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Executive summary
This note documents the incremental LISE++ modifications from v17.17.54 through v17.18.0, with emphasis on the new excitation-energy model
IME-Hole (a.k.a. IME-Holes). The model reconstructs the residue excitation energy event-by-event from removed nucleon holes (separation energy
+ Fermi-motion kinetic energy) and then enforces on-shell 4-momentum consistency by overwriting the residue energy component.
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Notes

cap(gag) in L Trans_angle: if (!std::isfinite(ig_aa)) ig_aa =1;

L _Distrl_convolute was re-written to vector. No new, no delete
New proton-rich isotopes from RIKEN

2D-plot: g vs. A/q

New excitation-energy model: IME-Hole (initially only for plots)
d_Apf_excitation: adaptation for IME_EE

IME_EE: reconstruction, update, new functions

IMEparams structure in L_initOptions

IME-Hole model in d_Apf_excitation completed

IME-Hole model plots in d_Apf_excitation

Middle version changed
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IME-Hole excitation energy model Bre/UnvERs Ty

e Apply global scaling/offset and Coulomb term:

1 Naming E* = ((E_holes - k + Eo) - A) + (AE_coul - s_Coul)

Recommended short name in LISE++ Ul/logs: IME-Hole e Build an excited residue mass:

Meaning: M_exc = MO_res + E*

¢ IME = “Invariant-Mass Enforced” (the residue 4-vector is made on-shell after computing E*) e Keep the residue 3-momentum from abrasion (p”_res taken from Pres), but overwrite the energy
® Hole = excitation built from removed nucleon holes (separation + kinetic energy) component to enforce on-shell kinematics:

Pres.E =sqrt( M_exc® + |p~_res|?)
e Optional: store debug/diagnostic quantities (AA, E_holes, E*, MO_res, M_exc, |p~_res|).

2 Motivation

In the INC-IME stage, the residue four-momentum Pres is constructed from a sampled set of wounded 5 Relativistic vs non-relativistic kinetic energy

nucleons. If the excitation energy is derived as E* = M_res - MO_res using an invariant mass M_res

computed directly from Pres, numerical and/or off-shell inconsistencies can yield unphysical negative For a hole with momentum magnitude p = |p”| and nucleon mass m (proton or neutron):
E*. IME-Hole avoids this by computing E* from physically positive hole contributions, then enforcing a e non-relativistic: T_nr=p?/(2 m)

consistent on-shell energy. e relativistic:  T_rel = sqrt(p? + m?) - m

At typical Fermi momenta (= 250 MeV/c), the relativistic correction is modest but non-negligible. IME-Hole

. . . can use either, but consistency across the codebase is recommended (same unit system everywhere).
3 Core idea (physics picture)

Abrasion removes AA nucleons from the projectile. Each removed nucleon corresponds to a ‘hole’ in
the projectile Fermi sea. The excitation of the residue is approximated as the sum of: 6 Parameter meanings (recommended notation)

e separation energy S1 (S1p or S1n) for each removed nucleon Model parameters used in the implementation:
Plain-text formula (Unicode math):
E* = ((E_holes - k + Eo) - A) + (AE_coul - s_Coul)

o kinetic energy associated with the sampled hole momentum (Fermi motion)
Optionally, an additive Coulomb term may be included.

4 Event-by-event algorithm Symbol Meaning
° Inputs: residue isotope (Z_res, A_res), abrasion losses AZ, AN (AA = AZ + AN), and model a_Fmod Fermi-momentum scale factor applied to sampled hole momenta
parameters. (dimensionless).
. Sample which of the AA removed nucleons are protons vs neutrons (exactly AZ protons and AN T Effective interaction time (or time-scale) parameter if used in the
neutrons). sampling/relaxation (s or fm/c depending on convention).
. For each removed nucleon, sample a 3-momentum p~ from a Fermi distribution (or uniform K Scale applied to the summed hole excitation E_holes before other scaling
Fermi sphere) with an optional scaling o_Fmod. (dimensionless).
) Compute each hole excitation contribution: A Global excitation scaling factor (dimensionless).
e_hole =T(p”) + S1, where S1 is S1p or S1n from the mass database (or 0 if unavailable). Eo Additive offset (MeV). Can represent missing contributions not captured
. Sum over holes: E_holes = ¥ e_hole (always > 0 with the usual positive-51 convention). by holes.
AE_coul Coulomb excitation/energy-shift term (MeV).
s_Coul Additional multiplicative Coulomb scaling (dimensionless).



U K

-y
FRIB se

IME-Hole excitation energy model implementation in LISE™

CU MICHIGAN STATE
Te UNIVERSITY

1 Where the key change is made

The essential FORTRAN-consistent patch is localized to compute_EE_INC(...) (and/or the internal
routine used by computeEstar_INC_IME_MeV(...)). The change is:

* Stop using M_res = invariantMass_MeV(Pres) to define E* in INC-IME

e Instead, after the hole loop compute E_holes, then M_exc = MO_res + E* and overwrite Pres.E
with sqrt(M_exc? + p?).

2 Why this guarantees positive excitation energy

Because each hole contribution is e_hole =T + S1 with T> 0 and S1 2 0 (in the standard
separation-energy convention), E_holes is non-negative. If k, A are chosen non-negative and Eo is
not strongly negative, then E* stays > 0 by construction. The on-shell enforcement step removes
the prior inconsistency where the sampled 4-vector implied an invariant mass smaller than
MO_res.

3 Debugging/validation checklist
. Print (or store) per-event: AA, AZ, AN, E_holes, E*, MO_res, M_exc, p?, and
M_invariant(Pres).

. Verify: M_invariant(Pres) = M_exc (up to rounding).

. Verify: E* distribution changes smoothly with a_Fmod, K, A, Eo.

. Check corner cases where S1 is missing (BadValue): verify it defaults to 0 and does not
crash.

. If you add a Coulomb term, verify its sign and scaling against your intended convention.

4 Expected behavior of width o(E*)

If you observe a small o(E*) (e.g., ~15 MeV around a mean ~240 MeV), common reasons are:
¢ AAis fixed (or narrowly distributed), so only Fermi-motion fluctuations contribute

¢ a_Fmod is small, reducing kinetic-energy variance

e k and A are set such that they compress the spread

To increase o(E*) in a controlled way, introduce event-by-event fluctuations in AA (impact-
parameter dependence), use a broader momentum sampling, or tune a_Fmod/k/A.

5. Notes on proton/neutron removal sampling (flags + shuffle)

A common implementation pattern for sampling exactly AZ protons among AA removed nucleons is:

¢ Create an array flags[0..AA-1] initialized to O

o Set flags[i]=1 for i<AZ

¢ Randomly permute flags with std::shuffle

After shuffling, each position has an equal probability of being a proton-removal (flag=1), while preserving
the exact counts.

This does distribute them randomly. If you need a different notion of ‘randomly set distribute them’ (e.g.,
correlated proton/neutron removal, or Z-dependent removal probability), replace the shuffle with a
weighted draw without replacement.

6. References (background)

The IME-Hole model is inspired by standard abrasion—ablation hole pictures and by practical
implementations in transport codes.

Suggested citations to include in documentation/manuscripts:

1) J.-J. Gaimard and K.-H. Schmidt, “A reexamination of the abrasion-ablation model for the description of
the nuclear fragmentation reaction”, Nucl. Phys. A 531 (1991) 709.

2) See also summaries of the hole-excitation prescription in ABRABLA implementations (e.g., thesis-level
descriptions).

Note: A thesis summary of the ABRABLA hole approach states that the residue excitation energy is
determined from the number of created holes and their energies, with typical average values quoted per
abraded nucleon; consult your preferred ABRABLA/fragmentation reference list for the most appropriate
primary citation.

3) H. Alvarez-Pol et al. / A. Kelic-Heil et al. (ABRABLAO7 literature): discussions of an empirical excitation-
energy scaling factor applied to the abrasion hole prescription to reproduce fragment observables.

4) M. Ordonez (PhD thesis, TUM, 2017): pedagogical description of ABRABLA abrasion excitation from
hole energies and the role of final-state interactions in increasing the average excitation per abraded
nucleon (useful secondary reference).
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Exritation Energy of prefragment
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LogNormal excitation-energy distribution in BeAGLE Te | DN T

(EstarFix / ESFDEV stub);
Mathematics + practical parameter mapping for LISE/ABRABLA-style workflows

Context. In BeAGLE/DPMJET3 workflows, a simple placeholder (“repair”) sampler is sometimes
used to force the excitation energy E* to be positive when an upstream model produces Eexc <
0. The width knob is often called ESFDEV (a dimensionless “log-space sigma”).

1. Sampler definition (what the code actually draws)

Let g be a standard normal random variable: g~ N(0, 1).

The stub sampler returns (variable names as commonly seen in the FORTRAN snippets):
E* =mean X exp(dev X g)

where dev is wired to ESFDEV, and g is a Gaussian random deviate (often called gaus).

Important: despite the variable name “mean”, this multiplicative prefactor is the MEDIAN
parameter of the LogNormal distribution, not the true mean, unless dev = 0.

Equivalently, taking logarithms:
In(E*) = In(mean) +dev X g
so In(E*) is Gaussian and E* is LogNormal.

2. LogNormal mathematics (closed-form moments)
Assume E* ~ LogNormal(y, o_log?) with:
i =In(m) where mis the median parameter (in the FORTRAN stub: m = mean)
o_log = dev = ESFDEV
Then:
e Median:
median(E*) = exp(1) =m
e Mean:
(E*¥) =exp(pn+o0_log?/2)=m X exp(o_log?/2)
e Variance:
Var(E*) = (exp(o_log?) - 1) X exp(2u + o_log?)
e Standard deviation:
o(E*) = (E*) X sqrt( exp(o_log?) - 1)
» Coefficient of variation (relative width):
CV =o(E*) / (E*) = sqrt( exp(o_log?) - 1)

3. Practical parameter mapping (how to pick ESFDEV and the scale)

3.1 Choose ESFDEV from a desired relative width

If you want a target relative width CV = o/(E*), use: dev =o_log = sqrt( In(1 + CV?))

Rule of thumb: dev sets multiplicative 1o fluctuations by a factor exp(dev).

e dev=0.1 - exp(dev) = 1.11 (= =10%)

e dev=0.3 - exp(dev) =1.35 (X/= 1.35)

e dev=0.5 - exp(dev) = 1.65 (X /= 1.65)

e dev=10 - exp(dev) =2.72 (X/+ 2.7)

3.2 If you want the distribution to have a desired TRUE mean

If you want (E*) = E_target for a chosen dev, set the multiplicative prefactor to:
m = E_target / exp(dev? /2 ) and sample E* =m X exp(dev X g).

4. Where it typically applies (why ESFDEV may not change global o)
In the common BeAGLE logic, the lognormal replacement is applied only when:
(i) the computed excitation energy is negative (Eexc < 0), and
(ii) a repair/fix flag is enabled (e.g., ESFIXTYP > 0).
Therefore, if most events already have Eexc > 0, changing ESFDEV changes only the subset of “repaired”
events, so the global o(E*) across ALL events may appear small.

5. Implementation notes / pitfalls
e Units: ESFDEV (dev) is dimensionless; it is stddev of In(E*).

* Median vs mean: the stub’s multiplicative parameter (called “mean” in some code) is actually the median
parameter.

* Positivity: the lognormal draw is strictly > O (before any optional clipping).
¢ Diagnostics: Monte Carlo o depends on which subset you include; check “repaired-only” vs “all events”.

Quick reference formulas
g~ N(0, 1)

E* = m X exp(dev X g)
median(E*) = m

(E*) = m X exp(dev2/2)

CV = sqrt(exp(dev?) - 1)
dev = sqrt( 1n(1 + Cv2?) )
m = E_target / exp(dev2/2)
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Courtesy of I. Richardson, B. Schmookler, J.L.R.Sanchez
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IME-Hole EE vs. BeAGLE results: 2°%Pb

IME-Hole excitation energy per abraded nucleon
208 ph (140 MeV/u) + Be (180 mg/cm?) — 220 Th
Umode = 0.75; feouoms = 0.10; k = 1.00; A = 1.00
<E*IDAqpe = 19.58
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Sum of ModelogN/dA dN ||T

Te UNIVYERSITY

Courtesy of I. Richardson, B. Schmookler, J.L.R.Sanchez

dZ - 18 17 16 15 14 13 12 11 10 9 8 i (1] 5 4 3 yd 1 (1]
0 2055- 21.67 21.27 21.49 20.84 20.17 20.10 19.74 13.87 18.14 16.56 14.69
1 21.05 21.45 20.53 21.19 19.98 20.32 19.97 19.67 19.31 18.93 18.20 17.51 16.33 15.14 13.13
2 BeAGLE 19.77 20.56 20.43 20.03 20.09 19.82 19.69 19.39 19.38 18.91 18.76 18.07 17.67 16.63 15.77 14.12 11.91
3 <E*> = 183 19.13 21.05 19.93 19.70 20.16 20.05 19.87 19.59 19.14 19.06 18.84 18.47 18.01 17.45 16.74 15.86 14.68 13.39
4 20.50 18.88 19.96 19.74 19.48 19.89 19.31 19.75 19.33 18.79 18.68 18.42 17.97 17.70 16.77 16.22 15.49 14.79
5 18.61 19.96 19.65 19.18 19.49 19.51 19.26 19.38 18.91 18.46 18.56 18.24 17.93 17.37 16.92 16.39 15.57 15.31
B 19.93 20.23 20.03 19.42 19.79 19.43 19.10 18.95 18.97 19.28 18.88 18.39 17.97 17.93 17.71 16.87 17.00 16.30 15.83
7 19.50 19.72 18.33 18.97 19.80 19.24 19.10 19.19 18.51 18.58 18.48 18.36 18.13 17.42 17.24 16.53 16.44 15.99 15.99
B8 18.60 18.73 19.67 19.15 19.18 18.94 18.95 19.13 18.94 18.49 18.13 18.54 17.81 17.69 17.60 16.95 16.45 16.71 16.14
9 19.05 18.96 19.37 18.84 18.34 19.09 18.69 18.38 18.58 17.95 17.94 17.41 17.27 17.43 16.04 16.79 15.87
10 19.41 20.41 19.94 19.14 18.90 17.89 19.15 18.56 18.24 18.08 18.03 17.81 17.15 16.41 1?.05_
11 18.84 18.96 19.43 18.73 17.83 18.02 17.54 17.75 17.52 17.14 17.02 18.08 17.24
12 18.09 17.80 18.34 18.85 18.40 17.65 18.19 18.80 17.24 17.41 1599 17.71
13 18.09 16.23 17.55 18.68 15.94
Sum of ModeLogN/dA dN |T
dz x 15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0
o 22.83 21.96 24.90 27.30 28.61 28.63 28.78 27.21 24.71 19.33 11.79
|1 21.81 22.52 24.14 24.49 25.91 26.36 26.44 25.70 24.09 20.83 15.50
2 Liege 22.13 21.40 21.98 22.78 23.39 23.99 24.79 25.17 24.58 23.73 21.27 17.70 13.83
3 18.87 18.53 19.67 20.50 21.99 22.06 22.69 22.92 23.37 23.20 22.69 21.66 19.63 17.01 13.82
a <E*>=10.14 18.37 19.06 19.25 19.75 20.09 21.01 21.49 21.94 21.82 22.31 21.91 20.85 20.42 19.81 17.11
5 18.27 17.59 17.17 18.32 18.75 19.41 19.53 19.94 20.08 20.97 20.57 20.84 21.95 20.65 19.38 17.77
5 16.31 16.17 16.92 17.66 18.00 18.29 18.70 19.01 19.38 19.42 20.79 19.85 20.69 20.25 20.59 16.65
7 15.57 16.88 16.12 16.29 17.14 18.02 17.76 18.01 17.96 19.27 19.23 19.29 18.96 18.27 17.36 14.15
8 15.76 15.90 16.00 16.20 17.02 16.75 16.98 17.54 18.31 18.42 18.87 17.78 18.33 19.69 16.35
9 16.01 14.80 15.46 15.05 16.18 16.88 15.78 16.96 17.49 17.20 18.09 16.22 15.15
10 13.65 15.42 15.57 15.70 14.99 16.49 17.37 16.37 15.86 17.02 15.67
1 14.60 16.28 15.73 14.54 15.13 15.26 15.52
12 12.86 14.55



IME-Hole EE vs. BeAGLE results: 13°Xe UNTVERSTTY

Courtesy of I. Richardson, B. Schmookler, J.L.R.Sanchez

IME-Hole excitation energy per abraded nucleon
138 Xe (140 MeV/u) + Be (180 mg/icm?) — ' Cd
mode = 0.75; feauoms = 0.10; k= 1.00; A=1.00
<E* Mz = 20 85

54 | 11121217 15 2 2 el 2212 K24 222X 27 Kel2 e 5N el 22 ik e Ee
28 26 RF 25 25 24 B4 21 2F 2 21 A8 HE HT NT NE HE M4 HE N5 HE M3 HT M0 23 J—
106] 108] D) 1Y) M M3 M US| WG| 7| ME| 1G] 124 2] 125) 924 125] 12| 127) 128 M20) 3] 94 132 93] 134 135 Sum of ModeLogl dN |\T
25 04 D4 N2 B) P R HI N HE NT HE MT HE MF M4 M4 M2 M4 N0 NN N0 AT HO A5 MF 192 dz x| 11 10 9 8 7 6 5 4 3 2 1 0
[ g 08 i 107 i 8 T 108 10 1 M2 13 g M4 i 14 T MO 17 T HE 1 i 120 21T 1 2 B 5 T 26 T 27
52 25 21 2 20 B0 HE ME HE BT HE M K3 M3 HI HE 41 N6 M 00 AT BT WE AE BeAGLE 0 23‘-02_ 24.36 23.70 23.23 22.76 20.38 13.42
PG HI00SE 107 SIS 1085 1SS h 12K 3614 ShI1ESH1IBS bl T SEMES HES S H2 181228, 1 24.03 23.48 23.69 23.58 22.69 21.87 21.25 20.14 15.12 16.75
P19 M8 2E M7 ME M5 M5 H4 NI H2 M2 N1 M0 09 M§ 28 N8 A8 N6 <E*> = 20.49 2 24.03 24.00 22.76 22.53 22.41 21.75 2145 20.39 19.65 1?.81-
D0 P s stz 2 2t EEEE B S ' 3 24.23 22,41 22.97 23.13 21.97 22.28 21.47 20.81 19.91 19.19 18.00 17.22
2] 103}y 104]p 105 108}y 107 10 108y MOfpy 1 12 113 M4y 195y 106y L] - 22,73 22,69 22.23 21.24 2193 21.82 20.82 199 1944 1847 1B8.59
H A2 K R 5 24.23 22,12 22,97 21.62 22.17 21.28 20.25 19.34 19.14 19.05 18.10 18.03
48 e e e o e 6 22.53/24.70 22.02 21.37 20.68 21.01 20.37 19.98 18.82 17.92 17.06
— A1 EAIIZAC I AT A IS ACIOB A A8 A AT AGI2H AT 28 A 7 21.61 17.25 20.12 20.23 20.03 20.34 1594 1944 18.04 17.07
N B s ' 8 16.79 18.80 21.76 20.02 20.54 19.50 19.75 17.99
—~ 46 [*Pdmpcpizpnp PP PR TP Py
g me 06 A7 06 Nb 206 M6 07 08 211 M3
o BRA SRR} URAILER) BRI 2R 2RHERHER 2RISR R TR
e o7 05 M5 N5 NI 25 N6 M6 08 A8 241 M2 HI M8
o 44 BRy1SRUIZIR) 2R 2R 2SR 4R R R
m A5 N7 N8 A0 XM H: M5 HE 2
1o PRy P P P Py i ) e Ry ARFE L tdl
24 I msc ﬂ: HI‘F !!?": mc 2‘1'.1c 21'.2{: 2!.3C 2‘1'.6c 2!.; 223c 215(: Sum of Mode dN |/
24 42 | E T T AL o T e R e dZ -1 15 14 13 12 11 10 9 8 7 b 5 4 3 2 1 0
o ' R 0 19.32 21.66 23.34 23.68 25.21 24.74 23.79 21.52 17.20 10.45
. ML NG TZERNE 114 MESNE NN 1NN 2N T2 .
22. 25 206 A7 28 210 11 M3 A4 N7 A9 23 B4 1 Liege 19.05 21.07 21.88 22.82 22.33 22.87 22.62 22.09 20.52 17.61 13.33
40 | O il 2 <E*>=17.34  16.59 18.26 18.64 20.46 21.14 20.81 21.32 21.45 20.84 20.24 18.14 15.82 12.21
105y 08 10TY 108Y 10BY 10y 10Ty M2y 1Y 14y Y 1EY WTY 1ay 3 17.74 18.67 19.32 18.94 19.25 19.95 20.12 20.57 19.96 19.70 18.42 17.13 14.97 12.59
5 X5 M6 MB 08 M0 M2 H3 M5 N7 N B2 24 BE
18 S e 4 16.70 16.23 17.64 17.53 18.19 18.59 19.40 19.11 19.48 19.19 19.38 19.03 17.71 16.38 16.45
03 W3 BT AT NE W§ ;1D NF N6 NI 012 A7 3 14.07 15.28 16.82 16.73 17.33 17.90 18.02 17.91 18.46 18.21 18.83 19.00 18.48 17.95 17.36 13.84
L e | 6 15.69 16.93 16.34 16.67 17.30 17.30 17.45 17.76 18.20 18.00 18.27 17.94 17.58 17.90 17.78
36 87y B2 90y 102§y 100y 102K 109104 1EK 108 1 TRr 08K 108K 190 1K 142K 7 15.89 15.63 15.75 16.37 16.88 16.56 17.34 16.51 17.40 17.26 16.99 16.83 15.02 20.89
N5 A5 NE 07 N& 09 M0 HO N2 N4 NE AT HI 1 A4 B
k) 14.17 15.46 15.30 15.38 16.64 16.01 16.46 16.26 16.18 17.11 15.44 15.53 18.12
54 58 62 66 70 74 78 82 9 13.22 14.56 13.50 16.50 15.54 14.72 16.18 15.20 15.49 15.40 16.59 12.93
Neutrons(N) 10 14.50 14.37 14.12 15.48 14.33 14.29 15.33| 9.35
11 13.46 10.59 16.42



IME-Hole EE vs. BeAGLE results: 124Xe

Courtesy of I. Richardson, B. Schmookler, J.L.R.Sanchez

IME-Hole excitation energy per abraded nucleon
124 %@ (140 MeV/u) + Be (180 mg/cm?) — 12 Cd
Umode = 0.75; feouiomb = 0.10; k = 1.00; A = 1.00
<E*M A = 2036

121 12|
204 203

1ETa 117 Ta 118 Tp 115 Ta 120 Tyl
208 205 200 200 181

115h 112 5h 113 5h 114 Sh1158h1 15 Sh117 Shi12 Shi1a
203 208 206 206 202 200 4135 132 485

50 106 S 107 S10E S 108 S 10 S 1150 1250 12 G114 SN 15 Sni1e Sn 7
210 240 207 207 203 202 204 138 184 133 188 186

102 |y 104 |y 105 | 105 |y 197 | 10| 102 110)n 11|p 112|n 13[n 114]n 15)n 16|10 Sum of ModelogN/dA  dN |17|
210 209 207 205 204 202 201 201 198 196 194 193 187 188
1000101102 Cg 103 Ce104 Ce105 C o108 Cp107 Ce108 Ce 108 Ce M Ce 11 Cd 112013 Ot Ciis dz E‘ 11 10 9 3 . I < - : 2 1 L
208 208 205 205 203 203 201 200 497 197 195 193 130 191 186 184 1] 22.26 22.89 22.79 22.04 21.75 20.02 18.47
99 g 100 A 1014102 4103 Ag104 Ag10S Aq105 A 107 Ag108 Agite Ag110 Ag 111 Ag 112, IAQS
_— Ag Ag mA{g mgﬂ mhzg zaﬁ;g 151Asg fs’:;g 1.°f:.l'l':I f;;g mp;g fﬂg 1:::? fsﬂ}g"ﬂhrgﬁfu 1 13.62 23.11 21.34 21.34 21.20 21.00 20.12 13.38
u 46 98 P 99 P 100 P 101P 102 P 103 P 104 Pg 105 P 108 Pg 107 P 108 Poidg P10 Pd P 112 Pgiis 2 BeAGLE 2290 22,07 22,70 22.72 22,72 21.65 21.50 20.68 20.16 18.71
203 204 200 200 13.8 198 196 196 194 {194 192 191 190 188 185 186
n I 15 Kot 100 K3 10 b 102 2 103 £ 104 1 105 o | Py e S P 3 <E*>=213 22,24 22,84 23.12 21.91 21.86 21.44 21.53 21.01 20.09 19.54 18.85
c Rh ®8Rh °¢ Rh1®RF191RK102RE102 RE104R 105 RHDEREOT R 1B QKBS R Rh1MRK
o) 202 204 199 199 198 197 196 196 195 193 192 192 188 189 4187 187 a 21.91 22.29 22.82 23.53 22.56 22.36 21.90 21.58 21.04 20.90 20.29 20.14
*RuB?RUBBRu99Ru‘lDDRl_101Ru‘lwRL‘IDSRL‘INRL‘ID5RL‘IWRL‘IDTRu"mRuﬂRu11IIm1I1Ru11Zm"3
‘.6 19.9 19.9 197 197 196 196 194 19.5 19.2 193 191 19.0 189 189 188 187 185 184 5 20.50 22.44 23']‘2- 21.32 21.55 21.37 2111 20.34 13.72 20.58
— 95 Te 9% Te 97T 98T 99 e 1007 101 102 103 ¢ 104 105 T 106 107 T 106 T 108 HOTe 1iTe M2 H3Te 5] 21.37 22,15 23.15 23.20 21.60 21.83 21.06 20.34 20.80 20.10
0oL 19.8 19.9 197 196 196 195 195 194 192 194 192 191 130 190 188 189 188 183 188 7 21.75 21.99 21.73 20.81 2111 20.27 20.19 20.28 19.53
42 24 Mo %5 Mo 28 Mo®7 Mo22 Mo 22 Mo 00 M 2T 102 g1 03 W 104 105 W 108 M 07 M08 e 02 M 12 e T Mo 2 Me
19.8 197 9.6 19.6 194 195 193 19.3 192 192 191 191 {190 {190 190 191 (488 1941 190 8 22,57 21.62 21.26 20.22 20.86 20.70 21.08
%2 Nb 24 Nb %5 Nb 55 Nb 57 Nb %8 Nb 55 Nb 100 NE10TNE102 N 103 N 104 N10S N1 05 N 10T MET0E NS NETIONB 11T ND g 21.05 22.22 20.98

197 196 96 195 434 194 433 194 933 123 192 133 193 193 192 192 132 194 194
927 937 947r 957r 967 97 Zr 987 99 Fr 1007y 1017y 1027 1037y 104 Zp 108 Zp 106 Zy 107 7 108 Z 109 7 1107
19.5 125 9.5 194 494 193 433 194 933 132 193 133 132 194 192 195 194 195 195
My G2y 83y 94y 85y SEY G7Y 08y 89y 10DY 1My 102y 103y 104y 105 10BY 107y 108y 108y
196 195 435 495 495 194 434 195 434 194 495 {135 194 196 196 196 137 198 200
38 290Gy 91Sr 92Sr 93 Gy 94 Sy 955y 965y 97 Gr 98 Sr 99 Sy 100Gy 1S 102Gy 103G 104 S 105 S 106 Sy 107 Sr 108 S
194 195 434 194 493 194 134 195 935 135 495 {96 126 196 197 198 199 200 209
2 Rb “0Rb ¥'Rb *2Rb % Rb % Rb %5 Rb 5 Rb " Rb %5 Rb %° Rh19¢ Rp101Rb102 Ry'0s Ry 04 R oS Ryl 08 Rbio7 Rb
195 135 {95 495 495 {196 435 195 436 {97 497 {97 138 200 200 204 202 204 F20F
BE(r 89Ky 90K S1Kr 92Kr 93 Kr 94Kr 95K 96 Kr 97 Kr 98 Kr 99 Kr 100 K 101)r 102 | 103 | 104 K 105 Kr 108 |Kp
19.5 194 424 196 49.5 195 436 197 927 138 198 190 139 204 2049 203 205 207 209
5TBr 88 Br 89Br 0By S1Br %2 Br %3Br 94Br 95Br 9% Br 97 Br 93 Br 93 Br 100Br 1018y 1028y 103
195 496 495 196 496 4197 497 198 438 200 204 202 204 204 205 207 208
34 B5 Se B7 S B8 Sp B9 S 90 S 915 92 S 93 5e 94 5e 55 5e 95 Se 97 S 98 Se 99.5g 1005g101
19.5 196 9.6 196 {97 7138 438 199 200 204 202 203 205 206 207 208 310

52 54 56 58 60 62 64 66 68 70
Neutrons(N)




IME-Hole EE vs. BeAGLE results: 9Kr MICHIGAN STATE

Courtesy of I. Richardson, B. Schmookler, J.L.R.Sanchez

IME-Hole excitation energy per abraded nucleon
88 Kr (140 MeV/u) + Be (180 mg/cm?) — ™ Kr
Omode = 0.75; feouoms = 0.10; k= 1.00; A=1.00
<E*IMAgp> = 21 65

- oKy TIKr FRKr FAKr TKr SKr ®Kr Kr
23T 237 234 2313 231 232 220 2240
#6Br e9Br 0B T1Br 72Br

234 23r 230 22D 22O

34 | 625e B35 5450 6550 S5 TSe a3ge saGe

237 938 233 D31 PRO 3RO
. 314 IME M2

©Ge ®Ge ) Ge 7'Ge 2 Ge *Ga
M5 213 294 243 212
55Ga 6 Gaf Ga = Ga
24 HE 23 213
&81Zn £2Zn 83Zn #Zn
1.6 214 214 2707
Gy & Cu 51Cu 82Cu
3.3 213 212 217
sNi 7Ni 5Ni
213 212 H.2

30

26 Liege

<E*>=16.6

ESTj BET| BTy EBT)
227 9 233 230
B ™ 5e = 5p
227 231 233

22

Protons(Z)

Sy SR SR
23 4 208

EiE E F Sum of MdN
=5 e = N dz 13 12 n

Bl
22.0 23.3
S8 AP S0Ar 4
230 r

T a1
21.2 212 214
4BAr 40 Ar SOAr S1Ar
2.2 243 214 P16
45C| 4aC| 47C| 48|
212 213 X4 IS5

B b B

18

17.98
17.48
16.50 17.30 17.71 17.72 1817 18.25 1832 17.86 17.72 16.82 15.50 13.92 11.65
16.30 1774 16.77 17.02 17.28 1753 17.67 1775 1741 1732 17.08 1648 1551 14.22
13.87 16.02 16.27 16.30 16.68 16.63 16.82 16.93 16.80 16.93 16.20 16.668 15594 15.64
15.67 15.50 15.61 15.84 16.25 16.29 16.64 16.69 16.72 16.80 16.58 16.13 15.28 17.60
1449 15.51 1576 1571 16.25 15.69 1592 16.07 16.38 1568 16.51 15.39 17.25
15.50 15.31 15.82 1554 15.67 1546 1540 15.80 15.39 15.35 14.38 14.46
1442 14,99 1536 1535 15.06 1510 14,56 15.23 16.02 1517 16.74
16.24 11.56 15.73 13.62 13.56 1442 1286 13.09

s8C]
228

14

10

L I = L T o I o =]

28 32 36 40 44 48
Neutrons(N)
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IME-Hole EE vs. BeAGLE results: 8Kr

L. Courtesy of I. Richardson, B. Schmookler, J.L.R.Sanchez
IME-Hole excitation energy per abraded nucleon

TEKr (140 MeV/u) + Be (180 mg/cm?) — ™ Kr

Omode = 0.75; foouome = 0.10; Kk =1.00; A=1.00 Sum of ModeLoghdN |/'T
T
<E5AA> = 21.10 dz 8 7 6 5 4 3 2 1 0
—_ 1] - 19.97 21.48 19.77 15.40 18.01 17.03
' ' I [ BeAGLE, tau=10 1 20.11 20.14 20.55 19.82 19.79 18.78 18.28/16.08
2 20.02 20.44 20.76 20.72 20.66 19.79 19.44 18.06 17.12
%] <E*>=19.9
; : 3 20.51 20.55 21.13 20.43 20.45 19.79 19.58 18.26 17.80
T™Br ™Br "SBr "“Br ""Br 4 20.42 21.96 20.96 21.35 21.03 20.40 20.10 19.11 19.56
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IME-Hole EE vs. BeAGLE results: ®Ni MICHIGAN STATE

IME-Hole excitation energy per abraded nucleon Courtesy of I. Richardson, B. Schmookler, J.L.R.Sanchez

5 Ni (140 MeV/u) o
Umode = 0.75; feoutoms = 0.10; K = 1.00; A = 1.00

AA Sum of Mode dN iy
<ElAAw> = 2175 dz 8 7 6 5 a 3 2 1 0
T T T T z
28 | i - = 0 [ 1292 158 1603 1611 1551 1620
238 - BeAGLE 16.17 15.84 17.44 17.14 17.07 17.24 16.04
52 Co 5 CosCo5Co
238 233 221 | 219 <E*> =17 8 2 16.29 17.24 17.86 18.09 18.64 18.35 13.49 17.45 16.81
';‘F: ‘;‘Ff 5;3':; 52';: **Fe **Fe 5;1'-:: EZDF:F : 3 17.97 18.72 17.76 18.58 18.90 18.58 18.35 17.35 16.41
45 An 4 Mn 7 Min 42 Mn 45 Mn 52 Mn == MR =4 Mn = Mn a 19.60 18.52 19.17 19.42 18.76 18.89 17.76 17.18
S el —| 5 19.13 18.93 19.20 18.44 18.57 17.33 17.30
24 + 42Cr 43 Cr 44Cr 45 Cr 46 Cr 47 Cr 48Cr 45 Cr 50Cr 5'Cr 52Cr 5*Cr
249 238 233 237 225 222 216 214 207 207 200 197 6 19.73 18.92 19.02 18.74 17.48 18.07 17.50
42y 43\ 44y a5y 4By 50N Sy s2y SRy -
232 228 224 220 217 21 206 201 200 19.7 7 L2 s L7ane L-TE LLoTE
38T 22BTi 40Ti 4'Ti 4=Ti 43Tj 48T 45T SOTi S'Ti S2Ti 8 1?.39
234 232 227 225 221 218 205 204 200 198 196
335 40 G¢ 415c 425¢ 47 S 42 S¢ 43 S¢ 0S¢ S1S¢
223 220 216 216 207 205 203 203 202
20 + 4 Ca3*Ca*Ca* Ca?*Ca*Ca = Ca“Ca+ Ca% Ca*Ca*Ca
229 226 223 220 247 215 205
32K 33K 34K JEK EK 37K
— 229 225 223 219 317 215 Sum of MocdN 1T,
N 3;215:{ 22 Ar dz T 2 21 20 19 18 17 16 15 14 13 12 1 10 9 8 7 [ 5 4 3 2 1 0
"ﬁ" “d 0 1397 1753 1608 1634 1453 1214 916
1 H 1779 1723 1820 1717 1613 1556 1474 1326 1123 826
2.1
= . 2 Llege (C 1 GeV)) 1818 1872 1901 1798 1810 1689 1613 1516 1450 1250 1117 880
(o] 16 215 218 220 223 3 — 185103148 1867 1842 1784 1715 1670 1669 1542 1503 1366 1316 1130 943
4 3P 40p 41p s2p 43p 44p 4s5p 4 <E*>=17.7 17.18) 2036 1936 1867 1834 1793 1817 1710 1701 1623 1548 1491 1422 1324 1196
E 214 216 217 221 222 226 230 5 2036 1901 1940 1933 1981 1831 1853 1755 1777 1739 1700 1649 1602 1537 1562 1456 1326
o 3ES| 395j 405] «15] 425j 435] 44 Sj 6 2027 1985 1983 1981 1936 1923 1855 1855 1800 1793 1753 1751 1679 1708 1659 1626 1508 1640
215 216 215 220 223 226 230 233 7 1927 2013 1935 1916 1944 1883 1898 1871 1846 1836 1795 1773 1750 1702 17.22 1687 1672 1577 1704
34 A] 3SAl |A] TA| 33 A A| 0 A H1A] 2 A] S2A) 8 16.04| 2050 1886 1884 1913 19.00 1879 1865 1858 1840 1834 1821 1819 1783 1794 1774 1792 1686 1639
215 213 218 218 222 224 228 231 235 241 9 1822 1861 1940 1963 1922 1921 1883 1870 1860 1872 1833 1845 1826 1838 1B34 1780 1814 1824 1822 1140
1 2 22 Mg *2 Mg 34 Mg *= Mg *= Mg *7 Mg *= Mg ** Mg +° Mg - E 10 17.80 1856 1872 188 1008 1890 1801 1872 1885 1863 1806 1862 1836 1832 1876 1006 1833 1056 2046 1832
O ol et 11 1770 1805 1974 1888 1892 1914 1897 1912 188l 1891 1879 1BB4 1849 1845 1B69 189 1923 1929 1876 19.90

23Na*"MNa *'Na **Na 3*3*Ma **Na **Na **Na *" Na *®* Na *®* Na
214 246 3217 219 221 324 227 230 233 (238 242
27 Ne 22 Ne =2 Ne *®* Ne *'Ne *2Ne 32 Ne 3 Ne ¢ Ne 3¢ Ne
214 216 218 2139 222 233 227 230 234 238

-
=}

1773 10.01 1894 1913 1902 1911 1904 1880 1885 1BO90 1859 1900 1B50 1895 1907 1873 1885 1812 2007 1530
1950 1855 1897 1898 1925 1876 1905 1917 1895 1877 1900 1B96 1891 1877 1921 1975 1893 1947 1535
1768 1838 1BR3 1894 1883 1910 1909 1899 1889 1905 1896 1907 1919 1900 1942 1908 2019 1972 1864
1869 1838 1870 1B76 1B9%4 1861 1905 1895 1900 1BEBE 1917 1859 1B70 1845 1BB5 1B7E 1840

[
i}
&
b

2EF IZTF 2BF =28F WFE HF ZF IZF
214 297 219 2241 223 226 228 232 235
8 24Q 250Q WO 27O 2B/O VIO 00 A
215 297 218 222 225 228 230 Sum of Modi dN T
o dz - 11 10 9 8 7 6 5 4 3 2 1 0
2 0 1478 1686 1346 936
22 . 1 14.91 17.20 17.24 1625 1426 1167
Lleg e (p 1 Gev)) 2 1617 1565 1742 1689 1719 1671 1668 1515 1350 1112
4 | 3 1624 1548 1646 1670 1682 1666 1624 1555 1467 1283 1144
. . . . . | . <E*> = 15.2 4 1513 1571 1613 1631 1646 1621 1638 1504 1594 1450 1407
7 5 1501 1505 1557 1596 1580 1600 1587 1572 1593 1587 1491 1359
11;: 13 15 17 19 21 23 25 27 29 & 1488 1536 1523 1542 1523 15983 1561 1603 1598 1611 1484 17.04
7 1547 1520 1470 1538 1518 1540 1532 1559 1600 1609 1468 1640
Ne Utrons(N) S 1395 1471 1494 1541 1504 1515 1488 1542 1501 1547 1624
9 1396 1349 1355 1512 1456 1478 1602 1506 1146 1621
10 1311 1345 1356 1527 1532 1434 1380



IME-Hole EE results as f(a.,4.)

IME-Hole excitation energy per abraded nucleon IME-Hole excitation energy per abraded nucleon IME-Hole excitation energy per abraded nucleon
58 Ni (140 MeV/u) 58 Nj (140 MeV/u) UNi (140 MeViu)
Omode = 050, feoulomb = 010, K= 100; A=1.00 Omode = 0.62; fouioms = 0.10; k = 1.00; A =1.00 Omode = 0.75; feouoms = 0.10; k= 1.00; A= 1.00
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What is alpha_ . ?

mode °

According to a paper from 1996 (Ferrari et al., Z. Phys. C), a_mod is an empirical reduction
factor applied to the Fermi momentum / nucleon momentum distribution inside the nucleus,
meant to mimic that the real momentum distribution is not perfectly described by a sharp uniform
Fermi-gas picture (they explicitly mention nuclear-skin effects).

In practice:

‘What it does physically: it scales down the typical nucleon momenta (and therefore the
typical Fermi kinetic energies) used when estimating the “hole”/spectator excitation after nucleons
are removed

*Why it exists: to absorb missing physics of the simplified nuclear model (surface/shell/skin, non-
uniform density, etc.) into one knob

*How they choose it: they tune a_mod to data, specifically by comparing model predictions to
measured black-particle production, and then fix it

In the attached paper, What the paper states is:

«a_mod is fixed at 0.5 after tuning to a larger data set (hadron—A and nucleus—nucleus)
There is a note that in an earlier work they used a_mod = 0.75 (together with 10 = 2 fm/c), but
that was based on h—A data only, and the “new” parameters are from a broader dataset

Cu MICHIGAN STATE

Te UNIVYERSITY
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