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Surface effects in preequilibrium reactions of incident neutrons

C. Kalbach
Physics Department, Duke University, Durham, North Carolina 27708-0305, USA
(Received 2 October 2003; published 26 January 2004

Recent(n, xp) continuum spectra at incident energies of 28 to 63 MeV have been used to expand an earlier
study at lower neutron energies of the amount of surface localization of the initital target-projectile interaction.
The (n, xp) data show a reduction in surface localization for heavy targets—a trend that grows with increasing
bombarding energy. This target mass dependence is not evidémtxin) reactions up to 26 MeV and should
be verified with additional heavy targét, xp) data as well agn, xn) data at higher bombarding energies. It
can be described and included in model calculations in terms of a difference in surface localization between
initial nn andnp interactions.
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I. INTRODUCTION The present work analyzes angle integraiedp) spectra

, o on 28Siat 29+1, 39+1, and 50+1 MeV from LANSCE and
One of the most challenging problems for preequmbnumOn targets of7Al, 25Si, 5%Co, 299, and 28U at 28.5+1.5,

reaction models is to account for the relative yields in the ;
four (N, N) channelswhereN is a nucleon using a single, 37.5+1.5,49+2, and 63+2 MeV from Louvain-la-Neuve. In

. : . ' addition, the double differentiafNi(n, xp) data at 60 MeV
consistent set of input. An earlier papd] showed that in . o ;
the exciton model proposed by Griff{2] this could be ac- [9]—previously analyzed at individual angles—were inte-
complished if the initial target-projectile interaction for inci- grated over angle, and the angle integral was included in the

dent neutrons were assumed to occur, on average, closer QBesent anaIySIS' Since data were Only measured at angles up

the nuclear surface than the corresponding interaction foﬁ‘0 77° in that experiment, the angle integration was limited

incident protons. The parameter describing the surface pealtégmeri?if;;ogn ESIZ'P;};r?t?&\ilsnﬂ;ﬁae\éaggit;o[qOF]’eca(‘)kuI\’(\j'h;ée the
ing of the initial interaction is the average effective potentialuse% o extrg olate to backward gn les
well depth in the interaction region. Unfortunately, while P gies.

arge-nierated enrgy specra o cidet prtons t e, T2 7S 1020 1 b corsderd i fege e bese
gies up to 100 MeV were included in the study, incident ' ' 9

neutron energies were largely confined to 26 MeV and be[atory system. Conversions from Iaborat(_)ry to center of mass
were done for the proton, deuteron, triton, amdspectra

Itch]\;vt. tohgep(rno,t)c()%)-nr:l?t? g?]n d?;?;#égdm?;hio d'?gz\épzl;?g;siﬁgfrom the 27Al+ n system at 63 MeV and the corresponding
energy, but no conclusive trend could be observed oroton spectrum at 28.5 MeV. The resulting double differen-
Sinc’e that time, angle-integrated charged particie energtlal cross sections were then mtegrateq over angle. The
’ ; ngle-integrated spectra were plotted against the exit channel
spectra at neutron energies up to 63 MeV have become avall-

able in the literature. The proton spectra have been analyzee(fIergly (ie., the combined center-obmass energies of the

as part of this work, while the deuteron, triton, amépectra emitted particle and the recoiling nuclgasd found to agree

are being studied as part of an investigation of reactions Witclosely with the laboratory angle integrals except at the high-
g stuc AS P g ; rést emission energies. There the laboratory data extend 1 to
complex particles in the entrance and/or exit channel.

1.5 MeV beyond the center-of-mass data. With this level of
agreement, the data from the remaining targets were left in
Il. DATA the laboratory system and were compared with the calculated
results plotted against the channel energy.

The new data were measured at the Los Alamos Neutron The second factor is that the incident neutrons for each
Science Cente(LANSCE) [3] and at Louvain-la-Neuve in spectrum are not monoenergetic but cover a range of ener-
Belgium[4—8]. At LANSCE, the neutron beam was a white gies that is 2-4 MeV wide. The effect of the beam energy
source extending up to 50 MeV, and data are available fowidth was checked for the LANSCE data at 50+1 MeV and
incident energies of 5 to 50 MeV. At Louvain-la-Neuve, at 17+1 MeV, because the LANSCE results were available
there is a peak in the beam intensity at a neutron energy difrst. Results of calculations done at a single energy in the
63 MeV, with a lower intensity continuum. This requires middle of the energy bin were compared with averages of
wider slices of incident energy between 28 and 63 MeV tocalculations made at up to five energies across the bin. Not
be analyzed together using wider emission energy bins. Ogurprisingly, the averaged spectra are quite close to the mid-
the other hand, the angle coverage is far more complete thamint spectrum whenever the calculated shape is fairly
at LANSCE, and the range of targets for which data havesmooth. When sharper jumps are present, averaging is
been taken and analyzed is also greater. Thus the two facilreeded to smooth them out to the extent that they are
ties are somewhat complementary, and the current LANSCEmoothed in the data. Since the spectra analyzed here tend to
data on?®Si provide a check of the Louvain data. be fairly smooth, calculations at the midpoint energy have
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been used. However, the 17 MeV LANSCE data 38i (n,xn) (n.xp)
were not analyzed because the calculations show a shar *°[— T 7+ 7 7T | T T T T )
drop at the endpoint of the preequilibrium component, with 30 | Eo=14-15 MeV | |[ E =14-15 Mev ]
the evaporation component extending to higher emission en o L 11t ;
ergies. » T T 1 _

et

. METHOD ol v o0 Y P B R

The initial target-projectile interaction involves the exci-
tation of a target nucleon to create an excited particle-hole I Ejne=18-20 MeV | | [ E;=28-29 MeV 7
pair. The effects of surface localization of the interaction are 20 | 11k .
seen in the emission energy spectra because the shallow: I 111
potential well depth at the nuclear surface limits the amount%‘ d ’ ¥
of excitation energy that the newly formed hole degree of Z 0 — : : '
freedom can carry. This forces more of the available energy & 4

to be carried by the particle degrees of freedom in the result->" 3o |- Eino=25-26 MeV [ £ —37-38 Mev .
ing configuration, leading to more high-energy particle emis- [ 1L ]
sion than in the absence of surface effects. Thus the spectr: . 11t 4
shape is harder. or U S -] ; ______ ¢ .
The method employed in this work is the same as that ol v .}. L

used in Ref[1]. The data analyzed are angle-integrated, in- 490 ——F————7——— — T T
clusive energy spectra from the Ilterqture. Calcul_atlons are 3ol £ _—60-63 Mev } 1 F e Cioo50 mev ]
run for each measured spectrum using the exciton mode : g b ]
computer codeRECO-2000[11] with the standard global in- 2or + 1T * b
put set except that the average effective well depth in the 104 # _41 - 1 4 _+, ]
region of the initial target-projectile interactions is varfed. '"._—. T t" L
Isospin is assumed to be conserved during the preequilibriun % 5 10 15 20 25 5 10 15 20 25
phase of the reaction and partiallysually about 40%con- 100(N=2)/A
served at equilibrium iE <4Eg, in the composite nucleus,
wherekE is the excitation energy arg, is the isospin sym- FIG. 1. Average effective well depth in the region of the first
metry energy. Otherwise isospin is assumed to be mixedeutron-target interaction as determined from the spectral shape of
[12]. The calculated results are typically insensitive to theinclusive neutron and proton energy spectra. The dashed curves
level of isospin conservation. Suitable values of the paramshow the adopted systematics given by Eg.
eter,Vg, are then determined by comparing the shapes of the
calculated spectra with experiment. The well depths areron excess of the target nucleus, though the trends look
given relative to the Fermi level. similar if the target mass number is used instead. If there
For each experimental spectrum, the range of emissiowere no results above 29 MeV, the hints of an increase in
energies analyzed extends from a bit above the evaporation, for (n, xp) reactions on heavy targets could be ignored,
peak to somewhat below the end point of the spectrumand the earlier result of a consta¥its=7 MeV could be
where discrete states can be important and the spread {atained. But as the incident energy increases, (the&p)
beam energy can distort the eXperimental results. The rang@actions show a greater and greater trend/@rto increase
of Vet giving reasonably good agreement with experiment infor heavier targets. No such dependence is evident in the
overall spectral shape was tabulated, and a nominal “bes{nh, xn) spectra. Since the trend in tiie, xp) spectra is ob-
value was selected for ease in studying trends in the resultgeryed in data from one laboratory and is largely dependent
The selected/s ranges are somewhat subjective, so the regn only two targets, it should be regarded as tentative until it
sults obtained tend to vary slightly as the process is repeate confirmed by additional measurements. It would also be

but the overall trends remain the same. desirable to havén, xn) spectra from heavy targets at bom-
barding energies above 25.7 MeV where the results would be
IV. TRENDS IN Vgge more sensitive to the lack of ahdependence fov,. How-

. . ever, the observed behavior is quite systematic and has been
Figure 1 shows the results o from this work and investigated further q Y
fzrgTA R\ff' [tl]. The latter _|nclude(£1;1xni5ri;lac€or_lrsh at 14 to The situation for incident neutrons can be compared with
eV and(n, x.p) reactions at N eV. 1he average 4 observed1] for incident protons. The proton results are
Verr values are displayed as a function of the fractional neUtepiotted in Fig. 2, with the inelastic and exchange channels
separated and an additional point f8Bi(p, xn) added. This
'There were also some changes representing progress in the woPRInt was omitted in the earlier analysis because the data
on the complex particle channels. These occur mainly in the calcuwere Of_“y measured in the forward hemisphere. However, in
lation of the direct nucleon transfer reactions and have negligibléhe region of the spectrum where the analyses are made, the
effect on the nucleon spectra. angle coverage is adequate to allow accurate angle integra-
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(p.xp) (p.xn) excite a proton than it would to excite a neutron. The larger

O 7 7 7 T the neutron excess, the bigger the effect and the larger the
0| Eine=29729 MeV 1 ] Vi values for(n, xp) reactions. Therefore a parametrization

- 1t T 1[ 1 in terms of (N-2)/A has been tentatively adopted. In addi-
20 __——* ———————— *——————————__ bt f——-——__ tion, the value ofV; for N=Z nuclei has been fixed at the
10 |- ¢ 1 E,.=25 Mev - constant 7 MeV value obtained fd@n, xn) reactions. With
ol oo oo Ve ] these constraints, a quadratic dependence vyields a better fit
90— —— than a linear one.
w0 L Epe=39 Mev | [ H 1 The increase oY values for heavy targets with incident

. 11 ] energy also needs to be included. Thus\ggvalues for the
20 b - 2098j target at 27.5, 38.5, 49, and 63 MeV were plotted ver-

I g ] sus the incident laboratory energy and were found to lie

nicely on a straight line passing throuybs=7 MeV at zero
energy. This straight line dependence has been adopted,
though a more gradual and asymptotic approach toviie

V. (MeV)
o

E. =61-65 MeV
ne

or ' 10 + i =V, physical limit(whereVj is the central well depyhmight
20 1 4L 4 be desirable. In the current scheme, that limit would only be
N I reached for the heaviest targets at an incident energy of
°T {4 s 10 Eine=65 MeV 7 around 115 MeV, well above the energy range considered
42 P TR R T TR N PR I [T R SR R here.
I ' Em='90_1'00 Me;/ 1f ' ' ' '+ ] The resulting, tentatively adoptéd values are

I 11 * ] Veiinn=7 MeV, (1a)
20 '*L_ ] o]
10 - f b1 € =80-90 Mev N-2Z|?

T L Vit np= min(? MeV +5.2 Emc{T] ,vo). (1b)
00 I 5 I 10 I 15 I 20 I 25 I 5 I 10 I 15 I 20 I 25

100(N-2)/A These results are shown as the dashed curves in Fig. 1. As in

Ref. [1], the central well depth 0¥/;=38 MeV continues to
FIG. 2. Average effective well depth in the region of the first be used for finite well depth corrections later in the reaction.
proton-target interaction as determined from the spectral shape of
inclusive neutron and proton energy spectra. These results are taken
from Ref.[1] with the point for?°®Bi(p, xn) at 90 MeV added. V. IMPLICATIONS

] ] ] Again, the mathematical form of EqL) is only a matter
tion using the systematics employed for the 60 MeVof convenience for now. The observed but unsystematic
58Ni(n, xp) data. The work of Ref[1] noted a tendency for asymmetry between thé.q values from(p, xp) and (p, xn)
the (p, xp) spectra to yield smalle¥ey; values than thep, xn)  reactions—uwith thép, xn) values being larger—would argue
spectra, particularly for energies of 35 to 65 Me3¢ée Table  against an explanation based on a neutron rich surface region
Il of Ref. [1]), but since a single value Ofe was often  for heavy nuclei and more in favor of a difference between
adequate to explain both reaction channels, the average valyge inelastic and knockout processes in nucleon induced re-
of Ver=17 MeV was adopted. The trend fau, xn) to yield  actions. This would imply that, at least in heavier targets, the
higher Ve values becomes more pronounced at 90 MeVinjtial interactions leading to reemission of the projectile oc-
when the®*Bi point is added. As with(n, xn), the (p,Xp)  cur, on average, closer to the nuclear surface than those lead-
inelastic scattering spectra show fairly const&gg values  ing to emission of the struck particle.
for all targets. Fokp, xn) reactions, there is no clear system- |f the asymmetry inV, for proton induced reactions is
atic trend with target mass, though, again, the new pointonfirmed, an additional possible explanation is that the
suggests an enhanced possibility of an increadgdwith A model used to describe collective excitatigfirem both dis-
such as was observed for incident neutrons. Thus, in light ofrete and giant resonance statiesthe inelastic channels is
the new results for incident neutrons, this question of a difinadequate. The collective states considered are low-lying
ference between the inelastic and exchange channels for ie-+, 3—, and, in some cases, 4+ states, plus the giant quadru-
cident protons should be reexamined with additional data. pole resonance, and the low-energy and high-energy octu-
Focussing just on the incident neutron data,\tggvalues  pole giant resonances. If the model—an adaptation of the
for the (n, xp) spectra can be parametrized using either aimple model of Kalkaet al.[13]—were not yielding enough
linear or a quadratic dependence on eitAesr (N-Z)/A. If collective cross section at high emission energies, the exciton
the observed behavior is to be linked to a physical b@sid  model would have to compensate by using a shallower po-
this is just conjecture nowone possible explanation would tential well depth for the first interaction. Possible inadequa-
be in terms of the neutron excess producing a neutron richies in the collective model calculations were considered, but
region at the nuclear surface. Thus an incident neutron wouldeem unlikely to explain the apparent asymmetri/ip be-
need to penetrate more deeply into the nucleus in order ttween the inelastic and exchange channels. First, the model
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was found[1] to reproduce the target mass dependence quite UL B AL L N
well for (n, xn) spegtra at 14 and 198 MeV. Whilltoa the incidgnt 100 5(”’QXP)'28'5 MeV n,xn),25.7 MeV 4 1000
energy dependence of the model could still be wrong, it oL So *co 7 1100
would have to be more seriously wrong for heavy targetsg E 3
than light onegat least for incident neutropdn addition, it 2 (L J10
would have to be wrong in just such a way as to cancel out: : 3
the effects of any increasesV\y; seen in the exchange chan- £ 1o & <100
nel, in order to yield the observed const&ff; values in the o ; ]
inelastic channels. z 1E 310
Clearly more work is needed to understand the trends ing s i
Veg- 10 F {100
1F =10
VI. IMPLEMENTATIONS | | 3
The apparent difference between g values for(n, xn) 0 0 10 20 30
and (n, xp) reactions suggests that the exciton model calcu- S, (MeV)

lations should be changed so that different values are used

for initial nn and np interactions. A similar difference be- actions at 25 to 29 MeV. The points show the 28.5 M@Vxp)
tween thepn andpp interactions for incident protons has not data from Refs[6-8§] and the 25.7 MeV(n, xn) daté from Ref.
been introduced but might be needed when the systemati(f§4]_ The dashed curves give the calcullated spectra usigg
there become clearer. =7 MeV for the initial proton and neutron pair excitations, while
The codeprecOwas thus reprogrammed to use ¥g;  he solid curves give the spectra calculated using the values in Eq.
values given in Eqs(1a) and(1b) for thenn andnp initial (1) The (n, xp) data are given in the laboratory system, while the

interactions, respectively, as well as for the particle emissioRorresponding calculations are plotted vs exit channel energy.
immediately following them. This has several effects. The

main one is the desired effect of softening the proton pre-

FIG. 3. Comparison between calculation and experiment for re-

As will be discussed in Sec. VI, these effects are seen in

. . . The neutron spectra but do not significantly reduce the level
in neutron induced reactions on heavy targets. The other et agreement between calculation and experiment. However,

effects, however, have the potential to alter the neutron SP€Ghey point out the need for additionéd, xn) data at higher
tra sufficiently to reduce agreement with experiment and thu?ncident energies, especially on heavy, neutron rich targets

neIe;(ijrstt0 &ilrnevlgﬁsgaiﬁgﬁsities for preequilibrium proton andto see if the differences observed betwéyxn) and(n, xp)
' breeq P spectra persisif they do, andf this difference is due to a

neutron emission are modified for heavier targets. This OC- utron rich reaion at the nuclear surface of neutron rich
curs because the relative rates for creating proton and nelﬁ_uclei <o that t?wenn and no initial interactions occur. on
tron particle-hole pairs in the first projectile-target interaction P '

are altered. The deeper well depth for theinteraction re- :\ézirggﬁél aetﬁggetrﬁ:tt V\cﬁll ddti- F:QS:[O t?g; tgﬁgeatgv?:rldb&i 21?
sults in a smaller finite well depth correction to the density of P

states accessible in the pair creation interaction, and thus tothese problems. The initial interactions occur over a range of

higher pair creation rate. This favors excitation of a protonqaIlStanceS from the center of the nucleus, and\ievalues

particle-hole pair relative to the case where the same effeds present an average over this range. When the range encom-
tive well depth is used for both proton and neutron excita-P255€s @ neutron rich surface region, protons V.V'” mainly be
resent in the inner parts of this range wh¥fg is larger,

tion, resulting in more proton emission and less neutror "< .
emission. Thus there is the potential to disturb the previoulswn ?ellﬁagt]i?)r?slﬁ]rotﬂz V(\;'Stzre p;?;s%?ttreroruagnhoeutv\tnle rfgguec.eﬂ;l:]s
agreement between calculation and experiment on the rek(ia'nhancement of neutronpexcitation ovegr rotoﬂ excitation
tive yields in the inelastic and exchange channels. P

A second potentially detrimental effect, is a softening ofcompared to what is normally calculated. Given current un-

the spectral shape for preequilibrium neutron emission. Thige[tqlntlesr; the inclusion of such an enhancement in the cal-
is because neutron emission occurs from (g h,., p,, h,) Culations has not been attempted.

=(1,1, 1, 0 states formed by proton pair excitation as well
as from the(0, 0, 2, ) states formed by neutron pair excita-
tion. Herep,, h,, p,, and h, are the numbers of proton
particle, proton hole, neutron particle, and neutron hole de- Calculations were run with the revised versionr&®eCoO
grees of freedom in the configuration. One mitigating factorfor all of the neutron induced reactions studied here and in
is that more of the neutron emission occurs following neu-Ref. [1], and the results were compared with the measured
tron pair excitation than proton pair excitation, simply be-spectra.

cause there are two neutron particles available for emission Some sample neutron and proton spectra for neutron in-
compared to only one. This is enhanced because the smallduced reactions on medium to heavy targets are shown in
V¢ for neutron pair excitation also leads to slightly higher Fig. 3. These are for incident neutron energies of 25 to
emission rates from th@, 0, 2, 1 configurations. 28 MeV, where the measurdd, xn) spectra would be most

VIl. COMPARISONS WITH EXPERIMENT
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49—50 MeVy 60—63 MeV 3 FIG. 4. Comparison between calculation and
] ] experiment foi(n, xp) reactions at higher incident
energies. The solid points show the data from
Louvain-la-Neuveg4—-8] at 37.5+1.5, 49+2, and
62.7+2 MeV given in the laboratory system. The
open points show the LANSCE da}a] for 28Si
at 38+1 and 50+1 MeV and the U.C. Davis
spectrum forfNi [9] at 60 MeV, both plotted vs
exit channel energy. The solid and dashed curves
have the same significance as in Fig. 3. and are
also plotted vs channel energy. FS8i, the inci-
dent energy used in the calculations is matched to
the LANSCE data which have the smaller spread

,,,,,,

(mb/MeV)

do/de

10 20 30 40 0 10 20 30 40 50 60 in incident energy.
¢ (MeV) ¢ (MeV)
sensitive to possible problems from using differéft val- The difference seems to be a function of the incident en-

ues for the initialnn and np interactions, and wher@, xp) ergy and of the neutron excess of the target, as described in
spectra are also available. As expected, there is a slight wor&q. (1). The difference V¢ is programmed into the exciton
ening of the tendency for the calculations to underpredict thenodel codePRECO-2000 assuming that thén, p) value ap-
(n, xn) data[14] for heavy targets, but the level of change is plies for the initial excitation of a proton particle-hole pair in
not significant. Further, the current results fall between thdhe target while thén, n’) value is used for the excitation of
old results(the dashed curvgsand the results of using Eq. a neutron particle-hole pair. This results in a slight increase
(1b) for both proton and neutron pair excitation. The changesn the proton emission intensity and a corresponding de-
are small because the presence of collective state and giatitease in the neutron emission intensity from the initial com-
resonance excitation somewhat reduces the sensitivity of thegosite nucleus states for heavy targets. The changes do not,
calculated neutron spectra to the exciton model componertowever, disturb the good overall agreement between calcu-
and because the changesvg », are still relatively small at lation and experiment. If, however, the incident energy in Eq.
incident energies up to 26 MeV. Changes in thexp) spec- (1b) were replaced by an average value of aroufg.
tra are also small but are in the direction of improving agree=40 MeV, then the decrease in tfw n’) intensity at 14 to
ment with the data in spectral shape. The disagreement iB5 MeV for heavy targets would more likely be a problem.
intensity with the measured®®®(n,xp) spectrum at The desired improvement in the spectral shape(fpxp)
28.5 MeV disappears at the higher energies considered heneactions on heavy targets is, of course, seen. Thus while the
as shown in Fig. 4. fits With Vegs nn=Verr np=7 MeV are adequate for some appli-
Examples ofn, xp) spectra at higher energies are given incations, the current systematics yield improved agreement
Fig. 4. For targets up through mass 60 at all incident enerfor heavy targets, especially at higher energies, and perhaps
gies, the calculated results are nearly unchanged by the negoint to some interesting physical insights.
systematics Vg compared with usin/e=7 MeV for all The current results should be regarded as tentative. They
initial interactions. For Bi and U the improvements in spec-depend on newn, xp) data measured at a single laboratory
tral shape are more noticeable and increase with increasirend are particularly dependent on two heavy targets. It will
bombarding energy. Thus, overall, the agreement betweene important to see if the trends are reproduced by other

calculation and experiment has been improved. measurements. In additiofin, xn) measurements at higher
energies are needed for a broad range of target masses to see
VIIl. SUMMARY AND CONCLUSIONS whether the difference Wy between the two nucleon chan-

Earlier exciton model calculations encountered difﬁculties.nGIS persists, and, if it does, whether the relative yields in the

in reproducing the relative intensities in the fadv, xN) re- inelastic and exchange channels are still correctly repro-

action channels using a consistent set of model input. Thgzg?(i'e';'Tglgé:?fdg'omnoidstztgor;:int?édtz?tgtr?;:gz ggegéggﬁ}ce
work of Ref. [1] showed that different amounts of surface y y g P

localization of the initial target-projectile interaction for pro- fna;rbebg;\‘j‘vceeggiﬂéI{r:élgzgcagg dlfeliciﬂglr?a;eihz::ae?sr 23th-as
ton and neutron projectiles can explain and remove the prob; y 9

o a nccent energies u o aroun 2 Mev. The dta e, M1 Hefe forncdent neutons, et e expienatn
well described by, ,=17 MeV for incident protons at en- y

ergies up to 100 MeV an¥uq,=7 MeV for incident neu- a difference between scattering and knockout processes

trons at energies up to 26 MeV. The present work has anarf’Ither than the neutron excess for heavy targets.
lyzed new(n, xp) data at energies up to 63 MeV and appears
to show a difference in the average effective well depth for
the first interaction in an(n, p) reaction compared to an This work was performed at the Triangle Universities

(n,n’) reaction. Nuclear Laboratory under U. S. Department of Energy Grant
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