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ABSTRACT

Absolute differential cross secﬁions for the
h, ., ny; and (nzfn3) neutron groups from the reaction
12C(d,n)l3N have heen measured at.inéident deuteron energies
of 7.0 , 9.1 and 13.0 MeV along wifh an exgitation curve at

] = 25° from E, = 10.6 to 13.0 Mev. Bnalysis of energy

lab d
averaged cross sections included distorted wave Born approxi-
mation (DWBA) calculations and Hauser Feshbach statistiecal
model calculations. Direct interaction and Hauser Feshbach

reduction factors are obtained and compared to previously

reported values.

NUCLEAR REACTIONS l2c{d,n) i N , E = 7.0, 9.1 and 13.0 MeV;

measured G(Ed,e). Excitation function at elab = 25

Eg = 10.6 to 13.0 Mev. pirect interadction and Hauser

© for

Feshbach reduction factors deduced. Time of~flight neutron

detection.




1. INTRODUCTION

The (d,n) stripping process for p-shell nuclei

is accompanied by compound nucleﬁs.formation which may persist
up to rather high incident deuteron energies. Although the
direct interaction dominates the angular distributions of the
emergent neutrons at the forward scatterlng angles, an appreciable
amount of the neutrons detected at more b&ckward angles may
result from the decay of the compound nucleus. Thus a proper
analysls should take these two reactlon mechanlsms 1nto account.
Hodgson (Ho 71) has shown that by u31ng energy averaqed
dlfferentlal cross sectlons, 1t is 90551ble to add the contri-
butions of the two reactlon mechanlsms 1nc0herently. The
present work is a study of the cia, n) reaction betweeh.

E, = 7.0 and 13.0 MeV for the purpcse of determining the

[+
relative contributions of the reaction mechanisms and thus the

spectroscopic factors for the low lying states in 13N .

Various measurements have been made for the
lzc(d,n)l3N reaction. Ganéadharen and Wolke {(Ga 70), using a

13N recoil detector measured the value 0.68 mb/sr for the

d
same cross section at 11.8 MeV Mutchler et al. {Mu 71) using

n, cross section at Ey = 12 MeV and 8 = 309 . For this

time—of—flight technigques measured the value 6.4 mb/sr. Davis

and Din (Da 72) used a stilbene neutron detector to measure the

n, excitation function at $=0° in the energy range E:d = 3.6
to 12.0 MeV. At Ed = 11.8 MeV their differential cross section

is of the order of 36 mb/st as compared to the Mutcher et al.
results, extrapolated to Uo, of about 15-20 mb/sr. More
recently Shirato (Sh 81) used deuteron beam stopping technigues

d
= 7-10 MeV. Although he found a similarity in structure with

to measure the 0° " excitation function in the region E, =

the Davis and Din curve, his cross sections are about one third
their magnitude.

The reported spectroscopic values alsc show some
disagreement. For the ground state of 13N , Davis and Din
(Da 72) report a value & =0.73 which was obtained from an
energy averaged angular distribution at 8.0 MeV whose analysie
included both DWBA and EHauser Feshbach contributions. For this
same state, Mutchler et al. (Mu 71) extracted the value S=0.74
from an angular distribution at 11.8 MeV, which, while agreeing
well with the Davis and Di value, was obtained with no account
taken of compound nucleus contributions to the cross section
and a ncermalization which depended exclusively on the forward
scattering angle date. azimov et al. (A2 75) obtained the
vaiue 5=0.38 for this state from an angular distribution at

E. = 15,25 MeV where again no inclusion of Hauser Feshbach

d
predictions was made.

For the first excited state of 13N ; Mutchler

et al, (Mu 71) reported a spectroscopic factor 8=1.02 which

is much higher than the value reported by Fortune et al. (Fo 69)
of $=0.25 obtained from the 12C(r,d)l3y reaction.

In view of the situation we decided toc measure
two angular distributions at 7.0 MeV and 9.1 MeV in order to
obtain an energy averaged differential cross section at 8.0.Mev
and a third angular distribution at Eq = 13.0 MeV which
together with the Mutchler angular distribution at 11.8 MeV
provided us with an energy averaged differential cross section

at 12.4 Mev., In addition, an excitation curve at § 25°

¥

lab

was measured in 200 keV steps in the interval Ed = 10.6 to

13.0 MeV. The Mutchler data was normalized to this excitation

curve,
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An analysis of the ehergy averaged cross sections
included both the DWBA stripping contribution and the Hauser
Feshbach compound nucleus contribution. Spectroscopic factors
are reported for Both the ground state and first excited state
in 13N along with the Hauser Feshbach reduction factors

employed in the analyses.

2. EXPERIMENTAL PROCEDURE

2.1. The Beam and the Target Chamber

The University of Sd3co Paulo Tandem Palletroﬁ
provided pulsed and klystron bunqhed deuteron beams between
7.0 and 13.0 MeV. The time averaged on-target beam intensity
was 50 nanoamps. The time resclution of the system, obtained
from the FWHM of the target gamma ray peak, was 1.5 ns. A
detailed description of the pulsing.system may be found in
(wy 79). '

A low mass stainless steel scattering chamber of
diémeter 22com and height 12om with 1mm walls was used in
order to minimize neufron absorption and scattering. The
chamber has four target holders each of which may be alligned
with.the beam without disturbing the vacuum.

The beam was collimated 7 cﬁ ‘ahead of the target
by a 5mm diameter tantalum aperture. The ratio of collimator
£0 target current was maintained less than 1:50. The beam was
stopped'l.S meters beyond the target in an eleétrically and
magnetically suppressed Faraday cup locatea at the center of a

water-£filled, 40 cm 1ong'cubicai box with S5 cm lead walls.

2.2._The_Neutron Detector

Neutrons were datected im a 12.7 om “diameter x
x 5 ¢m thick Nuclear Enterprise NE213 ligquid scintillator
optically coupled to a RTCS5BAVP phdtémulfiplier. The photo=
multiplier was mounted on ‘an ORTEC model 271 base and the unit
was wrapped in netic and conetic magnetic 'shieldingand
enclosed in a5 'em “thick lead ‘housing.  PHis entire ‘unhit was
surrounded by a-3%cm ‘diamstér “By 77-cm ' léng ‘borax’ loaded’ paraffin
cylindrical shield moéunted on ‘a reméte controlled cart’and -
tracks which dllowed a maximum fIight ‘path of 6 meters: A bore
through “the  paraffin shield which extended 45 cm from' the shield
entrance to the face of the scintillator was lined with an iron
tube with 1.8 em thick walls. As seen in fig.l these precautions
reduced the uncorrelated background in the nevtron spectra to a
negiligible amount.

The detection efficiency of the NE 213 scintillator
was calculated from a Monte Carlo computer code (Na 81) which
requires as input the gamma ray energy corrésponding to the
minimum electron pulse height accepted for analysis. This pulse
height bias level was equivalent té about 10 times the 60 keV
total absorption peak from an 241Am source and was repeatedly

measured during the experiment.

2.3. The Time-—of-Flight System

& block diagram of the electronic arrangement
used to obtain the neutron time-of-flight spectra is shown in
fig.2. The neutron groups from the (d,n) Teaction are analysed
by the time-to-amplitude ¢onvertér (TAC 1) operating with a

400 ns ramp. The photemultiplier anode pulse triggers the oconstant
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fraction discriminator (CFD) in the base module WBich”starés the
ramp.. The. stop.signal is taken from the master oscillator which
controls. the. beam pulsing system.  The time calibraticn of TAC 1
(0.345ns/ch) .was obtained. with a Tektronics time-mark generator.

The n/v: discrimipation, clrcuit uses .risetime
selection with. an ORPEC.model 455 timing single channel. analyser
(TSCA). to:distinguish.between the rise.times caused by neutrons
and gammas: in the. scintillator. Pulses from dynode. 9 of the BM
are sent to.the TSCA operated.in the integral mode.. The lower
level of this. TSCA determined .the neutron pulseheight threshold
used in the.efficiency. calculation. . The output of the TSCA
starts TAC.2. The stop signals.for TAC 2 which- are independent
of risetime are obtained from the PM. ancde after passage through
a constant fraction discrimiator CFD. With this giréuit the
efficienﬁy for gamma ray detection was decreased by $0% without
diminishing the neutron detection efficiency.

The. outputs. of the TAC's and the linear amplifiers
go to an ADC bank and.a. Honeywell DDP516 on-line computer which
allows display of the various spectra and storage on magnetic

tape, through. a. 1ink to an IBM 360/44 computer.

2.3. The Monitor

A small NElll plastic scintillator couplied to an
RCA 8575 phototube was mounted near the target at. 90° to the
beam direction,  as a.monitor of target condition and tinme
calibration. Thg.neutton threshold. of . the monitor was set.at
about 7 MeV. The shape and positions of the target gamma ray

and ground state neutron peak were checked periodically.

2.4, The Targets

The lzc targets consisted of self supporting

films of polystyrene. The target thickness and uniformity were
determined by measuring the energy loss of 241Am alpha par-
ticles in the target material. The number of 12C nuclei/cmz,.

M, was calculated from the following formﬁla

N = T (1)

where t is the target thickness in g/cm2 , n' 1is the number

of 12C

nuclei per polystyrene molecule, A is Avogado's
number and M is the gram molecular weight of polystyrene.
Table 1 is a resumé of the characteristics of the targets used

in the présent work.

3. THE DATA REDUCTION

Figure 1 shows a typical neutron time-ocf-flight
spectrum for the reaction 12c(a,n 3% obtained for Blab==30°
and Ed = 9.1 MevV. Three prominent peaks are observed which
correspond to the neutron groups that leave the residual nucleus
in the ground (no), first excited (nl) and unresolvéd second
and third excited states {nz-Fn3). A small portion of the
target gamma rays not rejected by the n/Y. discrimination circuit
also appear. These serve as a time reference for the determi-
nation of the neutron energies. |

Laboratory differential cross sections were

calculated according to.
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B Y S
49/68 = FrnaneTE.y | (2)

where Y is the neutron yield or peak area per total charge

integration, N is the number of target nuclei per cmz, n is
the number of deuterons incident on the target per total charge
integration, d@ is the solid angle subtended by the detector

face and €{E, )} is the neutron detection efficiency.

4. UNCERTAINTIES IN THE DIFFERENTIAL CRQSS SECTIONS

The uncertainties associated with the differentialt

cross sections are as follows:

a} The neutron yield Y contributes 1-13%. This is a
statistical error largely associated with the background caused
by the tails of neighboring peaks corresponding to other

neutron groups which appear in the spectrum.

b) The number of target nuclei per cm2 N contributes
6-12%. This is a direct conseguence of the uncertainties due

to non-uniformities in the targets.

¢) The number of incident particles per total charge
integration 'n contributes less than about 5%. This is

agsociated with the reliability of the charge integration circuit.
d) Errors in solid angle are less than 1%.

e) The neutron detection efficiency E(En) contributes
about 5-8%. The various origins of this uncertainty have been
extensively elaborated in (Na 81). .

The totality of the uncertainties from these

various parameters results in a overall uncertainty of 7-9% for

.9,
the differential cross sections_atﬁ Eq =.?f° MeV and 9.1 Mev
and of lZ—LB%_for those at. Ey = }S.OIMeVLand fcr.the qgﬁtatkm
function at elab = 25°f |

5. RESULTS AND ANALYSIS

The experimental center-of-mass differential _
cross sections are shown in figures 3 and 4. Figure 3 illustrates

the excitation curves for the RO nectron

1 3’
taken at 200 keV intervals in the range

and_(n2+n

_ o
groups at Slab = 25

Ey = 10.6 to 13.0 MeV. TFigure 4 shows the angular distributions

for each of these neutron groups at Eg = 7.0, 9.1 and 13.0 MeV.

a) The Ground State (no) Cross Sections

inspection of thHe n_ angular distributions
reveals a strong direct interaction {stripping)} contribution.
In addition the excitation curve at O ap = 25° bpetween 10.6
and 13.0 MeV (figure 3) is relatively structureless, as compared
with the general behavior of the excitation curve at 0° obtained
by bavis and bin {Dd 72} betﬁeéﬁ 3.6 and 12.0 MeV. At the-iower
energies, the Davis curve is characterized by marked ‘Breit
Wigner type resonances which, as the deuteron energy increases,
develop into a broad fluétuation ‘pattern reminiscent of the
Ericgson fluctuatiens, In thé eneérgy interval considered in
the present work we séé very little structure since 'we are at
least partially averaging over any fluctuations {AE =100 keV,
T = 200 keV, D = 70 keV) ~and thus expect the statistical
treatment to be valid. As furthey insirancéd, we have adopted

the energy averaging technigues of Hodgson (Ho 67), (Ho' 7). -
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To obtain the energy averaged angular distribution
at 12.4.Hev, we included the data of Mutchler et al. (Mu 71) at
11.8 MeV. This distribution was normalized to our excitation
function at O1ab = 25°, From this borrowed data and our data
at 13.0 MeV we obtained the energy averaged differential cross
section referred to as the 12.4 MeV angular distribution. From
our 7.0 MeV and 9.1 MeV angular distributions we obtained the
energy averaged dlfferentlal ‘eross section referred to as the
8. 0 MeV angular dlstrlbutlon.

The dlrect reaction contrlbutlon was obtained
from the DWBA stripping analysis at these average energies 8.0
and 12 4 MeV using the computer code DWUCK4 (Ku 74). The

optlcal model potential for calculat;ng the distorted waves in

the entrance and exit channels had the form

_ x, "1 _ d *p,-1
Vi) = Vc(r) - V{l+e™} + 41WD ax (l+e‘ ) +
58Y2 V0 & %50 -1 .
[I?;E] . L.D’T ar {(1+e Yoo . B : : PR )]
_where x = (r-R°A1/3)/é ’ kD = (r-R A 173 )/a and.'
.. : 3 ‘. 1/3 ) B.. -
Fso T (F=R A )/a

The. Coulomb potential corresponds to the potential
of a uniformly. charged sphere of radius R ;.RocAlfs (Roc=;L3m.
The geqmetric:parametgrs,and strengths of the remaining potentials
are given in Table 2. The deuteron parameters were taken. from
the elastic scattering analysis of Fitz et al. (Fi 67) and the
neutron parameters a;efthpge ofﬁHodgson et al. (Hod 67). From
the local energy apgroximgtion,_finite range and non-locality

corrections were obtained. Non-locality factors of 0.34F for

L11.

the deuteron and 0.85 F for the proton and neutron were used.
The finite range correctiom was r = 0.65F. Partial waves up
to L =10 were considered in the calculations.

13

In the single particle model, the N ground

state is considered to be a lpl/2 proton bound to the 12C
core (BE = 1.956 MeV). By fixing this binding energy a potential
search executed by the program selected a real well depth of
44.4 Mev for the 12c core. In addition a real Thomas spin
orbit. term and the Coulomb potential were included.

Adjustments of the various optical parameters
for the distorted waves were tested for improvement of fit to
the experimental points and those reported in table 2 gave the
best results.

No lower cutoffs were used in the DWBA radial
integration and a maximum radius of 20F was maintained.
Integration steps of 0.1F were found to be adequate.

The contribution of the compound mcleus formation
was caleculated using the Hauser Feshbach computer code of D.
Wilmore (Wi 65). This calculates differential cross sections
for all the energetically open channels which contribute to the
formation and decay of the compoﬁnd nucleus.

For the incident energies used in this experiment,
the continuum in the compound nucleus 14N is not reached and
the number of pertinent channels is manageable. Four modes of
decay were included in the exit channel: deuteron, neutron,
proton and alpha emission. From the reaction thresholds for
these various channels, it was found that a total of 18 channels
contributed significantly to the compound nucleus decay at
Ea = 8,0 MevV and 44 channels at E, = 12.4 MeV,

d
The program requires as input the optical
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potentiale that describe the channels. These are listed in
table 3 for the proton and alpha channels. The deuteron and
neutron parameters are the samg as those used in the DWBA
analysis.

The dependence of the optical parameters on
deutercn energy and the width fluctuation correction were found
to have little effect on our caleculations and for this reason
they were not used,

The calculated DWBA (dashed curve) and Hauser
Feshbach (dash-point curve) differential cross sections at
Ed = 8.0 MeV and 12.4 MeV for the ng neutron group are shown
in figures 5 and 6. The deuteron and neutron optical potentials
which were used are those of table 2. Various potential sets

Wwere tried, but those of table 2 gave the best overall fits.

' The experimental values are represented by the points in the

figures. The sclid curve of figure 5 at E, = 8.0 MeV was

a
obtained with a direct interaction reduction factor of 0.55 and

a Hauser Feshbach factor of 0.40 . The sclid curve of figure 6

.at Ed = 12.5 MeV was obtained with a direct interaction

reduction factor of 0.41 and a Hauser Feshbach reduction factor

of 0.40.

b) The First Excited State (nl} Cross Sections

Angular distributions for the ny neutrons at

Ed = 7.0 , 9.1 and 13.0 MeV are shown in figure 4 and the

: . . N ]
aexcitation function at elab = 25

is shown in figure 3. TFor the n, cross sections only the

from Ed = 10.6 to 13.0 Mev

energy averaged angular distribution at 12.4 MeV was used.

) The Ry neutron group leaves the residual
13 '

nucleus N in a state which corresponds to the sharp proton

.0f the residual nucleus corresponds to the parent state in ~7C

213,

resenance at 2. 365 MeV exc1tatlon energy. This state is the
unbound mirror of the flrst exc1ted state of. 13 .. Application
of the DWBA analysis for deuteron etrlpplng to unbound analog
states has been 1nvest1gated by Pessoa and Plza (Pe 81} . They
conclude that the dominating term in the resonant form facter
is the parent state wevefueetiop..:Thus oer sttipping analysis
for the o, neutron group ceneiete& of the usﬁal.pWBA.epelysis
described earlier but for which the single pettieie deseriptieﬁ
. N o I o 13
which is a 231/2 neutron bound by 1. 85 MeV to the 12C core.
all the potentlal sets of opt1ca1 parameters used
for the ny analysis are the same as those descrlbed in the n,
case. Figure. 7 shows the DWEA (dash curve) and the Hauser_
Feschbach predlctlons (dash—p01nt curve} for thlS channel. .Tﬂe

solid curve was obtalned for a dlrect 1nteractlon reductlon

factor of (.28 and a Hauser Feshbach reductlon factor of 0. 65.

5. DISCUSSION

The magnitude of our no dlfferentlal cross

sections at Ed = 11.8 MeV and ecm = 27 8 is 5.2 mb/sr,

Mutchler et al. {Mu 71) reports the value 779 mb/sr for this
cross section and Davis and Din {Da 72) report a value close to
= 12.0 MeV and 6 = 280 ) Our results seen
d R = .} g
to agree Wlth those of Shlrato (Sh 81) who obta;ns the value_

20 mb/sr at E

8 mb/sr for the no dlfferentlal Cross sectlon at d = BJ.MeV
and 8 = 0°, Although we. could not reallably neasure the cross
section at 6 =00 because of the locatlon of the beam stop,

extrapolatlon of our angular dlstrlbutlon at 9 l Mev 1ndlcates
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a value.of the cross section at .OO close to 8 mb/sr. For the
ny differential cross section at E, = 11.8 MeV and Bc“l=28.2°
we report the value 3.0 hb/sr as compared to the value 4.8 mb/sr
reported by Mutchler et al. {Mu 71).7

It should be noted that for both the n, and

n cross sections our values are about 35% lower than those

1
obtained by Mutchler et al. Since theirs is the only other
tlme*of—fllght measurement, we later repeated these points and
confirmed our orlglnal measurements-

For the energy averaged n_ differential cross
sections at Ed = 8.0 Mev and Ed'= 12.5 MeV, the "best £its"™
to the experimental points were obtained for a Hauser Feshbach
reduction factor, HF=0.4. This is smaller than the value
H£‘=0.Sé extracted by Hodgson (Ho 67) from ng data at Ed,;
= 2.85 MeV. It is expected, hcwever} that the relative con-
tribution of the direct interaction process should be larger
as the deuteron energy increases from 2.85 to 12.4 MeV. This
would account for our observed decrease in the compound nucleus
factor. Davis and Din (Da 72) assumed the value HF=0.7 for
the Hauser Feshbach reduction factor. They arbltrarlly
malntalned thlS value throughout the;r analy31$ and searched
for the “best fit" by varying the optlcal potentials.

' From the "best fits" of figﬁres 5 and 6 we
obtained.for the direct interacticn reduction. factor the values
DI = 0. 55 at B

= 8.0 Mev and DI-—O 41 at Ed = 12.4 MeV. Since

a-
the idea of spectroscoplc factcr becomes somewhat obscure when
‘cempetihg reaction mechanisms are present, we choose to follow
the convention of Hodgson {Ho 67) which considers the direct
1nteraction,normalxzatlon factor as the equivalent of the

spectroscoplc factor. The lower value, S =0.41, which suited

.15.

the Ed = 12.4 MeV distribution, agrees well with the value.
S =0.38 reported by Azimov (Az 75) for his n, angular dis—
tribution at Ed = 15.25 MeV.

The average energy distribution at Ed==8.0 Mev
presents a rather broad forward peak which would never be fit
ptoperly by the predicted DWBA cross section for a transferred
proton with L=1. Davis and Din {(Da 72) propose that this
behavior suggests.that the Hauser Feshbach theory underestimates
the magnitude of the compound nuclear component in the reaction
mechanism, However, in contrast to their measurements, our
backangle behavior follows the predicted stripping pattern which
would be impaired if more compound nucleus formation contributed
to the reaction mechanism. 4

The shape of the Ed==12.4 MeV - distributien,
with its promipent structure in a region up to ecm=80o ' wﬁere
the cross section is still relatively high, provides more
restriction to the choice of spectroscopic factor and the
decision of "best fit". For this reason the value £=0.41 is
perhaps the more reliable. This spectroscopic factor differs
appreciably from Davis and Din (Da 72) and Mutchler et al.

{Mu 71) who reported $=0.73 and S5=0.74 respectively for
the ground state. This is an expected conseguance of the
difference in the magnitudes of the cross sections for cur
measurements and those reported by these authors., Our value is,
however, lower than the theoretical prediction 5=0.62 of
Cohen and Kurath (Co 67) for this state.

For the n, neutrons at Ed;:12.4 MeV. the "best
fit" was obtained for a Hauser Feshbach reduction factor, HF =
= 0.65. This implies that more compound nuclecs mechanism

ccntributes to the first excited state than to the ground state.



.16,

The spectroscopic factor 5=0.29 agrees well with the wvalue

$ =0.25 reported by Fortune et al. {(Fo 69) for the 12C(I,d113N
data, but is considerably lower than the value S=1.02 reported
by Mutchler et al. (Mu 71). For the rescnant state description,
both of these authors describe the continuum proton by a 251/2

13

bound-state wave function in N calculated for a binding

energy ef 0.01 MeV.

6. CONCLUSION

Conflicting reports of the n differential
cross sections for the 12C(d,n)l3N reaction in the region
Ed =7.0 to 13.0 MeV prompted us to investigate this region once
again. From the measurements, energy averaged differential
cross sections at Ed.=8'0 and 12.4 MeV were obtained for the
n, neutrons and at Ed,=12'4 MeV for the n, neutrons. Analyses
of the distributions using optical model, DWBA theory and Hauser
Feshbach theory were made. The optical potentials of Fitz et
al. {Fi 67) derived from the elastic scattering data was used
for the deuteron and of Hodgson (Ho 67} for the neutron.
Variations on .these potentials were tried in the analyses but
it was concluded £hat the original ones best described the peak
positions in the angular distributions. This is a crucial point
in extracting the spectroscopic and HF reduction factors
since the different sets of optical potentials affected the
magnitudes of the predicted distributions at the forward angles
by as much as 20%.

The amount of compound nucleus formation persisting

at Ed==12.4 MeV is unexpectedly large. This is particularly

.17.

true for the ny channel which presents a very smooth excitation
o

curve at Slab-=25 between Ed:=10.6 and 13 MeV.

The ground state specfroseopic factors are about
30% lower than the theoretical predictions {Co 67} for ‘this
state. Part of this is no doubt-associated with the liberties
in parametrization which the optical model‘ affords.

Although no theoretical estimates .of the spec-
troscopic factor for the' first excited state were available,
our values agree surprisingly well with the results from the

12C(r,d)l3-N data, even ‘though the: description of the resonant

state form factor is slightly different in the two cases.
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TABLE CAPTIONS

TABLE 1

TABLE 2

TABLE 3

TABLE 4

Charactersitics of the targets used in the present

work.

Deuteron and neutron optical model parameters used for
analysis of the energy averaged differential cross

sections at Ed.=8‘0 MeV and Ed.=12'4 MeV.

Optical model parameters for the 12C+p and the
12C+a channels used in the Hauser Feshbach calculation.
The parameters for the deuteron and neutron channels

are those presented in Table 2.

Direect interaction and Hauser Feshbach reduction
factors extracted from the analysis of the energy
averaged cross sections for the ground and first

excited state of 13N.

FIGURE CAPTIONS

FIGURE 1 - Typical neutron time-of-flight spectrum for the

12 13 . B a -
. CFd,ﬁ) N..reacFlop at elabf—?O: éné Ed-fg.l MeV.

FIGURE 2 - Block. diagram of the-electroniecs:for the neutron

time-of-flight Qetection. : Spectroscopy: amplifier,
AMP; Time pickcff control, TPC: -Constant fraction
dispriminator, CFD; Timing single channel analyser,
TSCA; .Délay éﬁpiifier}:bé;. ﬁéné%econduaeiay box}
DB} _Time.to.ﬁulse.heiéht convéftef,'TAC; Gate and
.delay géneféfér, G@}. Analog to.digifél converter,
ae. I . - e U

<

FIGURE 3 - Excitation function at elab =25 for the . n,rmy

and (n2+n3} neutron groups.

FIGURE 4 - Angular distributions at Ed=7.0, 9.1 and 13.0 MeV
for the Ly, Dy and (n2+n3) neutron groups from the
reaction 12C(d,n}13w. the excitation enerqgy quoted
for the unresolved (n2+n3) group is the average of
the individual excitation energies of the second and

third excited states in 13N.

FIGURE 5 - Composition of direct interaction and compound micleus

processes for the E_=8.0 MeV energy averaged angular

d
distribution of the ground state neutrons. The dashed
“curve is the DWBA prediction, the dash-point curve is
the Hauser Feshbach prediction and the solid curve is

the "best fit" to the experimental (solid) points.



FIGURE 6 -

Compgsition of direct interaction and compound nucleus
processes for the _ Ed =12,4 MeV energy averaged
éﬁgular distribﬁtioﬁ of the ground_stéte neutrons.
The dashed curve is.éhe DWBA ﬁrediction, the dash-
point curve.is the Hauser Feshbach: prediction and: the

solid curve: is the 'hest fit" to the experimental

. {s0lid} points.

.FIGURE-T -

Coﬁpoéition 6f di#écé intefactiénnénd ééﬁpﬁun& macleus
procésses for Ea==12;4 Mév..enefgy avefaged angular
distribution of the firsﬁ excitéd state neutrons.

The daéhed cﬁrve is the.DWBA preaiétion, the dash-
point curve is the Hauser Feshbach prediction and

the solid curve is_the "best: £it" to the experimental

(solid} points.

' TABLE
Ed thickness thickness N¢ of nuclei of
Mev (mg /om? ) (MeV) 120 0n®
7.0 187.67 13
2.02 % 6.5% 9.35 % 10
9.1 154.33
10.0 76.03
1r.0 70.52 19
1.08 £11.5% 5.00 x 10
r12.0 - 65,77
13.0 61.72
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