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Surface and collective effects in preequilibrium reactions
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Surface localization of the initial target-projectile interaction has been investigated for incident protons and
neutrons at bombarding energies of 14—100 MeV within the framework of the exciton preequilibrium model.
Incident neutrons, at least at energies up to around 30 MeV, show a greater amount of surface peaking than do
incident protons as judged by the effective well depth available to the hole degree of freedom created. With this
difference included, exciton model calculations can describe the energy spectra in alNfdyr eaction
channels with a consistent set of model input. To aid in this study, the excitation of strong spectroscopic
collective states was included in the calculations. The addition of giant resonance state excitation has a small
but helpful effect. There is a need for additional data, especially for incident neutrons above 26 MeV.

PACS numbdis): 24.60.Gv, 24.10.Pa

[. INTRODUCTION difference and that excitation of strong collective states is
also an unlikely explanation. Instead it was suggested that

In preequilibrium reaction models the equilibration of a L L ) L
. . . . . he initial target-projectile interaction for incident neutrons
composite nucleus is typically described by the creation of .
might occur, on average, closer to the nuclear surface than

successive particle-hole pairs until the most probable number = .
or incident protons.

at equilibrium is approached and the reverse process of pair ; o
annihilation begins to compete. These models have been in-.SUCh a c_hfference bereerj neutron and proton projectiles
. . o ight possibly be explained in terms of the additional Cou-
creasingly successful in describing both the energy spectra ({):Emb interaction between the protons and the target, since
particles emitted during the equilibration process and the exq\o clear part of the interaction should be similar for the
citation functions for forming specifi(_: product nuclides. This 4 projectile types, especially for targets with a small neu-
is true both for the phenomenological models such as thgon excess. Some of the effects of the Coulomb interaction
exciton[1] and hybrid[2] models and for the more quantum e already included in the proton total reaction cross sec-
mechanical approaches such as the Feshbach-Kermagions for the entrance channel. These are reduced relative to
Koonin (FKK) model[3]. As the models have been devel- their neutron counterparts due to Coulomb deflection of
oped and tested against data, however, one of the thornieséme (or, at lower energies, allof the partial waves away
problems has been to account for the relative yields in thérom the nucleus. However, the long range of the Coulomb
four (N,N) channelsiwhereN is a nucleon using a single, interaction could also allow a proton projectile to effectively
consistent set of input. Until this issue is resolved, a model's‘reach” further into the target to excite particle-hole pairs
predictive value is limited and there are probably areas othan a neutron projectile could reach. Thus the proton might

relevant physics remaining to be included. seem to interact, on average, more toward the interior of the
For the hybrid model the problem of simultaneously re-nucleus.
producing the four iI,N) channels was seen in Rgi2] Surface localization of the initial target-projectile interac-

where the (,xp) preequilibrium spectra at incident energies tion in the exciton model was investigated phenomenologi-
around 14 MeV are overestimated while the correspondingally in 1985(Ref.[10]) using data for proton induced reac-
(n,xn) spectra are well reproduced and the spectra fromions on targets in the nickel region. Sample energy spectra
(p,xn) reactions at 18—25 MeV are reasonably well ac-were analyzed to determine the average effective potential
counted for. In the FKK model the problem has often re-well depth available to the hole degree of freedom produced
sulted in the need to use different real potential well depthén the interaction. The resulting values expressed as a func-
for different channelqsee, e.g., Refd4,5]). This is true tion of incident energy were found to work adequately in
even when the effects of isospin, proton-neutron distinguishether mass regions and have been assumed to apply for neu-
ability in the state densities, and reasonable changes in optiron projectiles as well. Given the observations of Rél,
cal model potentials are considered as in RBf, or when the issue of surface localization has been revisited using data
the potential well depths are compared, as in R&f.based for both projectile types, and the results are presented here.
on the projectile energy at the nuclear surface where the To facilitate this work, a model due to Kalket al. [11]
proton energies are lowered by the Coulomb barrier. for the excitation of strong, low-lying collective states in

In the exciton model used in theuNL phenomenology inelastic scattering was included in the exciton model code
program the problem became apparent when the input selystempPReEcO-E(Ref.[12]) as described in the next section.
developed[6,7] using data primarily from proton induced The study of surface effects is set forth in Sec. Ill, and the
reactions at 18—29 MeV was fouri8,9] to underestimate role of giant resonance states is considered in Sec. IV. A
the preequilibrium yield of inelastically scattered neutrons. Acomparison of calculations with the entire project data base
discussion in Ref[8] concluded that there is not sufficient is contained in Sec. V. The last section summarizes the re-
freedom in the exciton model parameters to account for thisults, discusses the need for additional data, and notes open
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questions for study at higher incident energies. The collective state model of Rdfl1] gives only angle
integrated cross sections. Most of the spectra analyzed in this
Il. EXCITATION OF COLLECTIVE STATES work are angle integrated, but for spectra at a fixed angle itis

) ) ) ) assumed that the collective state angular distributions follow
_ Inmodels like the exciton model which take a single par-the giobal empirical systemati¢43] used in the rest of the
ticle view of the states of a nucleus, it is clear that strong.icyjations. This is not correct in detail since the angular
collective states are not considered. Yet it is also clear tha&istributions typically show structure characteristic of the

such states frequgntly represent a prominept feature in t ecificl transfer involved. However, sample comparisons
energy spectra of inelastically sgattered part|cles._To acCoulil - eactions at 14 and 61 MeV show that the systematics are
for these peaks, another model is needed, and this work uses

the model of Ref[11]. The same authors have also propose reasonable approximation to the average trend of the data,

more quantum mechanical descriptions, but the model o?spemally at 30° and above. Nor were collective states sub-

Ref.[11] is developed along lines more suited to the simple,acted from the data used to develop the systematics.

phenomenological nature of the exciton model.

B. Collective state parameters
A. Model
The cross section given in Ré¢fl1] for exciting a collec-
tive state of multipolarity\ is expressed in terms of the wave
numbersk; andk; and penetrabilitie®; and P; for the in-
coming and outgoing particle@lenoted by the subscripts
andf). It is given by

Which collective states should be included? Kalka’'s early
work [14] includes the low-lying 2, 3—, and 4+ levels. In
Ref. [11] and later papers only thet2and 3— levels are
considered, and this choice has generally been adopted in
preequilibrium work. Occasionallysee Ref.[5]) a whole
host of known levels, including broad giant resonance states,

doy(ki k) [ my 2 K ﬁf have bgr;q inclutded,tﬁc;C()tlFl]nti_ngIfort_uphto hallf 'CIJ'L the totalt
. = - e preequilibrium strength in the inelastic channel. The presen
ef 2mh) (kiR)“ Ki work begins by considering only the strong 23—, and 4+

collective states since these represent a dramatic relocaliza-
tion of strength and are typically clearly visible in the spec-
trum.

XVZP; P; 8(E\—&;+r), (1)

whereE, andg, are the E‘:XCItatIOI"I energy and deformation The issue of when to calculatet4collective strength was
parameter of the collective state, ams¢gl and ¢; are the

center-of-mass kinetic energies of the particles. The quantitresowed empirically. For even-even targets, tHe strength

m is the particle mass) is the nuclear vqumIeR is its }g included when those states appear in the inelastic scgtter-
. : . . ing spectra above the general trend of the data. For nuclides

radius, andviy is the real optical model potential. The pen- ¢ jhich data are unavailable or ambiguous and for 8dd-

etrability factors were approximated by 1 for neutrons alno{argets, guidance from neighboring nuclei is used. For the

UP/'.T” for protons where ther’s are total reaction cross heavier @>130) deformed nuclei where the energies of the
sfectlons evaluated at the gpproprlate energy. The delta fun owest 4+ levels are less than 0.5 MeV, ther4states have
tion places the cross section at the energy of the collectiv : '

state. In practice it is replaced by a GaussR(E, .s) of fot been included because of their proximity to the elastic

. . : ) peak and because they are generally rotational levels that
:gjcl:)slji?g!ef(\)l:l?:: (;imgrriﬁ?eifgl .e-::ngf WI?;Z(;Ltt?sni?llészlr?n ir]would be excited mainly by doublg2 transitions. For nuclei
. P . 9y Y M the vicinity of the tin and lead shell closures, the evels
herent spreading of the collective strength.

In the present work, Eq(l) Is reformulated in terms of are close to the 3 and 2+ levels, respectively, making it
P o o necessary to subtract the intensity of the lowetevel in
the energies of the particles, and the transmission factors are L t
taken to be ratios of the total reaction cross sections to the g h assessment. . .
. . ) ; The values folE, and g, are most important for lighter
corresponding geometric cross sections. With these changes ' ) 20
. ; . ) . and near-shell nuclides where the collective states lie higher
and the inclusion of the Gaussian smoothing function the o .
formula becomes in excitation energy. For even-even targets, starting values
for E, and B, have been taken from the tabulations of Ref.
[15] for the lowest 2- levels and of Ref[16] for the lowest
2 R4 3— levels. The energies of the lowest4evels were taken
R either from the Table of Isotopg¢47] or from the Lawrence
Berkeley National Laboratory web site using the program
oi(e))  o(er) PE.S. 2 Isotope Explorer. Values fq8, were assumed to be between
Tgeomi(&i) Tgeomi(&f) A= zero and min B,,B;). Often a value of0.75min (B,,3)
is appropriate.
Values of Vg=50 MeV andR=1.23x A3 fm are used. To If the data for a specific nuclide show a higher level of the
conserve cross section, the amount due to collective statame spin and parity carrying the bulk of the collective
excitation is subtracted from the entrance channel reactioatrength for a given multipolarity, the higher level was sub-
cross section in determining how much goes into the excitorstituted ands, was adjusted empirically. This occurs for the

model calculations. 3— strength in®Fe and the 4 strength in®2Cr, ®Fe, and

doy(si,er) _ 2m &i® B}
d8f 9ﬁ2 8i3/2 2\+1
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TABLE I. Summary of the collective state parameters used in model calculations. The energies are given

in MeV.
Target E(2+) E(3-) E(4+) B> B3 Ba
2Mg 1.37 7.62 4.12 0.61 0.27 0.27
1.0 0.19
27p| 224232 7.2 4.47 0.27%0.44 0.22 0.16
3.0 0.29

285 1.78 6.88 4.62 0.41 0.28 0.21

40ca 3.90 3.74 0.12 0.34

“8Ca 3.83 4,51 0.10 0.20

46T 0.89 3.06 2.01 0.32 0.14 0.10

48T 0.98 3.36 2.30 0.27 0.19 0.15

Sty 1.49 3.90 2.52 0.20 0.16 0.12

S0cr 0.78 4.05 1.88 0.29 0.15 0.11

525%r 1.43 4.56 2.77 0.22 0.15 0.11

55Mn 0.84 4.32 2.3 0.24 0.18 0.18

S4Fe 1.41 6.34 3.83 0.20 0.15 0.11

S6Fe 0.85 451 3.12 0.24 0.18 0.13

=) 0.81 3.84 3.1 0.26 0.13 0.09

5%Co 1.33 3.84 0.21 0.19

S8Nj 1.45 4.48 2.46 0.183 0.18 0.09
3.62 0.09

6ONj 1.33 4.04 4.96 0.207 0.19 0.19

52N 1.17 3.76 2.34 0.198 0.225 0.198

83Cu 1.17 3.76 2.34 0.20 0.18 0.11

85Cu 1.35 3.56 2.61 0.18 0.18 0.11

64Zn 0.99 3.00 2.31 0.23 0.23 0.11

Ge 1.04 2.56 2.15 0.224 0.24 0.11

8%y 2.01 2.74 3.69 0.104 0.17 0.10

907y 2.19 2.75 4.33 0.091 0.16 0.11

97y 2.19 2.75 4.33 0.091 0.16 0.11

927y 0.934 2.34 1.50 0.103 0.17 0.10

947y 0.918 2.06 1.47 0.09 0.19 0.09

“Nb 0.903 2.44 1.54 0.13 0.17 0.13

Mo 1.51 2.85 0.106 0.17

%Mo 0.871 2.53 0.161 0.163

Mo 0.825 2.38 0.166 0.17

%Mo 0.778 2.24 0.172 0.18

Mo 0.782 2.13 0.170 0.19

%Mo 0.787 2.02 0.168 0.198

10010 0.536 1.91 0.231 0.18

10Rh 0.516 2.12 0.23 0.135

104pg 0.556 2.19 0.21 0.13

10%pqg 0.534 2.14 0.22 0.15

106pg 0.512 2.08 0.23 0.17

108p 0.434 2.05 0.24 0.15

1o%pqd 0.374 2.04 0.26 0.134

107pg 0.573 2.14 0.20 0.19

109g 0.546 2.06 0.21 0.16

19n 1.29 2.27 0.112 0.18

11650 1.29 2.27 2.39 0.112 0.18 0.11

1750 1.26 2.30 2.34 0.112 0.18 0.11

18gn 1.23 2.32 2.28 0.111 0.171 0.11

1190 1.20 2.36 2.24 0.110 0.16 0.11

1205 1.17 2.40 2.19 0.108 0.16 0.11

1225 1.14 2.49 2.14 0.104 0.150 0.10
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TABLE I. (Continued.

Target E(2+) E(3-) E(4+) B B3 Ba
1245 1.13 2.61 2.10 0.095 0.13 0.095
121gp 1.17 2.40 2.19 0.108 0.16 0.108
1235 1.14 2.49 2.14 0.104 0.150 0.10
1591h 0.083 1.16 0.34 0.090
160 0.077 1.28 0.345 0.060
169Tm 0.112 1.41 0.32 0.057
18114 0.097 1.37 0.26 0.050
Ry 0.100 1.37 0.249 0.050
B3y 0.106 1.30 0.24 0.050
By 0.111 1.22 0.24 0.051
184y 0.123 1.04 0.224 0.05
¥7ay 0.384 1.69 0.962 0.119 0.051 0.05
20%pp 0.899 2.62 1.27 0.041 0.09 0.041
206pp 0.803 2.65 1.68 0.032 0.10 0.032
207,209 209 4.08 2.62 4.32 0.054 0.11 0.054

5.52 0.05

6Fe. For 2%%Pb, there seems to be additional collectiveing to more high energy particle emission than in the absence
strength at around 5.5 MeV in the xn) data of Takahashi Of surface effects. Particle-hole state densities in the exciton
[18]. Since there are several closely spaced [8vels in this  model are typically derived for an infinitely deep well, and
vicinity, the strength has been included in the calculations a§nite well depth(FWD) corrections are then applied. When
an additional 3- collective level with about half thg, of ~ surface localization occurs, a shallower average effective po-
the lowest 3- level. In 5Ni there appear to be two strong tential well depthV is used for calculating the FWD cor-
4+ levels, and both have been included. rections for states with one hole degree of freedom, while the

For oddA targetsE, andB, were generally taken as the central well depth of 38 MeV is used for more complex
average between the values for the neighboring even-evetPnfigurations. As discussed in R¢10], the FWD correc-
targets. However, for nuclei one unit away from a shell clo-tion is actually calculated for a range of well depths centered
sure, the closed shell values are used based on the similari@foundVes and a weighted average is taken. The width of
between the measuréd®b and?°*Bi(n,xn) spectra at 14.1 the averaging distribution is greatest fég about half way
MeV. For Z7Al, the 2+ strength is believed to be divided Petween the physical limits of 0 and 38 MeV and is zero at
among three levels at about 1.0, 2.2, and 3.0 MeV, with dhe physical limits. The well depths are given relative to the
centroid at 2.32 MeV, half an MeV above the nominal value.Fermi level.
The B, values for these states have been adjusted so that the
correspondingB(E2)1 values sum up to the average for

_ _ A. Method

2Mg and 28si. For 27Al, 5V, and %°Co the 3- strength is _ _ _
shifted by about+0.3, —0.6, and— 0.2 MeV, respectively. In this work as in Ref[10] surface effects are studied
The B5 values were not altered. Finally, th@; values for phenomenologically. A sample data set was selected consist-

63Cu and %°Cu were each reduced by a factor of about O.8i”g of measured inclusive energy sped@agle integrated if

based on the 14 MeV neutron scattering data on natural co@vailable for 58 reaction/energy pairs covering a range of
per. targets, all four N,xN) reaction channels, and bombarding

A summary of the collective state parameters used in thi§N€rgies up to 100 MeV. Model calculations were first per-
work is shown in Table I. formed assuming no surface localizatioW (=38 MeV).

What about giant resonance states? Since their contribfll other aspects of the calculations were as in R&f.

tion to angle integrated spectra is not expected to be large?0Me assumption had to be made about isospin conservation
this subject is deferred to Sec. IV. during the preequilibrium phase of the reaction for incident

energies of 35—-65 MeV. The results proved fairly insensitive
Il SURFACE LOCALIZATION OF THE INITIAL to this choice, so isospin is assu_med to be conserve_d up to 45
INTERACTION MeV as at lower energies but mixed above 60 MeV in agree-
ment with preliminary work at 90 MeV. The calculations

In the exciton model, the effects of surface localization ofwere then repeated varying.;. Figure 1 shows the sensi-
the initial target-projectile interaction are seen because thévity of two sample spectrfl9,2Q to changes iVg; . At
shallower potential well depth in the surface region limits thethe lower bombarding energies and particularly for the
amount of excitation energy that the newly formed hole delighter targets, the evaporation component extends over
gree of freedom can carry. This forces more of the availablenuch of the spectrum, thus reducing sensitivity to surface
energy to be carried by the particle degrees of freedom, leadffects. As the incident energy or target mass increases, the
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10 Fr T T T T 71
MtFe(n,xn), 14 MeV

L
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Tm(p,xn), 26 MeV
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FIG. 1. Sensitivity of the reaction calculations to changes in the average effective potential well depth felt during the initial target-
projectile interaction. The points show the data, and the curves give the calculated results for the indicated Value$haf solid curves
are for no surface effects and use the central well depth of 38 MeV.

sensitivity first increases but then levels off as preequilib-each projectile was also selected. These “average” values
rium emission from more complex configurations and, evenare given in Table 1.
tually, secondary preequilibrium emission become more While a systematic difference may exist betwégp val-
important. ues for the inelastic and exchange channels, there is no ob-
For each spectrum studied, two rangesd/gf were tabu- ~ Vvious reason to expect one. Further, given the long-range
lated: a narrower range that gives good agreement with excoulomb component of th@-p interaction, it would be
periment and a broader range that gives acceptable agre@range for incident protons to excite target protons close to
ment. Agreement in overall spectral shape was preferrefn® nuclear surface and neutrons further inside. One possible
over agreement in intensity in the sensitive region of the€xplanation for an apparent inelastic/exchange channel dif-
spectrum since the data could be affected by a normalizatiof¢rence is background in the inelastic proton spectra due to
error or the calculations could be using Iess-than-optimaia'ls of the elastic scattering peak when passive collimators

values for other model parameters. The selected ranges are

somewhat subjective, so their limits vary slightly as the pro- 40 ; — T
cess is repeated, but the overall trends remain the same. - {E =14—15 MeV
30 |- =
B. Results i T
For each projectile typen(and p) the average effective 20 L i
potential well depths were grouped by target mass, incident 10 | ii 4
energy, and reaction channel, looking for trends. From the < L h oo
results shown in Figs. 2 and 3, the following preliminary 0 ol ¢ P, 4 e,
observations can be made. E 0r———F—+—T7T——T1T "7
(i) All of the data which are sensitive ¥ yield values = - E,,.=18—20 MeV 1
much smaller than the central well depth of 38 MeV, imply- >° L R T P
ing that surface localization is important for both projectiles. S i b
(i) There is no discernible systematic dependence on tar- ot—t——1 1t 1
get mass. 20 ——T7T——T T 71—
(iii) The V¢ values for incident neutrons are less than the - Einc=25.7 MeV 4
corresponding values for incident protons at incident ener- 10 - P i
gies up to 26 MeV, supporting the hypothesis that surface o o I' . ’I O .i Co ]
Ioca}l|zat|on is more important for n'eutfon projectiles. 0 50 100 150 200 250
(iv) The question of a systematic difference between the
inelastic and exchange channels is unclear. Incident neutrons Mass Number

at 14 MeV show no systematic difference. For incident pro-
tons, inelastic S‘?a“e””g tends to yield shalloW@,l; than C_io target mass for the indicated ranges of incident energy. The heavier,
exchange reactions, though often a single value will adygjig vertical bars denote the values giving the best agreement with
equately account for both. . the data while the lighter, dashed bars show the range giving ac-

Given the lack of a discerniblé dependence, a singlér  ceptable agreement. The bars have been shifted slightly on the mass
(with approximate uncertaintis/as selected that seemed to scale for display purposes. Anx” below a bar indicates results
give the best overall accounting of the data for eadx(N) for exchange reactions, while ar>"" indicates inelastic scattering.
reaction type and incident energy bin. Another value balancror incident energies above 15 MeV, all of the results are for in-
ing the effects of the inelastic and exchange channels foglastic scattering.

FIG. 2. Summary ol for incident neutrons, plotted versus
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40 — ——— T ————T——T—
: P E.= 1t { E. =60—-65 MeV-
: 1141+

§ it “in
30 i 18 MeV [ s

20 | i 4t -

10 | I. 4} || I_
0-.1‘°.|°‘.|.|.--.f.’5.°‘| . ]

40 — 11— ———T1—

HE, ,=80—100 MeV-
ne

30 30 Mev - |

20

] protons. The display is analogous to that in Fig.
. 2.

Ve (MeV)

B | ||| | o FIG. 3. Summary oV values for incident
| 55: i

10 | : H 4

0 I N L S . U . T B 11 X oo > o, 1%,
40 ——T77— 0 50 100 150 200 250
Ene=35—45 MeV

30 | . || i

20 | ||

10 | ’ -

L o ® oy, e
) 50 100 150 200 250
Mass Number

are used. Another is contributions to the inelastic data fronbombarding energy. The neutron results also appear to be

giant resonancéGR) states which are not yet included in the independent of energy up to 26 MeV but withy,=7

calculations. For both proton and neutron projectiles, theMeV. Above 26 MeV only a 60-Me\VP&Ni(n,xp) spectrum

shallowestV tend to occur for inelastic scattering on the has been analyzed. Thus the trend indicated by the point at

heavy deformed nuclet®Tm, 8'Ta, and'®\W for which  that energy is highly tentative. Nevertheless, the full set of

the GR contributions should be most evidgfthese values neutron results have been fit with the somewhat arbitrary

accordingly received less weight than the others in constructunctional form

ing the results in Table ll.Finally, the observed inelastic/ E. 45 MeV

exchange difference is greatest between 35 and 65 MeV _ L~ €

where (?ata are quite limited, while at both lower and higher Veiin=20 MeV—13 Me\/{1+ex;{ 4 MeV )

energies, values o o exist which adequately account for 3

the data from both channels. For these reasons, it has been

provisionally assumed that surface effects in the inelastic and

exchange channels are the same. The question of GR contiithere E| is the laboratory energy of the projectile. This

butions is addressed in the next section. produces the dashed line in Fig. 4. Clearly incident neutron
The overall average values from Table Il are plotted as alata above 26 MeV are badly needed.

function of incident energy in Fig. 4 where the difference  The present proton results differ somewhat from those

between neutron and proton projectiles is quite clear.

The proton data suggedtes,=17 MeV, independent of 40

-1

v neutron inc.

TABLE Il. Summary of the average effective potential well 50l 4 proton inc.

depths giving the best overall description of data for different inci- =
dent energies. All values are in MeV. g r [ I 7
< 20 O — -
~ D N W I\
Enc  (nxn) (nxp) (n.xN) (p.xp) (p.xn) (p.xN) o 't [~ f B
10 d —
14-15 753 8+1 7+3 =18 1872 R
18-20 72 7x2 13" 18*6 16+3 ol v v
25-30 71 6.5+1 152 18+3 1752 10 20 30 40 50 60 70 80 90 100
35-45 123 24+6  17+4 Eine (MeV)
60—65 (1%5) (20+3) 1073 27+10 14+5
80—100 162 19+2 17.5-3 FIG. 4. Incident energy dependence\g; for neutron and pro-

ton projectiles. The lines show the adopted energy dependence.
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181Ta(n,xn) &
14 MeV °

1 B |||||||:I

do/de  (mb/MeV)

LU R BREALLL BRI B AL

HEOR

a4 1y

FESr RIS S
5 10 10 20 30
&, (MeV) e.m (MeV)

o
(=]

FIG. 5. Effect of revised surface localization and the inclusion of collective state excitation in model calculations. The points and bars
show the dat#19,28,29. The lower dashed curves show the previous calculafi®hsvhile the upper dashed curves show the calculated
curves with the revise¥ 4 and the excitation of spectroscopic collective states. The solid curves also include the giant resonance contri-
butions which are shown separately as dotted curves.

obtained in Ref[10] where surface localization was assumedpeak of the absorption, and thus the most probable “loca-
to diminish below about 40 MeV. This was suggested mainlytion” of the initial interaction, occurs at 6.1 to 6.5 fm, with
by the lowest energy spectrum at 26 MeV, which was fairlythe smaller values at the higher energies. The full width at
insensitive tV;. The current results utilizing a more robust half maximum(FWHM) of the distributions is about 2.6 fm.

version of the exciton model and a more comprehensive dathhese results include two types of strength that are not in-
base should be more reliable. cluded in the 3—6-fm estimate made for incident protons: the

strength ultimately going into quasifree scatteripgobably

more concentrated at the larger radind the strength that
C. Perspectives would undergo additional particle-hole pair creation interac-
tions rather than direct particle emissi@nd might be more

. - . . L concentrated toward smaller radiThese two contributions
reaction studied, independent of emission angle. This is SUR;re likely to be somewhat offsetting. The shift of the peak

ported by recent semiclassical distorted wal@CDW) | qsition with incident energy in Ref22], if extrapolated to
model calculation$21] of (p,xp) and (p,xn) reactions on 120 Mev, would tend to push it more toward the radii found
several nuclei at incident energies of 62—160 MeV. Figure 9, Ref. [21], but the shift is most rapid at 10—20 MeV where
of that paper considers tH¥Zr(p,xp) reaction at 120 MeV  the imaginary optical potential is changing most rapidly from
(emission energies of 40 and 100 Me&hd shows the an- a surface dominated to a volume dominated form. At 50
gular spread of contributions to direct emission frovaN MeV and above the imaginary potential has essentially a
scatterings occurring at different radii. The figure shows gurely volume form, so that the changes should be smaller.
guasifree scattering peak originatingrat6 fm occupying a Thus these two references support the result of strong
relatively narrow angle range, but otherwise the emission isurface localization of the initial interaction for both proton
dominated by the bins with radii of 2—4 fm and, especially,and neutron projectiles and are suggestive of more such lo-
4-6 fm at all angles for which significant emission occurs. calization for incident neutrons. Future, more consistent

Looking in more detail, the much smaller contribution SCDW calculations run for the two projectiles at similar en-
from radii of 0—2 fm suggests that much of the contributionergies should hopefully take account of the longer range of
from the 2—4 fm bin comes from the larger radii. Thus directthe Coulomb part of the proton-target interaction and should
emission seems to occur mainly following interactions at rainvolve several targets with different neutron excesses so as
dii of 3—6 fm where the nuclear density goes from 0.96 toto see how much of any observed effect might be due to the
0.10 of its central value. This is roughly consistent Witly ,  symmetry terms in the optical model potential. The present
in this work which is found to be about half the central well work does not show a dependenceor, by inference, on
depth. (N=2)/A.

Suggestive but certainly not definitive evidence in support It should also be reiterated that the current choice¥/fgr
of a difference between the amount of surface localizatiorare effectivevalues. The work of Refl10] showed that if
for incident protons and neutrons can be found by comparingpng-range deviations from the equispacing model for the
the proton results of Ref.21] with the primarily neutron single particle states are taken into account, the values can
results of Ref[22], another paper looking at surface local- change somewhaby 1-2 MeV if ane'? dependence is
ization using a semiclassical approach. The difficulty is thatassumeg Similarly other aspects of the calculations could
these papers calculate and display slightly different quantiaffect the values arrived at. However, the general conclu-
ties and consider different incident energies. Avrigeahal.  sions that surface effects are important, and that they are
[22] show the probability for absorption of neutrons from the more important for incident neutrons than protons should
entrance channel as a function of distance from the center e&main valid, as should the trends\af; with A and incident
a ®Nb nucleus for incident energies of 10-50 MeV. The energy.

In the present work, a singl.« value is used for each
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IV. ROLE OF GIANT RESONANCE STATES (n,xp)

In order to test the present results and to better assess tr T

need to include the GR states, a set of model calculations :
was run for the full data base used in Rd8,9] plus the 10 F
extra spectra employed in the previous section, again using
the input parameters of Ref9] but with the revisedVer o 100
values. The input is described in Sec. V. The results for ®
incident neutrons are often improved relative to earlier stud—}
ies, especially for then;xn) spectra. For incident protons, € 100
the agreement tends to be similar to that seen in earlier worl™
or somewhat better. Comparisons for both projectile typess 10
indicate that more inelastic cross section would be helpful at™ 100 L
the higher emission energies where GR states should contriko
ute. This is especially noticeable for heavy deformed targets 10 £
Given the general apparent need for additional inelastic F
strength in the GR region of the spectrum, such strength wa: 1 F  14.8 MeV
included in the calculations using the model employed for T
the discrete collective states and GR parameters from twc 0 5 10
reviews[23,24. The resonance energy is given a smoéth & (MeV)
dependence, it®, is determined from the fraction of the
e e 1 e,_FIG. 6 Coparson between calaion and sxernent for
lowest energy isoscalar GR’s are considered. actions on light targets at incident energies of 14-15 MeV. The
The lowest in energy is the low energy octopole reso data are shown as points and are taken from Ré&8,19,32,33

. . o “The dashed curves show the calculated results from[BEfwhile
nance or LEOR which consists ofd 3— transitions. It has the solid curves give the results from the current work. For the

been included in preequilibrium reaction calculations by, yp) reactions, the data are in the laboratory system while the

other groupg5,25,26, though with widely varying intensi-  cajculated curves are plotted vs the channel energy.
ties. In the present work, its excitation energy is taken to be

100 |

10

PETTTT BT EERETTT EERTITT BRI BRI R T AT MR W
PETTTT BT EERTTTT EERTITT BRI BRI BRI R EERTT W

ELeor=31A" Y3 MeV and itsB; is chosen so that the LEOR 57,2
plus the spectroscopic-3 collective statés) will exhaust 3022 EOi,ﬁgi:_:23A—5/3 MeV (5)
30% of thel =3 EWSR. The remaining 70% is reserved for [ 6AMR

the high energy octopole resonance. Far2, the sum rule ) .
for a uniform mass distribution with raditR=1.23AY3 fm SO that the GMR is weak compared to the high&R states,

is [27] and it has been ignored in the calculations.
Finally the high energy octopole resonarieEEOR) con-
tains the 3w 3— transitions and has an average energy of
052 aboutEgor= 1154 Y3 MeV. Its B is determined assuming
Slzz E, i.ﬁfi:_|(2|+1) that this state exhausts the remaining 70% of tke3
T 3AmR EWSR. It's width is assumed to bE gor=(9.3—A/48)
MeV (Syeor=(4.0—A/113) MeV), the author’s fit to the
values shown in Ref.23].
The effects of including the giant resonance states on
i o _ _g3  Sample inelastic scattering spectra for heavy deformed tar-
where m is the nucleon mass. This givess=1208A gets is shown in Fig. 5 along with the measured spectra
MeV. The LEOR width is taken ab gor=5 MeV corre- 19 28 29, While the contributions from individual GR’s
sponding to a Gaussian width parametesglor=2.1 MeV. g he seen in the calculations, their effect is relatively small
Next lowest in energy is the glan_tl%uadrupole resonancte@ng inadequate to resolve all discrepancies with experiment.
or GQR. Itis taken to havEgqr=65A"""MeV and awidth  Thys while it is helpful and instructive to include these

of I'gor= 85A_72/3 MeV (or sgor= 36A.72/3 MeV), which is  gtates, they do not play a major role in determining the pre-
the author’s fit to the values shown in R§23]. The GQR equilibrium energy spectrum.

plus the spectroscopic+2 collective state are assumed to
exhaust the EWSR d8,=575A" %3 MeV.

The energy of the giant monopole resonaiGMR) is
sometimes fit with arA~*® dependence with or without a As a final test of the exciton model with the modified
second term iPA~ 8, but the values given in Ref24] are  surface effects and the inclusion of both spectroscopic and
more suggestive of a linear dependence which has here begiant resonance collective excitations, a new set of calcula-
taken to beEgyr=(18.7-0.025A) MeV. Its width is about  tions was run using the cod®eco-Eand the current global
I'cur=3 MeV. The monopole EWSR for a uniform mass input set. The data base considered is the full set from
distribution is given by{27] Refs.[8,9] (about 150 spectra at 14—29 MeV and 8 spectra at

=57.50"%3(21+1) MeV, (4)

V. COMPARISONS WITH FULL DATA BASE
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(n.xp) (n,xp)
1000 Ty T
100 14.8 MeV
10

FIG. 7. Comparison between
calculation and experiment for re-
actions on targets withA=45
—65 at incident energies of
14-15 MeV. The points and

100

{mb/MeV)
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100
curves have the same significance
© 10 54ce as in Fig. 6. The vertical arrows
2 show the location of the ground
3 100 state transitions for the exchange
reactions. The data are from Refs.
10 [18,19,32-3&
1 14.1 MeV
RSN ENSEPET B s b BN T BT B
0 5 10 0 5 10 0 5 10 15
e (MeV) e (MeV) e, (MeV)
90 MeV) plus the 13 extra systems at 35—-100 MeV used in 5 = -3
studying surface localization. The model assumptions and Mik=KjA " 3 +20.9MeV| (6)

input set are taken from Reff9] but with the modifiedV o«
values and the additional collective state parameters d
scribed above. Since the global input set has evolved grad
ally over a series of papers, it is summarized here.

‘?ﬁ/herej and k give the nature(proton or neutron of the
Li'ﬁteracting particles andE is the excitation energy of the
composite nucleus. Thi;, were determined in Ref8] to
be K_.=5.7x10° MeV® andK__:K._ :K,,=5.7:3.4:3.4,
A. Model input Their size is strongly coupled to the size @f, andg,.

) ) o In the equilibrium calculations, a simple Weisskopf-
~ The calculations start with the projectile nucleon as a pargying formula uses Fermi gas model state densities which
ticle degree of freedom and with no hole degrees of freedomyaye heen corrected for pairing and shell strucf@ieffects
Pr(_)ton and neutron degrees of freedom are treated d'St”_E)'ased on the pairing energies and shell gaps from the pre-
guishably and are assumed to be created or destroyed iyyilibrium calculations. Emission of a second particle from
particle-hole pairs by the residual interactions. The calculagjiher the preequilibrium or equilibrium phase of the reaction
tions are d'one in c!osed form using the nevgr-come-backs allowed, and an approximate method is used to account for
approximation but with the possibility of an exciton scatter-q competition of gamma-ray emission with secondary
ing interaction(changing a proton pair into a neutron pair or eyaporatior[9]. The values of the total reaction cross sec-
vice versa prior to particle emission or creation of the next tjons in both the entrance and exit channels are a parametri-
particle-hole pair. The equispacing model state densities 0Gation of the optical model reaction cross sections of
curring in the rate expressions for both particle emission an‘ﬂlecchetti-Greenlee{éiO] for protons and Manét al. [31] for
the residual interactions are modified for the effects of pairnetrons. These have been modified to go over to a geomet-
ing, shell structure, isospin, and the finite potential wellyc cross section at higher energies and to agree with experi-
depth. Isospin is assumed to be conserved during the pPrgsental nonelastic cross sections as described in [B&fIn

equilibrium phase of the reaction at incident energies up tQqgition, the sub-barrier behavior for protons was empiri-
45 MeV, and mixed otherwise. The pairing energies, sheI[:a"y altered as discussed in RE9).

gaps and isospin symmetry energies are taken from indepen-
dent sources and are given in Rigf]. The FWD corrections
use the central well depth of 38 MeV except for states with
one hole degree of freedom whevey is used. Comparisons of model calculations with experimental
As in Ref.[6], the main exciton model parameters are thespectra from the literaturd18—-20,25,28,29,32—5%7are
equispacing model single particle state densities for protonshown in Figs. 6—14. Only the inelastic scattering results
and neutronsg,o=2/15 MeV ! and g,,=N/15 MeV !  have changed noticeably from Sect. Ill with the inclusion of
(consistent with what is known from evaporation spegtra the giant resonance states.
and the average effective mean square matrix element for the For neutron induced reactions, the energy spectra in both
residual interactions responsible for energy equilibrationthe inelastic and exchange channels are now generally well
The latter has the empirical form accounted for. The earlier difficulty of underestimating the

B. Results of comparisons
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preequilibrium inelastic scattering at higher emission enerdent energies above 25 MeV. This suggests that the energy
gies is largely resolved, though a small effect remains for thelependence of the model may need to be revised in future
heavy deformed targets. Both the increased surface localizavork.

tion of the initial interaction andto a lesser extehthe in- Finally, the generally good agreement shown in Figs.
clusion of the GR states play a role in improving the overalls—14 and the relatively minor role played by the GR states
trend, while the inclusion of the spectroscopic collectivejmply that including giant resonance excitations in the model

states makes the calculations more realistic by accounting ffefore the study of surface effects would not have signifi-
the strong peaks in the spectra. Significantly, the increaseghntly altered the results of that study.
surface localization also generally helps the agreement for

the (n,xp) spectra.

For proton induced reactions, the changes in the calcu-
lated results compared to earlier papers are smaller because Earlier exciton model calculations encountered difficulties
there is less difference in the amount of surface localizationin reproducing the relative intensities in the foux,&N)

The (p,xp) results are, on average, improved by the inclu-reaction channels using a consistent set of model input. This
sion of giant resonance collective states. paper has shown that different amounts of surface localiza-
With regard to the collective state model, there seems tdion of the initial target-projectile interaction for proton and
be a general trend for the calculated cross section in thaeutron projectiles can explain and remove the problem. The

region of the collective states to be underestimated at incidata can be described My ,= 17 MeV for incident protons

VI. SUMMARY AND CONCLUSIONS

exchange (n,xp) (n,xn)
1000 =r' rrTrrTvTrTTTTTTT I'E E" T T T TT T T ¥ rrTrT T T T ':[,_E
14.8 MeV 1 f g~
100 ¢ 1F 3 s
E El E e FIG. 9. Comparison between
10 IF 3 °°§ calculation and experiment for
—~ c 1 E £ I reactions on targets withA
> 100 F 1F 3 E =89-125 at incident energies of
E F 1t F b 14-15 MeV. The points and
s 105 IF 3 3 curves have the same significance
E 100 L 1E i °3 as in Fig. 6. The vertical arrows
E 1t 96 R Wk show the position of the ground
S 10 L 1L MMZ oos | L7 '. state transitions for the exchange
> : P E E reactions. In the left panel, the in-
© 400k 4t L . cident energy for the first two
F 1F E 3 spectra is 14.8 MeV and for the
10 1F 3 3 last two it is 14 MeV. The data are
. _ _ _ _ 14.1 MeV \ _ from Refs.[19,25,28,42—-4p
E IE 02 vt TR T
0 5 10 0 5 10 0 5 10 15
&, (Mev) e (MeV) e, (MeV)
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=89-100 at incident energies of 18 and 25
MeV. The points and curves have the same sig-
nificance as in Fig. 6, and the data are from Refs.
E [39,47,48. The °Zr(p,xn) results at 18 MeV
3 have been shifted to the right by 7 MeV for dis-
play purposes.
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at energies up to 100 MeV, while for neutrons the value is160 energy spectra from the literature that was used in earlier
smaller,Vg;,=7 MeV, for incident energies up to 26 MeV, work. These cover incident energies mainly up to about 29
thus indicating more surface localization. The only neutronMeV, with a few reactions at 90 MeV. Additional spectra at
induced reaction to be analyzed at higher ener(fi®@sMeV)  energies of 35—100 MeV are also reasonably well described
suggested &/ closer to the proton value, but many addi- with the same global input set. This represents a major
tional data are needed for neutron reactions above 26 MeVachievement for any preequilibrium model, particularly one
To aid in studying surface effects, the excitation of col-as simple and phenomenological as the exciton model.
lective states was added to the calculations using the simple A further observation from this work is the need for
model of Ref.[11]. First spectroscopic states representingadditional continuum energy spectra to be measured. Devel-
2+, 3—, and often 4 excitations were included since these opment and benchmarking of preequilibrium reaction models
are prominent features in the energy spectra from inelastits dependent on the availability of a wide variety of data.
scattering. Later the excitation of isoscalar giant resonancExisting data for ,xN) reactions are far from uniformly
states was added using the same basic model. A table distributed over target mass, incident energy, and reaction
input parameters for the spectroscopic states for a wide vaype.
riety of targets is given, and a systematic set of parameters The most acute data need is for neutron induced reactions
for the GR states is proposed. at energies above 26 MeV, both inelastic and exchange, but
With the inclusion of the collective states and the use ofthere is also a lack ofn,xp) spectra at 18 to 26 MeV.
different Vo4 values for proton and neutron projectiles, Recently results onn,xp) reactions at incident energies up
the exciton model as expressed in the TUNL computer codéo 60 MeV measured at the LANSCE facility have begun
PRECOIs able to successfully account for the full set of aboutto appeaf58], and this program should provide an excellent
(p.xn)
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(p.xp) _(p.xn)

18 MeV 1

100

T

104
100%
10}
100[

FIG. 11. Comparison between calculation
and experiment for reactions on targets whh
=100-125 at incident energies of 18 and 25
MeV. The curves and points have the same sig-
nificance as in Fig. 6, and the data are from Refs.
[20,39,48-50
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and important source of such data as additional targets aten will be shifted to higher energies where open questions
studied. Confirming measurements from another laboratorygemain. One is the extent of isospin conservation in the pre-
would also be desirable, along with inelastic neutron scatterequilibrium phase of the reaction. There is evidence that it is
ing measurements above 26 MeV. fully conserved at energies up to 25 MeV and preliminary
Data on proton reactions are more numerous but spottyevidence that it is mixed at 90 MeV. If the latter is verified,
There are few measurements at 14 MeV, tipexf) are  the question of where and how the transition from conserva-
sparse at 18 MeV, while thep(xp) are somewhat sparse at tion to mixing occurs will be addressed. The exciton model
25 MeV. At higher energies, inelastic spectra are especiallparameter for which there is the leaspriori guidance is the
lacking at 80—100 MeV while the 60 MeV spectra are moreeffective matrix element for the residual two body interac-
than 30 years old with frequent evidence of background frontions, and its formulation at higher energies needs to be stud-
the passive collimators often used. Exchange spectra are aéd. The question of the surface effects for incident neutrons
most nonexistent at these energies. above 26 MeV must still be resolved once data become
With a version of the exciton model giving a robust de- available in the literature, and the question of the energy
scription of (N,xN) reactions up to at least 30 MeV, atten- dependence of the collective excitation model should be

pursued.
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,; 10§ 58'\£’H_n ? % ? T T T ? T T T ?
= 100 G0 (xém) E 10 ¢ 1 3
S E ] 100t a3 ]
g 1op 15"
100 ] ] I 10¢ E E
5 1of E 100} 1 .
3 4F E 3 : 3 E
} F ] ] e 10k 3 E
- - - © t E 3
© 10¢ ° 3 3 100 | N N
1F | | S - ) F 3 3
E | L 1 3 e 10 E 29 3 E
O 20 40 60 0 20 40 60 80 F 299 s 3 E
E.p (MeV) E.p (MeV) e LN
0 20 40 60 80 0 20 40 60 80 100

., (Mev)

£, (Mev)

FIG. 13. Comparison between calculation and experiment for
reactions at incident energies of 60—65 MeV. The points and solid
curves have the same significance as in Fig. 6, and the data are from FIG. 14. Comparison between calculation and experiment for
Refs. [37,53-53. The dashed curves are new calculations donereactions at 90 MeV. The points and curves have the same signifi-
with the model and input set of RgP)]. cance as in Fig. 6. The data are from R¢&6,57].
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