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FIG. 22: (Color online) Comparison of measured mass and charge distributions of the product yields from the reaction 800 MeV
p + 197Au, of the mean kinetic energies of these products, and the mass distributions of the cross sections for the production
of thirteen elements with atomic numbers Z ranging from 20 to 80 [84] (open symbols), to predicted results from the original
CEM03.03 (solid lines) and from CEM03.03F (dashed lines).

a new LAQGSM03.03F.

Then, we extend the coalescence models in these codes
to account for coalescence of LF from nucleons emited
at the intranuclear cascade stage of reactions and from
lighter clusters, up to fragments with mass numbers
A ≤ 7, in the case of CEM, and A ≤ 12, in the case
of LAQGSM. Finally, we study several variations of the
Fermi break-up model and choose the option with the
best overall performance to use in the production ver-
sions of the models.

We have tested the improved versions of CEM and
LAQGSM on a variety of nuclear reactions induced by
nucleons, pions, photons, and heavy ions. On the whole,
the improved models describe much better than the orig-
inal “03.03” versions production of energetic fragments
heavier than 4He, without “destroying” the good agree-
ment provided by the standard versions for the emission
of nucleons, light complex partiles, and residual nuclei.

Next, we have extended MCNP6 to allow calculation
of and outputting of spectra of fragments and heavier
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FIG. 23: (Color online) Comparison of measured fission cross
sections for n + Bi [85] (open circles) and [86] (solid dia-
monds) to results from the unmodified CEM03.03 (solid line)
and from CEM03.03F (dashed lines).
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FIG. 24: (Color online) Comparison of experimental data on
1200 MeVp + 197Au →

6Li at 20◦, measured by Budzanowski
et al. [20] (solid circles) to calculated results by CEM03.03F
(red solid line), MCNP6-F with npreqtyp=66 (dashed green
line), MCNP6-F with npreqtyp=6 (dash-dash-dotted blue
line), and the original MCNP6 with the GENXS extension
only (red dotted line).

products with arbitrary mass and charge numbers.
Last, we implement the improved CEM03.03F into

MCNP6, producing an upgraded version called MCNP6-
F. LAQGSM03.03F is not completed and will be incorpo-
rated into MCNP6-F at a later time. We have validated
MCNP6-F on a variaty of measured nuclear reactions.
We conclude that the improved CEM, LAQGSM, and

MCNP6 allow us to describe energetic LF from particle-
and nucleus-induced reactions and provide a good agree-
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FIG. 25: (Color online) Comparison of experimental data
for 2500 MeV p + natNi → t,7Li at 100◦, measured by
Budzanowski et al. [21] (solid circles) to calculated results
from CEM03.03F (solid red lines), MCNP6-F with npreq-

typ=66 (dashed blue lines), and the original MCNP6 with
the GENXS extension only (dash-dotted green lines).

ment with available experimental data. They have a good
predictive power for various reactions at energies up to
∼ 1 TeV/nucleon and can be used as reliable tools in
applications involving such types of nuclear reactions as
well as in scientific studies.

For future work, we hope to complete the development
of LAQGSM03.03F and to implement it into MCNP6.
We also hope to develop a better deexcitation (evapora-
tion/fission + multi-fragmentation) model for both the
CEM and LAQGSM event generators by incorporating
the new inverse cross section approximations developed
for and employed. in the preequilibrium model.
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[31] D. Hansen, A. Lühr, N. Sobolevsky, and N. Bassler, Phys.
in Medicine & Biology 57, 2393 (2012); M. Hultqvist, M.
Lazzeroni, A. Botvina, I. Gudowska, N. Sobolevsky, and
A. Brahme, ibid. 57, 4369 (2012); A. Lühr, D. Hansen,
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