000 1000 1000
e2_slope= 0.3782 stackD Z 14 14 14 14 14 14
e3_slope= 0.5083 stackl Running Total 500 1000 1500 2500 3500 4500
e4_slope= 1.1422 stack2
e5_slope= 1.3492 stack3 tke_0_add= 0.0000 ratio to pin{ in MeV c
efi_slope= 0.9321 stackd 0.0000
tke_1= 0.3909
tke_2= 0.3782 stack0
e1_offset= 0.0 PIN the_3=] 0.5083 stack1 D
e2_offset= 0.0 stack0 tke_d4= 1.1422 stack2
ed_offset= 0.0 stack1 the_5=| 1.3492 stack3
ed_offset= 935.0 stack2 the_G=| 0.8321 stackd
ed_offset= 0.0 stack3 tke_offset= 0.000
ef_offset= 0.0 stack4
chi_tke 1.200
offset_sum="035.0314 chi+dE | 6974856
all GLOBAL 10242.14 6974.855632
chi_dE1_PIN=[0.625 3266.327822
chi_dE2_stack0=|1.019 E
chi_dE3_stack1={1.319
chi_dE4_stack2=|21.061 B 2-detector
chi_dE5_stack3=|193.488 zslope a27= 0.00000
chi_dE6_stack4={0.000 zoffset aZ=|4.6085
chi_sum=|217.512 bZ=|0.000
powLn=|1.000
powDE=|1.000
VC= 0.299792458 dispZ=|0 NEW ONE
Eloss_option= 1 LIMIT_Z= 100.0000

_aTu_

Figure 13: Fitting page (parameters) of the total kinetic energy calibration workbook. Box A
contains the fitted slope and offset parameters, which are ultimately used in SpecTcl.

Figure shows an example of the LISE_eloss input sheet. The required inputs are
highlighted in boxes A and B. Box A contains particle identification parameters and the
experimental Bp. Box B contains the average channel values from the energy-loss detectors.
All remaining cells on this sheet are automatically calculated from these inputs.

After entering the inputs, proceed to the
parameters sheet (Fig. [13), where the minimiza-
tion that determines the calibration parameters
is performed. The objective of the fit is to trans-
form raw detector channels into energy-loss val- & : 8
ues in a manner that is internally consistent and
physically meaningful.

Detailed algorithmic aspects of the fitting
procedure are not discussed here. Users are
encouraged to examine the worksheet struc- e
ture by tracing cell precedents and dependencies -4 2 0 2 4
(Formulas — Trace Precedents) to better un- arie.pid Zm@Q (2:q)
derstand how the calibration is constructed. Figure 14: Example of a charge-state gate

In Figure[13] Box A contains the adjustable on fully-stripped ions.
slope and offset parameters to be fitted. Box B
displays the x? values calculated on the LISE_eloss sheet. Box C must be verified before
minimization begins; it specifies the physical thicknesses of the detectors and directly affects

50

aris.pid.Z (
40
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the calculated energy-loss. Box D is algebraically linked to Box A and must not be modified,
as downstream calculations reference these cells. Box E contains the summed y?, which
serves as the minimization target.

Minimization should be performed iteratively, reducing one y? component at a time
while monitoring the behavior of the GLOBAL cell. Using the Excel Solver add-in, minimize
the selected x? component by varying the parameters in Box A. Repeat this process until
the total x? is minimized and stable.

Only detectors that register physical energy-loss for the fragment of interest should be
included in the minimization. For example, if fragments stop in silicon detector 3, then
silicon detector 4 and beyond must be excluded from the fit.

Once the minimization is complete, copy
the resulting calibration parameters into the

Z=44 o Experiment

— Zq=0

SpecTcl calibration file located at /calibrPID/ . . —Fi

CSV/db5_si_values.csv. Reload the data and
verify the calibration by inspecting the Z — ¢ vs
Z spectrum. For light-Z beams, a well-defined
cluster near zero charge-state difference should
appear. An example of a well-calibrated spec-
trum and associated gate are shown in Figure[T4]
This gate is applied in subsequent data cleaning
to isolate the desired charge-state prior to yield
extraction.

The contamination of yields by different
charge-states is shown in Figure [15| The anal-
ysis of charge-state distributions and locations
was performed in Ref. [6]. Without proper re-
moval of charge-state contamination, extracted
isotopic yields will be skewed.

Once charge-state separation is complete e ™ e -
and final cleaning gates are defined, the analy- Alq
sis proceeds to yield extraction, where elemental
and isotopic distributions are quantified.

Events

Events

Figure 15: Example of potential
charge-state contamination to the yield

statistics. From Ref. [6].
2.2.5 Z Calibration

The final essential PID variable is the atomic
number, Z. This quantity is reconstructed from
the particle’s energy loss in the DB5 detectors. The formal relationship used for the cal-
culation is given in [Appendix E.3| In practice, the Z calibration is performed concurrently
with the total kinetic energy (TKE) and charge-state calibration described in the previous
section, since these quantities are coupled through the velocity dependence of the stopping
power.

Once the TKE calibration has been established, the elemental blobs in PID space can
be translated into their correct physical positions. The detailed identification procedure is
described in[Appendix E.6] At this stage, adjustments to the Z calibration parameters serve
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primarily to align the reconstructed PID pattern with known isotopic centroids.

Within the pid_values spreadsheet, the calibration parameters are defined explicitly.
Equations and show how these parameters enter the reconstruction of the atomic
number. In typical operation, Zj,s is set to unity and Zgope2 is set to zero. The domi-
nant tuning parameters are therefore Zgope and Zogser, which control the overall scaling and
translation of the PID pattern in Z. Unless particle identification has been confirmed, large
adjustments to Zygser (greater than approximately 0.5 units in Z) are strongly discouraged,
as they can mask underlying calibration inconsistencies.

The elemental resolution can also be improved by optimizing the energy-loss input
used in the reconstruction. The pid_values spreadsheet includes a column specifying the
Z_method, which determines which energy-loss signal enters Equation ([19). In SpecTcl,
method 0 uses only the PIN detector measurement, while method 1 uses the average of the
PIN and silicon stack 0 signals. When both detectors are properly calibrated and functioning
reliably, combining their measurements reduces statistical fluctuations and can noticeably
improve the elemental peak resolution, as shown in Figure Note that the Z shifts due to
calibration differences.

= R, - 8 B o =
o7]
o
c -
N o
@ 2 &
- -
3
7] %]
O 8] © o
- o 4
=
o : ‘ B T : o : : , ‘ :
95 100 105 80 85 90
aris.pid.Z (Z) aris.pid.Z (Z)
(a) Z method 0: o(Z) = 0.3552 (b) Z method 1: o(Z) = 0.2697

Figure 16: Increased resolution achieved when Z method 1 is used.

2.2.6 Final PID Resolution

As discussed previously, the intrinsic resolution of particle identification is commonly quan-
tified by the widths (o) of the Gaussian-like distributions observed in PID space. These
widths reflect the combined experimental uncertainties in the measured observables used for
identification, such as time-of-flight, energy-loss, and total kinetic energy. In addition to
the absolute widths of individual PID peaks, the effective resolving power also depends on
the separation between neighboring species. This separation is governed by the underlying
nuclear properties (A, Z, and charge-state ¢) as well as the detector and beam-line resolu-
tions that determine how distinctly different species map into PID space. A high-confidence
PID is therefore characterized by both small peak widths and sufficient separation between
adjacent isotope blobs.
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This interplay between peak width and peak separation is illustrated in Figure[7| where
gaps between PID clusters significantly improve the reliability of isotope assignment and
yield extraction. When such gaps are present, systematic uncertainties associated with peak
overlap and background subtraction are substantially reduced, leading to more robust cross
section determinations.

A quantitative estimate of the overall PID resolution can be obtained using the 1ise64
Excel spreadsheet PID resolution calculator. This tool takes as input the experimentally
measured resolutions of the individual observables (ToF, AE, and TKE), the assumed iden-
tification parameters (A, Z, and ¢), the magnetic rigidity setting, relevant optical properties
of the beam line (including dispersion, magnification, and final image size), and the intrinsic
detector resolutions. These contributions are then combined to produce a single, effective
PID resolution that reflects the convolution of all experimental and optical effects. This
calculated resolution provides a useful benchmark for assessing PID performance and for
guiding the optimization of analysis cuts and spectrometer settings.

3 Data Extraction and Isotopic Yields

Once all calibrations and cleaning have been completed, the isotopic yields can be extracted.
This extraction procedure assumes that elemental and isotopic peaks are well separated
after cleaning and that the residual resolution is dominated by detector response rather than
unresolved physical structure. In regions where peaks are severely overlapping or statistics
are extremely limited, extracted yields should be treated with additional caution.
Extraction is performed using a dedicated Excel workbook designed specifically for yield
determination. Elemental and isotopic peaks are modeled as Gaussian distributions, with all
peaks in a given spectrum assumed to share a common width. This reflects the approximately
uniform experimental resolution across the relevant charge or mass range after calibration.

3.1 Exporting Data from SpecTcl

Begin by creating the one-dimensional atomic number spectra, Z with all previously defined
cleaning gates applied. Ensure that the full data range is plotted and that the number of
bins is sufficiently large to resolve individual elemental peaks without introducing artificial
binning structure. Once the spectrum has been verified, export it from SpecTcl using the
following command in the command line:

swrite -format ascii <fileName><spectrumName>.

This command writes the specified spectrum as an ASCII file to the SpecTcl root directory.

3.2 Obtaining Yield Statistics

Open the purpose-built Z-extraction Excel workbook, an example of which is shown in Figure
[[71 This spreadsheet requires the lise64 Excel file to be open concurrently, as it retrieves
Gaussian function and reference information generated by LISE™™ . In the appropriate input
fields (blue boxes in Figure [L7)), specify the axis limits, number of bins, and the relevant
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charge-state. These parameters come from the SpecTcl-defined spectrum. Copy the raw
histogram channel numbers and corresponding yields into columns A and B, respectively.

Z_fixed Am3Z Z Bins  Area_Fit Mean_Fit Delta_Bin XY_Bin Yield Amp <X Cch*y <Ch> calib_Ch Deltaz DeltaChi Counts

AxisMin =0 5 5 E 0.00 0.00 0.00E+00 0.00E+00 o
AxisMax = 100 6 6 6 10.17 6.34 89.18 8.75E+02 1.38E+02 10.17  6.34 42706 309.464 6.338 -0.338  9.73E-03 138
Bins = 5000 7 7 7 704.08  7.09 2113.55 6.77E+04 9.55EH03 704.08  7.09 3315847 347.136 7.090 -0.090 8.33E-05 9552
k_Am3Z = 0.02 8 8 8 3061.86  8.07 5292.86 3.35E+05 4.15E+04 3061.86  8.07 16468032 396.447 8.075 -0.075  2.75E-05 41539
TotYield = 2.77E+07 9 9 9 22925.55  9.05 14406.51 2.81E+06 3.11E+05 22925.55 9.05 1.38E+08 445.040 5.045 -0.045  3.64E-06 311022
RefChan = 287 10 10 10 76920.10 10.05 36637.19 1.05E+07 1.04EH06 76920.10 10.05 5.17E+08 495.550 10.054 -0.054 2.81E-06 1043545
RefAm3Z=5.74 1 11 1 284589.97 11.04 92503.35 4.26E+07 3.B6EH06 284589.97 11.04 2.1E+09 545.161 11.044 -0.044  9.92E-07 3860921
RefA = 5.889 12 12 12 345881.19 12.04 121902.62 5.65E+07 4.69E+06 345881.19 12.04 2.79E+09 594.909 12.037 -0.037 6.49E-07 4692435
ChanGap = 0.020 13 13 13 446443.68 13.03  130495.64 7.89E+07 6.06EH06 445443.68 13.03 3.9E+09 644.534  13.028 -0.028  3.26E-07 6056727
Zloc=0 14 14 14 265954.00 14.02 98401.72 5.06E+07 3.61E+06 265954.00 14.02 2.5E409 694.209 14.020 -0.020 2.14E-07 3608094
| ZmQ=10 | 15 15 15 279010.61  15.01 7242492 5.68E+07 3.79EH06 2795010.61 15.01 2.82E+09 743.975 15.014 -0.014 9.87E-08 3785228
16 16 16 106705.22  16.01 38079.54 2.32EH07 145EH06 106705.22 16.01 LI15E+09 794.010 16.013 -0.013  1.3BE-07 1447628
17 17 17 80030.76 17.01 24981.17 1.85E+07 1.09E+06 80030.76 17.01 9.16E+08 843.811 17.007 -0.007 5.08E-08 1085746
Result=  741.611 18 18 18 22236.29 18.00 12364.91 5.43E+06 3.02E4H05 22236.29 18.00 2.7e+08 893.434 17.938 0.002 6.67E-09 301671
kn= 0.998 19 19 19 21621.25 18.98 10456.17 5.57E+06 2.93E+05 21621.25 18.98 2.77E+08 942.847 18.985 0.015 432807 293327
bn= 0.159 20 20 20 8153.40 19.98 9508.24 2.21E+06 L11EH05 8153.40 19.98 1.1E+08 992.574 19.978 0.022 1.51E-06 110614
Result2= 29.286 21 21 21 34428.57 20.95 18008.52 9.79e+06 4.67EH05 34428.57 20.95 4.86E+08 1041.523  20.955 0.045 2.97e-06 467079
Fin_Result = 770.897 22 22 22 28969.21 21.94 18952.34 8.62E+06 3.93E+05 28969.21 21.94 4.29e+08 1090.635 21.936 0.064  6.54E-06 393014
23 23 23 10623.36  22.92 9864.75 3.30E+06 1.44E+05 10623.36 22.92 1.64E+08 1139.931 22.920 0.080  1.69E-05 144123
24 24 24 73873 23.90 1867.94 2.39E+05 1.00E+04 738.73  23.90 11913911 1188.776 23.895 0.105 1.10E-04 10022
25 25 25 41.94  24.30 209.53 1.41E+04 5.69E+02 41.94 24.80 702109 1233.935 24.797 0.203 1.73E-03 569

Figure 17: Z-fitting Excel spreadsheet. Using functions from the 1ise64 workbook, Gaussian
functions are fit to the data. Set-up information in the colored boxes are taken from SpecTcl.

The purpose of this spreadsheet is to model the elemental yield distribution as a sum
of Gaussian peaks. All Gaussians are constrained to have a common standard deviation
(o), reflecting the assumption of uniform charge resolution. The only free parameters in
the fit are o, along with a linear slope and offset that control the spacing and absolute
positioning of the Gaussian centroids (green boxes in Figure . For well-calibrated data,
the slope should remain close to unity and the offset close to zero; significant deviations may
indicate residual calibration issues. When Excel is performing its fitting, it is suggested to
add a constraint that ensures the largest peak in the elemental distribution remains fixed
at the centroid calculated in SpecTcl. This stabilizes the fit and prevents unphysical drift
of the reference peak during minimization. All remaining quantities in the spreadsheet are
calculated automatically.

The Excel Solver is used to minimize the difference between the experimental spectrum
and the calculated Gaussian sum. Two error functions are provided, and adjustable weights
may be applied to each. Varying the relative weights can improve convergence or stability of
the fit, particularly in spectra with low statistics or partially overlapping peaks. As with the
total kinetic energy calibration workbook, using Excel’s precedent and dependent tracing
tools can be<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>