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Abstract

Recent improvements to the Cascade-Exciton Model (CEM)uafear reactions are briefly de-
scribed. They concern mainly the cascade stage of readcimhs better description of nuclei during
the preequilibrium and evaporation stages of reactiong ddvelopment of the CEM concerning fis-
sion is given in a separate talk at this conference. The ase accuracy and predictive power of the
CEM are shown by several examples. Possible further impnewmts to the CEM and other models are
discussed.

1. Introduction

During the last two decades, several versions of the Cadeacieon Model (CEM) [1] of nuclear
reactions have been developed at JINR, Dubna. A large yarieixperimental data on reactions induced
by nucleons[[2], piong]3], and photori$ [4] has been analyz#t framework of the CEM and the general
validity of this approach has been confirmed. Recently, tB¥@as been extended by taking into account
the competition between particle emission and fission atdingpound nucleus stage and a more realistic
calculation of nuclear level densitj[5]. In the last few gahe CEM code has been modifi¢ [b, 7] to
calculate hadron-induced spallation and used to sfidyfl@]-about 1000 reactions induced by nucleons
from 10 MeV to 5 GeV on nuclei from Carbon to Uranium.

At present, several versions of the CEM code are used at aemofhlmational laboratories and uni-
versities to solve different problems. Several versionthhefCEM code have been implemented with or
without modifications into a number of well-known transpowtes, e.g., in: MARYT13], HETC JILA,]15],
TIERCE [I§], MCNPX [IT], and is currently being incorpordteto the LLNL radiation-transport code
COG [I8]. The preequilibrium part of the CEM has been impletad either as the initial Modified Exci-
ton Model (MEM) code MODEX[[T9] or as the later version frofiij[2vholly or with some modifications
into the tranport codes HETC96 2] 15], SHIELD][22], HETSIEP [2B[15], HETC-FRG[ 24, 115],
CASCADE [25%], and into the intranuclear cascade-predopiilim-evaporation-fission code INUC[]26].

The recentnternational Code Comparison for Intermediate Energy lacData[P 4] has shown that
the CEM adequately describes nuclear reactions at inteatesehergies and has one of the best predictive
powers for double differential cross sections of secondagleons as compared to other available models
(see Tabs. 5 and 6 in the Repdrt][27] and Fig. 7 in Rel. [28]).aA€xample, in Fig. 1 we show experi-
mental spectra of neutrons emitted from interactions of@e¥ protons with C, Al, Fe, In, and Pp ]29]
compared with calculations using a version of the CEM aszedlin the code CEM9520]. We see that
CEMO95 reproduces the data very well. In effect, these resalh be regarded as a prediction of CEM95,
as the experimental data were published in 1997 while theulzlons are made without any changes
of the code and using the previously determined “prefersed”of input parameters (RM=1.5, IFAM=9,
IDEL=0, ISH=6, ISHA=1, IDELTA=1; see notations and detaiishe CEM95 code manudl [R0]); these
were fixed in 1995.
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Fig. 1. Comparison of measured][29] double differentiaksrsections of neutrons from 1.5 GeV protons on C,
Al, Fe, In, and Pb with CEM95 calculations.

Unfortunately, not all CEM95 results agree so remarkablif wigh measuremetnts. As an example,

Fig. 2 shows also experimental spectra of neutrons emitted fnteractions of 256 MeV protons with
Al [BQ], Fe [B0], and Zr [3]L], and 1.5 Ge¥* with Fe [32]. Calculations with CEM95 using the same
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Fig. 2. Comparison of measured neutron spectra from 256 Metops on Al [3p], Fe[30], and Z{[31], and 1.5
GeV 7™ on Fe [3R] with CEM95 calculations (solid histograms) anthwesults of LAHET [3B] for Al from [3D],
prediction of the recently improved version of the CugnoaletNC [B4] for Fe, HETC-KFAII [3%,[1p] calculations
for Zr from [B1], and a Japanese versipn|[36] of HETQ [15] gsinodified NN cross sections to take account of the
in-medium effects forr* (1.5 GeV)+Fe from Ref[[32], shown by dashed histograms.

fixed set of input parameters as for Fig. 1 are shown by saditbgrams. For comparison, results obtained
with other well-known codes are shown as well: LAHHT][33]adations for Al from [3D], a recent
improved version of the Liege INC model by Cugnon et &l [8#]Fe, a Julich version of HETQ15]
as realized in the code HETC-KFAIT[B5] for Zr fronmh [B1], andecent Japanese versidn][36] of HETC
using modified NN cross sections to take account of the iniameeffects forr* (1.5 GeV)+Fe-n+...
from Ref. [32].

One can see that for these reactions the agreement of CENM@sreith the measured neutron spectra
is not as good as that shown in Fig. 1; in places the differémbe&ger than a factor of 2. This seems to
be a characteristic of all the models compared here.

For any model, to predict yields of isotopes produced atrinégliate energies is much more difficult
than to calculate spectra of emitted particle$ [37]. As aesee from Figs. 3 and 4 (adapted frdnj [38]),
CEMO95 describes the majority of yields for isotopes produicethe spallation region quite well and no
worse than other well-known codes, although for some indldial isotopes the discrepancy with the
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Products in Bi-209 irradiated with 0.13GeV protons

(Qui) pIaIA 10npoud

0d.0Z 0d.0z 0d.20Z 0d.0Z
0d90z 0d90z 0d90Z 0d90Z
218902 218902 218902 218902
118902 118902 118902 118902
0d50z 0d50z 0dS0z 0d50z
19502 19502 19502 19502
0dr0z 0dr0z 0dv0Z 0d¥0Z
19102 19702 1810z 1810z
0dg0z 0dg0z 0de0z 0deoz
19€0Z 19602 I9€0Z I9€0Z
adgoz adgoz adeoz adeoz
0dz0z 0dz0z 0dz0z 0dz0z
19202 19202 18202 18202
19702 \gT0z | 1810z 19702
9-0dT0Z 9-0dT0Z | 2-0d102 2-0dT0Z
10dT0Z -ad10Z 0dT0Z -9dT0Z
LT0Z 1LT0Z I1LT0Z L0z
19002 19002 19002 19002
4d00z 4d00z qd00z 4d00z
o 91100z 211002 N 211002 91100z
O L0z 1002 -~ o ooz 1002
o qd66T qd66T ’ qd66T qd66T
8 |L66T 1L66T hmw, |L66T |L66T
2 qd86T qdg6T 2 qds6T < qds6T
QD e 511861 o186l O 211867 a 5-1186T
S ® O HIS6T 111861 3 186T S 11861
- 6T 16T | ILL6T LL6T
1L96T O 1L96T 1L96T 1L96T
e s b e b e | Dy b b b b b | D b b bt b D e s b iy b e
~ ) ~ NI ~ SN ~ ¢ oo
S =2 2 7 9 9 S 2 2 7 9 g9 S =2 2 7 g9 9 S S 2 7 9 9

HETC [Th], HMS-ALICE [3p]

]

Fig. 4. The same as Fig. 3 using instead calculations wittCth8 CADE 2%

codes, and YIELDX phenomenological systematjc$ [40].



Cross sections. measurements is quite large.

The recent projects for Accelerator Transmutation of Wgai#VN) and Accelerator Production of
Tritium (APT) have revived interest in accurate nucleactiea data at intermediate energies (see, e.g.,
[A]). Not all needed data can be measured, therefore kelmbdels are required to provide the necessary
This is our motivation for attempting to improve the CEM irdanodel capable of predicting reliable
nuclear cross sections for arbitrary targets in a wide rarfiggcident energies.

The philosophy of our work is not just to include a few moregvaeters, fitting them to describe the
available data, a commonly used practice in developmenv@dé€ for applications. Instead, we are fur-
ther developing the CEM by progressively incorporatingdess of previously neglected physics, striving
meanwhile not to destroy the current broad strengths of C&I® its good predictive power. To in-
vestigate the dependence of theoretical results on thegshysorporated in CEM95 and to identify the
improvements to the CEM and to other similar models whichofitgéghest priority, we have performed a
detailed analysis of more than 600 excitation functiongfoton-induced reactions on 19 targets from C
to Au at energies from 10 MeV to 5 GeY] [7]. After this analysig created a list of potential improve-
ments to the CEM95 codg][7]. Some these have already beerparated and we describe them briefly
in the present paper. Nevertheless, as we have not yet ctedmer work, some of the results presented
below are still preliminarily.

2. The Main Concepts of the Model

A detailed description of the CEM may be found in R€f. [1] afd®extended version, as realized in
the code CEM95, in Refd[][6} 7]; therefore, we mention helg imbasic assumptions and features modi-
fied in the present work, for the sake of clarity. The CEM asssithat reactions occur in three stages. The
first stage is the intranuclear cascade in which primary acdrsdary particles can be rescattered several
times prior to absorption by, or escape from the nucleus.CBiseade stage of the interaction is described
by the standard version of the Dubna intranuclear cascadelnidC) [42]. The excited residual nucleus
remaining after the emission of the cascade particlesm@tes the particle-hole configuration that is the
starting point for the second, preequilibrium stage of geetion. The subsequent relaxation of the nuclear
excitation is treated by an extension of the Modified Excitoodel (MEM) [19] of preequilibrium decay
which also includes a description of the equilibrium evapioe third stage of the reaction.

All the cascade calculations are carried out in a three-dgiw@al geometry. The nuclear matter den-
sity p(r) is described by a Fermi distribution with two parameteretakom the analysis of electron-
nucleus scattering, namely

p(r) = pp(r) + pu(r) = po{1 + exp[(r —c)/al} , (1)

wherec = 1.07A'/3 fm, A is the mass number of the target, ane- 0.545 fm. For simplicity, the target
nucleus is divided by concentric spheres into seven zonekiich the nuclear density is considered to be
constant. The energy spectrum of the target nucleons ma&®d in the perfect Fermi gas approximation
with the local Fermi energ¥x(r) = h*[372p(r)]?/?/(2my), wherem, is the nucleon mass. The influence
of intranuclear nucleons on the incoming projectile is takeo account by adding to its laboratory kinetic
energy an effective real potentidl, as well as by considering the Pauli principle which fortadsumber

of intranuclear collisions and effectively increases tleamfree path of cascade particles inside the target.
For incident nucleony” = Vi (r) = Tr(r) + ¢, whereT'x(r) is the corresponding Fermi energy and

is the mean binding energy of the nucleons{ 7 MeV [#3]). For pions, in the Dubna INC one usually
uses [4R] a square-well nuclear potential with the dépth~ 25 MeV, independently of the nucleus
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and pion energy. The interaction of the incident particlehwhe nucleus is approximated as a series of
successive quasifree collisions of the fast cascade | {i¥ or 7) with intranuclear nucleons:

NN — NN, NN —aNN, NN —m.---.mNN,
7N — 7N, 7N — m, -, mN (1>2). (2)

To describe these elementary collisions, we use experaherdss sections for the fre€ N and NV
interactions, simulating angular and momentum distrdngiof secondary particles by special polynomial
expressions with energy-dependent coefficients, and ta&eaccount the Pauli principle.

Besides the elementary processes (2), the Dubna INC ales tato account pion absorption on nu-
cleon pairs
7+ [NN] — NN. (3)

The momenta of two nucleons participating in the absorpi@chosen randomly from the Fermi distri-
bution, and the pion energy is distributed equally betwéese nucleons in the center-of-mass system of
the pion and nucleons participating in the absorption. Tirection of motion of the resultant nucleons in
this system is taken as isotropically distributed in spdte effective cross section for absorption (let us
speak below, for concreteness, e.g., aboutis estimated from the experimental cross-section for pion
absorption by deuterons

o(n”+ “np” - nn) =W -o(r” +d— nn). 4)

The quantityl¥ can depend on the pion ener@y, on the characteristics of the target nucleus, the point
where the pion is absorbed, and on the spin-isospin statalssoirbing pairs (see details and references

in [@]).
3. Study Results

A. Elementary Cross-Sectionsin the Dubna INC mode[]42] used in CEM95, the cross sections f
the freeV N andr N interactions (2) are approximated using a special algordghinterpolation/extrapolation
through a number of picked points, mapping as well as pasHilel experimental data. This was done very
accurately by the group of Prof. Barashenkov using all erpantal data available at that time, about 30
years ago. Currently, the experimental data on cross sestimuch richer, therefore we decided to revise
the approximations of all elementary cross sections us&EiM95. We started with collecting all pub-
lished experimental data from all available sources. Thendeveloped an improved, as compared with
the standard Dubna INCJ§2], algorithm for approximatiomfss sections and developed simple and fast
approximations for elementary cross sections which fit vexlf presently available experimental data not
only to 5 GeV, the upper recommended energy for the presesioveof the CEM, but up to 50-100 GeV
and higher, depending on availability of data. So far, weehgwch approximations for 34 different types
of elementary cross sections induced by nucleons, piomsgammas. Cross sections for other types of
interactions taken into account in the CEM are calculatethfisospin considerations using the former as
input.

We consider this part of our CEM improvement as an indepahdaseful development, as our ap-
proximations are reliable, fast, and easy to incorporate amy transport, INC, BUU, or Glauber-type
model codes. For example, our new approximations recemthe tbeen successfully incorporated by
N. Mokhov into the recent improved version of the MARS codstsyn at Fermilab[13].
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We are going to publish our compilation of experimental datd our approximations of these cross
sections in a separate paper and to make them available t® tiseugh the Web[]43], as well as to
make available to users our code for these approximationg&xample of 6 compiled experimental cross
sections together with our new approximations and the ofstagmations from CEM95 is shown in
Fig. 5. We see that our new approximations describe indegdwell all data. Although presently we
have much more data than 30 years ago when Barashenkovis groduced their approximations used
in CEM95, for a number of interaction modes like the totaksreections shown in the left panel of Fig. 5,
the original approximations also agree very well with prelyeavailable data, in the energy region where
the Dubna INC was developed to work. This is a partial exglanaf why the old Dubna INC[[42] and
the younger CEM95[20] work so well for the majority of chaeatstics of nuclear reactions.

On the other hand, for some modes of elementary interacliimshe ones shown in the right panel
of Fig. 5, the old approximations differ significantly froimet present data, demonstrating the need for our
present improvements for a better description of all modi@siclear reactions.

B. Effects of Refraction and Reflection In CEM95, the kinetic energy of cascade patrticles is in-
creased or decreased as they move from one potential regioe)(to another, but their directions remain
unchanged. That s, in our calculations, refraction or ctift@ of cascade particles at potential boundaries
is neglected.

To understand how our results depend on effects of refragtamd reflections we performed calcu-
lations for a number of reactions with a modified version o85G taking into account refractions and
reflections as described in the monograpph [42] and realiged. (5. Iljinov [E4]. An example of our re-
sults is shown on Fig. 6. From these and other similar resblisined for other reactions we conclude that
refractions and reflections affect only weakly the spectrsegondary particles and somewhere more the
total inelastic/elastic cross sections. As one could exipesdvance, at low incident energies, refractions
and reflections more strongly affect the calculated spéttran the whole, CEM95 results without taking
into account refractions and reflections agree better wighdiata, for the majority of analyzed reactions.
Therefore, we prefer for our new version of the CEM to ign@akactions and reflections, as in the stan-
dard Dubna INC. We note that similar results were obtainelicedy Chen et al.[[47].

C. Pion-Nucleus PotentialV/,. It is natural that theoretical characteristics of a nucteaction involv-
ing pions depend on the pion-nucleus potential used in zlons. This problem has a history of almost
half a century; it is not solved completely even now, and égaw is beyond the scope of the present
paper.

As mentioned above, CEM95 uses a constant attractive pictens potential of 25 MeV. This value
was obtained 30 years ago by Barashenkov, Gudima, and T¢f@from an analysis of available data
and was suggested as a basis for the Dubna INC. At the samedimalyzing pion-nucleus reactions
at energies below 300 MeV and nuclear absorption of stoppgdratons with the Dubna INC, Iljinov,
Nazaruk, and Chigrinov suggest¢d]|[49] that one can achibe&er agreement with the data usirig= 0.
Making the situation more confusing, in a recent extensiah® Dubna INC for photonuclear reactions
at energies up to 10 GeV by lljinov et a]. [50], a better dgstn of pion photoproduction was achieved
for V. = 35 MeV.

Since previous INC studies of the valuesigf are based on analysis of quite scanty and old data,
we decided to return once more to this question using thenteseasurements at LAMPF of non-charge
exchange (NCX)[[81], single charge exchange (SGX) [4b, &34 double charge exchange (DCX)][53]
pion production on targets from C to Bi in the enegy regiomfrb20 to 500 MeV.
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We perform calculations for a large number of NCX, SCX, andXD@€actions using several values
for V.. An example of our results is shown in Fig. 7. Our analysisxghitat total inelastic cross sections
and mean multiplicities of secondary pions, as well as NCA &&X pion spectra at incident energies
well above theA(1232) resonance region depend only slightly on the valu&,ofBut at lower incident
energies corresponding to th¥(1232) region the shapes of all NCX, SCX, and DCX spectra change
significantly with changes in the value &f. Unfortunately, none of the fixed values of the we try
can provide a good simultaneous description of all dataeNbeless, the best overall agreement with the
different data we analyse is achieved using the originalesafV,, = 25 MeV.

Other recent studies show tHatis a complex function of pion enerdy., nuclear target4, 7), radius
vectorr, and on the isospin of the pion. Ideally, for any INC model duld be useful to have a simple
approximation foi/.(A, Z, T, r) that could be used in simulations. We do not know any simpséesy-
atics forV,, and it remains still an input parameter. For the moment, haosel’, = 25 MeV, with the
understanding that this is not a final solution to the problem

D. Pion Transparency. Transparency means an inhibition of the interaction o pvith subsequent
nucleons in the target nucleus for a certain time after meatf the pion. Recently, attention was called
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usingV;; = 0 MeV (dashed histograms).

to this possible new physical effect after a study of the joesly mentioned NCX pion production mea-

surements at LAMPHT51] with the INC model by Gibbs et al. (€)NBE4]. GINC failed to reproduce
the data, strongly underpredicting the measured yieldsoat gnergies near 200 MeV. When pions in-
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volved in (w, 27) reactions were not allowed to interact with the nucleus foime equal to 2 fm/c, a
considerable improvement in the agreement with data waie\ath [51]. This fact was interpreted as
a new phenomenon of nuclear pion transparency with sevesslifle exotic sources like: a need for a
hadronization time for the wave function of pions involvagion production to settle into an eigenstate, a
mechanism which allows the pions to be transported throligimticleus by weakly interactingmesons,

or renormalized particle masses at central nuclear defisfijy Recently, we analyzef [p5] SCX spec-
tra from interactions of negative pions withC and’Li at 467 and 500 MeV using the same GIN[C][54]
and we got results very similar to the ones on NCX spectraigidd by Zumbro et al[[p1]; we saw also
an indication of some pion transparency.

Therefore we decided to implement this new piece of physi¢tee CEM, if appropriate. The Dubna
INC used in CEM95 does not take into account the time of inictaar elementary interactions, instead, it
considers the coordinates of these interactions. So adstea hadronization time, we can require that the
mean free path of secondary pions producedi2f) reactions to be longer than a fixed value, e.g., 2 fm.
Including a transparency distance of 2 fm for pions frgm27) interactions into the CEM improves the
description of some of the NCX, SCX, and DCX pion spectraa ricident energies around the1232)
resonance region. An even better agreement with some ofattae[sl ]-[53] is achieved by imposing a
transparency of 2 fm for pions created in7a Zr) interaction and, in addition, a transparency of 1.2 fm
for all other pions involved in a reaction.

As we mentioned in the beginning, the aim of our work is to npavate progressively in CEM95 new
physical ingredients without destroying its present wheks and good predictive power. Therefore we
consider it necessary to analyze not only pion-induced N&XX, and DCX reactions, but also other types
of intermediate energy nuclear reactions where pion prii@ucabsorption, and emission are important
channels. We study a large variety of characteristics éédiht types of nuclear reactions from a unique
point of view, without fitting any parameters except for galgersions of pion transparencies. Two results
of this study, one “good” and one “bad”, are shown in Fig. 8e Bieneral conclusion we drawn from our
analysis is that imposing some transparency for pions in @kivhproves description of parts of the NCX,
SCX, and DCX pion spectra around th&€1232) resonance region (see the upper plot in Fig. 8) as well as
of the 100—200 MeV region of backward nucleon spectra froeiean- and pion-induced reactions. At
the same time, incorporation of such pion transparencyagesthe self-consistency of the CEM95 and
results in a clear overestimation of pion production at fmdvangles (see the lower plot in Fig. 8) for
different reactions. We interpret these results as an atidic that we need a further improvement of the
treatment of pion-nucleus interactions in CEM95 (e.g.lusion of A and other resonances explicitly as
cascade participants, a better approximation of expetimhe’’ and/N N angular distributions and of pion
absorption in the CEM) rather than as evidence of new physlated with some exotic pion transparency.

E. Pion Absorption. The pion absorption cross section on nuclear pairs issdeatCEM95 according
to Eq. (4), using experimental data for absorption on deuaterCalculations by many authors reveal that
an overall satisfactory description of different expenma data can be obtained over a large range of
pion energies and target nuclei, provided that the “effetapproximationV’ ~ const = 4 is used. The
probability of absorption of pions on differepp, np, andnn pairs is taken to be the same, whenever the
absorption is allowed by the charge conservation law. Tiguite a rough approximation and we have
encountered problems using it to study pion-nucleus intiEnas in theA resonance regiof][3].

If we assume that pions are absorbed on nucleon pairs ordydhrthe production with subsequent
absorption ofA isobars;r[NN| — AN — NN, than from the isospin decomposition one gets the
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following absorption ratiog [$7]:

Ort(nn) = np 0.083, azo(np) = mp _ 0.440, omo(nn) =m0

ort(np) — pp ort(np) — pp ort(np) — pp

o) 2y T 0D gy On(np) (5)
or+(np) — pp or+(np) — pp or+(np) — pp

To test this approximation, we started with the compilatball presently available experimental
cross sections for pion absorption on deuterons. Then, Wima&s o, (np) — nn using Eq. (4) with
W = 4. All other absorption cross sections, for other types ofleme pairs and/or charges of pions
are calculated according to Eq. (5). With such modificatioves study several characteristics of nuclear
reactions determined mainly by pion absorption on nucleorsp

Pion absorption makes a large contribution to spectra afreary nucleons emitted at very backward
angles in the energy region around 140 MeV (see, ¢]g., [2]).fist results, for backward proton spectra
from proton-induced reactions, are very encouraging (seepper plot in Fig. 9); using the ratios (5) for
pion absorption significantly improves the agreement ofwdated spectra with the data. But when we
try these ratios for neutron spectra we get, as in the cas@woft@ansparency, an opposite result; neutron
yields from the pion absorption mode is strongly overestadavhen using the ratios (5). We note that a
variation of the absolute normalization of the pion absorptross section, i.e., 8 would not solve this
problem, since if we use a smaller value bt to adjust the neutron yields, then the proton yields from
pion absorption will be too low. This negative result leadsaireject the ratios (5) for CEM and to return
to equal probabilities of pion absorption on different raacl pairs.

In Fig. 9, both proton and neutron spectra at backward amgleslated with CEM95 (i.e., using equal
probabilities for pion absorption on different pairs) ligoge the data by a factor of 2 at energies around
100 MeV. These nucleons come in our model mainly from piorogiigon. This means that pion absorp-
tion cross sections used for these targets were too hightanmdEq. (4) should be smaller. Similar results
were obtained with CEM95 for other light and medium targ&tsimprove this situation, we re-examined
the value ofl¥/. Fortunately, we presently have reliable spectra of botitgms and neutrons measured
at backward angles for the same targets by the same exp¢ailistnat energies around 100-200 MeV
[62]. In Fig. 10, we show part of our results: experimentactpa [62] of neutrons and protons emitted
at 140 from the interaction of 1 GeV protons with different nuclee @ompared with standard CEM95
calculations and using twice lower pion absorption crossices, i.e.,)W = 2 for all targets. One can
see that for medium and light nuclei, the results obtainedgud” = 2 agree much better with data as
compared with the standard CEM95 resulis & 4). From these and similar results obtained for other
targets at other intermediate energies we can concludéithegems to depend on the atomic number of
the target; increasing from about 2 for light targets likeoGabout 4 for heavy targets like Pb. Fig. 11,
where we show results obtained with = 2 for C, W = 3 for Fe and Ni, and?V = 4 for Pb, serves
as a confirmation of this conclusion: Introduction of a pidrs@rption cross section increasing with
on nuclear pairs significantly improves the agreement wéta doth for neutron and proton spectra at
backward angles around 100-200 MeV. Similar results wetaiodd for other reactions. We have not yet
fixed the value of1 in our new version of the code, as we wish to perform severaérest calculations
to determind? more accurately. But we already see that we will need to usé-dependent function for
W, which increases from about 2 for C to about 4 for Pb.
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masses.
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here as CEM98).

F. Other Enhancements, CEM97a Code, and Further Work We have made a number of other
improvements to CEM95 concerning the description of thegudibrium and evaporation stages of reac-
tions. This includes incorporating a complete experimeantss table extended by the Moller-Nix mass
calculations[[58], along with corresponding ground-stakeroscopic corrections and pairing energies. We
have also implemented a new level-density approximatioicivimcorporates the calculated microscopic
corrections and pairing energies and angular momentunmdepé macroscopic fission barriefs][59],
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for the heavy Pb target (noted here as CEM98).
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which are consistent with the macroscopic model used in tb#eMdNix mass calculations. We have
significantly improved the treatment of rotational energg &ave made a number of small refinements to
the code like using actual updated values for the massesokgitary particles (for simplicity in CEM95,
we used, e.gm, = 140 MeV for pions of any charges and,, = m, = 940 MeV) and more precise
values for physical constants.

With these modifications and various coding improvemenéswnote a preliminary improved version
of the CEM95 code called CEM97a, which is now incorporatethééMCNPX transport cod¢ JIL7].

CEM97ais a preliminary release, since several improvestete been made after its creation and we
continue the work in this direction, but already CEM97a jdes a much better description of many data
than the initial code, CEM95. As an example, in Fig. 12 we shreitation functions for production of all
Xe isotopes for which we found experimental data fron’p&s interactions, part of our calculations for a
medical isotope production study [9], using the standar¥@&and with the improved version CEM97a.
All available experimental data and calculations with t®HET [B3] code system (version 2.83) by
K. A. Van Riper from [P] and with the HMS-ALICE codg [B9] by M..BChadwick from the LA150
Activation Library [64] are shown as well, for comparisomé&xcan see that CEM97a describes these data
much better than CEM95 and LAHET, and the difference betvpeedictions of the new and old versions
of CEM increases as the isotopes produced become more naldfizient, reaching a factor of 3 for
120Xe. Such a big difference between results from the new andesions of the code is related mainly
to using experimental nuclear masses and binding energ@si97a and the 40 year old approximations
of Cameron[[66] in CEM95.

An example of the importance of using reliable values foleaicmasses can be seen also in Fig. 11.
From this figure one can see that neutron spectra from Pblatdduwith CEM95 agree very well with the
data at low energies, in the evaporation parts of spectria.i3 hot necessarily good, since the calculations
with CEM95 for Pb take into account competition between evation and fission, but the fission itself
is not calculated; when a fission event occurs after the dasaad preequilibrium stages of a reaction,
CEMO95 stores this event to calculate a fission cross sedbanthen it stops further simulation of this
event. That is, calculated spectra do not contain contdbstof particles evaporated from fragments
following fission. We are presently working to incorporat@glation of the fission processes themselves
into the CEM, and we need some “room” for particles evapaordétem fission fragments. As we see
from Fig. 11, the new version (noted as CEM98) of the codeidaes/us such “room”; calculated spectra
agree very well with the data for intermediate and high enerarts of the spectra but lie below the
measurements in the evaporation region by a factor of 2iigaome place for neutrons evaporated from
fission fragments.

After creating CEM97a, we have further improved the code.hake improved the approximation to
the level densities at the fission saddle point and havedoted other modifications, given separately in
[63]. We also further modified the cascade modeling in theedmylimproving the treatment of photo-
nuclear reactions and imposing energy and momentum catsarnfor the whole cascade stage of a
reaction using experimental nuclear masses and bindingiesdor incident and emitted nucleons instead
of the old approximations of CEM95.

Our improvement efforts continue. We have written a subneuior emission of complex particles at
the cascade stage of reactions via the mechanism of thégsewee from emitted nucleons, have modified
the preequilibrium and evaporation stages to allow emissfdragments withA > 4 from not too light
excited nuclei, and are working now to develop an appropriadel for high energy fission. Among many
other things, we need to improve the approximation of thers® cross sections used in calculating particle
emission widths and to treat more accuratelgmission at both the preequilibrium and evaporation stage
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4, Summary

In this paper, we have demonstrated the good overall pregligpwer of the modified version of the
CEM as realized in the code CEM95. Then, to improve the ageeéof its results with experimental data
and to make it a better tool for applications, we modify itthar, progressively incorporating features of
previously neglected physics. So far, we have incorporateéde CEM new and better approximations
for the elementary cross sections, imposed momentum-gnergervation for each simulated event, used
more precise values for nuclear mass@svalues, binding and pairing energies, corrected sysiemat
for the level density parameters, studied and chosen thmalpapproximations for the pion “binding
energy”, V., for the cross sections of pion absorption on quasideutpears inside a nucleus, for the
effects of refractions and reflections, and for nucleargpamnency of pions. We also make a number of
refinements in calculation of the fission channel, descrdsgrately in[[§5].

As it was shown by a number of examples, the improvementsaCtEM made so far clearly have
increased its predictive power. Our work is not finished. Agamprovements of the CEM which are
of highest priority we consider development and incorporabf an appropriate model of high-energy
fission, treating more accuratedyemission at both preequilibrium and evaporative stagegrporation
of a model of fragmentation of medium and heavy nuclei, godgshe Fermi breakup model for highly
excited light nuclei, modeling evaporation and preeqtiliim emission of fragments witld > 4, and
improvement of the approximation for inverse cross sestion

The problems discussed above are typical not only for the (JiNalso for all other similar models
and codes, where they are also not yet solved.
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