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ABSTRACT

Absolute differential c¢ross sections for the n,
and n, neutron groups for the reaction '°B(p,n) '®C and the
Np , N1 ,0N2 , 03 ,Dy+ns , ng and n, neutron groﬁps for the
reaction ''B{p,n) '!C have been measured at incident proton
energies of 14.0, 14.3 and 14.6 MeV 1in the angular interval
20" to 160° along with excitation curves at 6 ab = 30° from

1
Ep: 13.6 to 14.7 MeV.

NUCLEAR REACTIONS: *s!lp(p,n) '0rllc , E, = 14.0, 14.3 and
14.6 MeV measured G‘(Ed,e) and excitation functions at
'elab= 30" for E_=13.6 to 14.7 MeV. Seven neutron groups
observed for **B and two neutron groups for *’B using
time-of—flight techniques. ‘

*Centro Técnico Aeroespacial, IEAv/FEX, Caixa Postal 6044,
12200 -~ 5.J. Campos, SP, Brasil

**Departamentc de Fisica Aplicada, IFGW, Universidade Estadual
de Campinas, Sao Paulo, Brasil.

1. INTRODUCTION

Recent interest in proton induced reactions on
p-shell target nuclei has appeared in the literatureT). The
direct interaction mechanism contributing to these reactions
is considered to be a microscopic interaction, represented by

the Berschz}

_ g-matrix interaction, within the framework of a
Distorted Wave Born Approximation. Reductions in the g-matrix
interaction strengths are estimated by camparison of the calculated
cross sections with the experimental values.

In view of this revival of interest in p-shell
nuclei we have measured the differential cross sections for the

reactions  *?/*B(p,n)?%rllCc at incident proton energies in

the region Ep = 13.7-14.7 MeV.

2. EXPERIMENTAIL. PROCEDURE

The pulsed proton beam.of the Uhiversity of Sao Paulo
Pelletron Accelerator was used to study the reactions °B{p,n)llC
and !Blp,n)!!'C in the energy regicn E, = 13.7 to 14.7 MeV.
Neutron detection employed conventional time of flight techniques.
Detailed descriptions of the beam pulsing system, the experimental
arrangement and the electronics associated with the time of
flight system may be found in references 3 and 4.

In the present work, the average on target intensity
of the proton beam was about 90 nancamps. The time resolution
of the system, obtained from the FWHM of the target gamma ray
peak was 1.5- 2 nanoseconds. The ratio of beam current collected

ona @=5mm collimator located 7 cm upstream from the target.
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to the on-target beam current was of the order 1:200. A flight
path of 4.0 meters was used in: obtaining all of the spectra.
The neutrons were detected ima NE 213 liquid scintillator,
with dimensions @ = 12.7cm, &= 2;54cnh optically coupled to
a RTC 58 AVP photomultiplier. Pulse shape discrimination, used
to differentiate the gamma from the neutron events, allowed
about 90% of the gamma events to be eliminated from the spectra
witﬁout'incurring'any neutron leoss.’

. The neutron detection efficiency of the NE 213
scintillator was calculated using a Monte Carlo computer codes).
The detection threshold was selected for 2.2 MeV neutron energy.
In eguivalent electron energy, this corresponds to the compton
edge of the 661 keV gamma from **7Cs.

The targets were mounted in a low mass scattering
chamber which minimized neutron absorption and scattering. The
‘beam stop consisted of a Faraday cup situated 1.5 meters down-
stream from the target and shielded by a hollow lead box which
contained water. Target monitoring was performed by counting
neutron events, within a predetermined energy window, which
occurred in a small NE 111 plastic scintillator placed close
to the target at 90" to the beam direction.

The Boron targets were made by centrifuging a )
colloidal suspension of the enriched isotope onto a mylar fimﬁ’7’8).
In this process a small amount of the colloid is deposited
along with the isotope. In order to determine.the nature of the
neutron spectra associated with the colloid and mylar, a set of
"background targets" were prepared in a similar marner, the sole
difference being the omission of the Boron in the suspension.

The thicknesses and uniformities of the targets were determined

by measuring the energy loss incurred during the passage through
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the target of a 5.0 MeV alpha particle from 2%1am . The

uncertainties in target thickness due to non uniformities are

of the order of 10%. Table I gives a résume of the characteristics

of the targets used in the present work. '
The neutron spectra were stored in a Honeywell

DDP-516 "on-line" computer and subseguently recorded on magnetiﬁ

tape via an IBM 360/44.

3. ANALYSIS OF THE SPECTRA

Neutron spectra were measured for the reactions
1% (p,n}t%c and ''B(p,n)'!'C in order to obtain angular
distributions at Ep = 14.0, 14.3 and 14.6 MeV and excitation
functions in the energy interwval Ep = 13.7 to 14.7 MevV at

_ ]

elab = 307 .

Pigure 1 shows spectra, typical for the reaction
1lp{p,n)*'C, measured at Ej = 14.7 MeV, B, = 30% and at
E_ = 14.6 MeV, @ = 100% . ©Peak identifications made. on the

P lab
basis of kinematic calculation and associated flight times show
the presence of neutrons groups which leave the residual nucleus
1i¢c  in the ground state (ha) and the first eleven excited
states nl} n, , Nz, ny +ns {unresolved), ng ,ny, ng , ng , and
nip + ni: (unresolwved).

Figure 2 shows spectra, typical for the reaction
YB({p,n)°C, measured at Ep = 14.7 Mev, 0, = 30" and
Ep = 14.6 MeV, 8 . = 100°. For this case, neutron groups..
are identified which leave the residual nucleus !°C in the

ground state (n,) and the first excited state (n). Figure 3

is a diagram of the energy levels in ' '°¢!IC which are associated
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with the observed neutron groups.

The enriched isctope of !°B contains.about 10% of
B "contamination". Since the cross sectiens for the B {p,n}lic
reactions are considerably larger than the !®B{p,n)’C ones,
neutron peaks arising from the 'B reactions appear with
appreciable intensity in the '°B spectra. In addition, the
kinematics of fhe two reactions are such that, although the n,
neutron group of the ''B reaction is an isolated peak, ‘the
n: and ns; groups from !'!B overlap respectively the ny; and
n, groups from !"B, especially at the forward angles. &
proper analysis of the *"B(p,b}'°C spectra requires a
subtraction of the .llB neutrons.

This was accomplished by measuring the *®B{p,n)lc
enriched isotope spectra at the same incident proton energies
.and laboratory angles as the ''B(p,n)}!°C d&ata, thus obtaining
pairs of neutron spectra for the two isotopes. For each pair a
ratic of the peak area of the !B n,-group was obtained to
provide a normalization factor for the total *B(p,n)'lc
spectrum whick, after such normalization, was superimposed on
the ''B(p,n)!°C spectrum for correction.

Figures 1 and 2 alsc reveal a continuous neutron
background which was subtracted during the analysis of the
neutron peaks. In order to investigate the source of this back-~
'éround, spectra were measured for a target consisting of the
collodian + mylar backing. Sugh "background" spectra arel
illustrated in figure 4 for two laboratory angles, elab = 30°
and 90°%, at Ep = 14.0 MeV. These give full account of the
continuun observed in the Boron spectra. In addition, targetless
spectra were measured which showed a negligible neutron intensity.

A small portion of gamma rays are alsc present in
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the spectfa in the form of two distinct peaks, which correspond
to target gammas and beam stop gammas. These were purposely
admitted by the n/y differentiation system since the target
gamma peak position wag needeé for the kinematic identification
of the neutron groups and the energy transform of the time-of-
flight spectra.

Figure 5 show transforms of the time-of-flight
spectra, shownh in figures 1a and 2a to energy spectra i.e.
N(E) dE versus channel. These transforms were calculated for
a constant energy bin of AE=60 keV, a value which approximates
the target thicknesses used in the experiment.

The areas of the neutron peaks in the Boron spectra

were determined with a peak-fit computer codeg) which adjusted

.the shapes of the peaks by a function composed of a mixture of

Gaugsian and Lorentzian distributions. Asymmetries in the
shapes were taken into account by including in the function the
derivative of a gaussian curve. The program also adjusted the
background under the peaks to a parabolic function which was
subsequently subtracted. The areas were calculated by the

standard procedure of minimizing x2.

4. THE DIFFERENTIAL CROSS SECTIONS

Laboratory differential cross sections were calculated

using the formula

B - ey
dR)1ap = nN ¢(E ) an

where Y is the neutron yield or spectral peak area per beam
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charge integration, n is the number of incident particles per
charge integration, N is the number of target nuclei/unit area,
e(En) _is.the peuﬁron detection efficiency at neutron energy
En’ and dft is the seclid angle subtended by the neutron detector.

. The laboratory differential cross sections were
transférmed to center of mass differential cross sections by
standard computer codes.

Figure 6 is a set of excitation curves for the n, .,
n; ,nz,n3,n4+0ns ,ns and ny neutron groups from the reaction
*1p{p,n) 1C obtained at 81.p = 36° in the incident energy
interval between Ep = 13.7 to 14.7 MeV +taken in 100 keV
increments. Figure 7 shows the excitation curves for the n,
and n; groups from the reaction *°B(p,n)!?C in the same
incident energy interval and laboratory angle as described for
figuré 6. Figure 8 shows center of mass angular distributions
obtained in the angular interval @,, = 20° to 1600 at E, = 14.0,
14.3 and 14.6 MeV for each of the neutron groups ng, ny, s s
ns, {nx+ns) ,ng and n; from the reaction I1E(p,n)lic.
Figure 9 shows angular distributions at the same_incident
energies and angular interval for the n,; and n; neutron
groups from the reaction °B(p,n)?°C.

We mention that although the ns, ng and (ni; +ni11)
neutron groups appear in the spectrum of fig. 1, an analysis of
these groups to cbtain their angular distributions was not
possible. This is because the neutron detection threshoid |
(2.2 MeV) was too high in these measurements to ocbtain reliable

yields for these neutron groups at the other laboratory angles.

5. UNCERTAINTIES

The uncertainties associated with the differential

cross section arise from the following sources.

a) The determination of the neutron peak areas tyields)
contribute 1-10%.

b) The estimation of the target thickness and uniformities
intreduced about 10%.

¢} The precision of the charge integration circuit which
determined the number of incident particles may be
considered < 5%.

d} The uncertainties associated with the determination of
the detector solid angle are less than 1%.

e) The calculated neutron detection efficiencies contribhute

55— 8%,

The totality of the uncertainties from the various
sources result in an overall uncertainty of 12 - 17% for the

differential cross sections.

6. DISCUSSION

A résume of differential cross section_measurementé
reported in the literature for the °r'*B{p,n)?%:*lC reactions
is given in table 2. The references have been organized according
to the incident proton energy, tﬁe neutron detection technigues
empioyed, the type of data (angular distribution or excitatiocon
curve) presented for a given neutron group and perfinent details .
concerning the cross section values. .

The principal works existing. for the !'B(p,n)*°’C
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reaction are those of references 10, 11 and 12 of table 2.

0}

Ajzenberg and Franzén1 used proten recoil techniques to measure
angular distributions for the n, and n; neutron groups at
EP = 17.2 MeV for five angles between ch = 30°% and 150°.
Their cross section values, however, were reported in relative
units which preveﬁts compariscn with our magnitudes although
good agreement in shape exists between their angular distributions

and ours. Goodman et al.Ti)

used time-of-flight technigues to
measure two angular distributions for the ny 'group at

B, = 16 and 23 MeV, between €, = 10" and 150° . Due to their
presentation of cross sections in relative units, once again,
ne comparison of magnitudes could be made although good agreement

in shape was cobtained. Clough et al.Tz)

using time-of-flight
techniques reported angular distributions in units of mb/sr

at Ep = 30 and 50 MeV for the np,,n; and n, neutron
groups. Although their incident proton energies are a good
deal higher than those of the present work, their cross sections
are clese in magnitude. For example at 81 ap = 30" , their

E = 30 MeV cross section is the same as our E = 14.6 MeV

P .
value (0.2 mb/sr) for the n, group and about 50% higher than
our value (0.5 mb/sr) for the n: group.

. In all three works cited above, no mention is made
of possible contamination of the !"B(p,n)!°C spectra by the
presence of !'B in the target. In the present work we found
that correction for such contamination was extremely important
and for this reason for each °Bip,n)!°C spectra obtained, a
comparison spectrum at the same incident proton energy and
detector angle was measured for the *B{p,n)}'' reaction. This
procedure was necessary even when the !'B targets were of the

enriched isotope.
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The principal works existing for the !B{p,n)'*c
reaction are those of references 11- 17 in table 2. We shall
limit our discussion to a comparison with those measurements
which also employed time of flight techniques and for which the
incident proton energies are closest to our region of about
14.3 MeV. Overley and BorchersTSj present a very extensive
work in which they report differential cross sections in mb/sr
for twenty five angular distributions plus excitation curves at
B = 0 and 90° for the mny, nr,n: and n; neutron groups.
For the n,; neutron group the excitation curves measured in the
incidenp energy interwval . Ep = 4.0 to 11.5 MaV show many broad
fluctuations indicating the presence of compound nucleus

lab
cross section value of about 6 mb/sr as compared to our value

formation. At @ = 90" and EP = 11.5 MeV they report a

at 8., = 90% and EP = 14.0 MeV of 1.1 mb/sr. Thus at an
energy about 2.5 MeV beyond their last measured point the cross
section has dropped by a factor of six. This seemed a rather
abrupt change. However, the works of J.D. Anéerson et a116'17}
report angular distributions in mb/sr at EP = 17 and 18 Mev
for the n, and n; groups and a second set of angular
distributions at EP = 18 MeV for the ny,nz, na and nj
neutron groups. Comparison of their cross sections for all
these four neutron groups agrees extremely well both in shape
and magnitude with those of the present work at Ep = 14.6 MeV,
showing that there is indeed a sharp dropping off of the
Overley and Borchers measurements at higher incident energies.
Reports of differential cross sections for the
neutron groups n, through n, , leading to higher excited
states in '’C were not found in the literature. Thus no basis

for camparison of our values for these neutron groups is available at present.
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TABLE CAPTIONS

Table I - Characteristics of the targets used in the present

work.

Table II ~ Previous measurements of the *%rp{p,n)l°rlic

reactions.




FIGURES CAPTIONS

Fig: 1 - Typical spectra for the **B(p,n)?’C reaction.

. o
la) 8, = 30" and E, = 14.7 MeV. b} 8, , = 100 TABLE I
and E_ = t4.6 MeV. )
P
Fig. 2 - Pypical spectra for the %B{p,n)'%C reaction.
] - : _ [} E Thickness Thickness Ne of nuclei of
2a) 6, ., = 30° and EP = 14.7 MeV. 2b) 8, , = 100 P Target .
and E_ = 14.6 MeV (Mev) (mg/cm?) tkev) B/cm
o = . .
Fig. 3 ~ Energy diagrams for the levels observed in !%r!ic . 10g 1.84 * 10% 71.8 111 x 101°
’ 14.0%
Fig. 4 - Typical spectra for the cellodion plus mylar target. 11
B 2.40 = 10% 93.6 131 = 10t
= o — o ] . .
4a) elab = 30" and Ep = 14.0 MeV. 4b) elab = 90
and E_ = 14.0 MeV. . 1o
P 13.6%* B 1.24 £ 10% 48.4 74.6 x 10%¢
Fig, 5 - Energy transform of the time-of-flight spectra. a
14.6 11 ; 18
5a) ''B(p,n}?’C reaction at ®1ab = 30° and Ep=14.7REm B 2.89 x10% 2.7 158 x 10
1o 0 : = @ =
5b} B(p,n}*"C reaction at slab_30 and EP- 14.7 MeV.

Fig. 6 - Excitation curves for neutron groups from the reaction

*Targets used in the angular distributions at Ep = 14.0 MeV.
B(p,n)2iCc at 81ap = 300,
**rargets used in the angular distributions at E_ = 14.3 and
Fig. 7 - Excitations curves for neutron groups from the reaction 14.6 MeV and in the excitation curves from Ep = 13.6 to
10 16 _ [} : ' 14,7 Mev.
B(p,n)*°C at &, = 30°.

Fig. 8 - Angular distributions at EP = 14,0, 14.3 and 14.6 MeV

for neutron groups from the reaction I'B{p,n)1lcC.

Fig. 9 - Angular distributions at Ep = 14.0, 14.3 and 14.6 MeV.

for neutron groups from the reaction °B(p,n)*’c.
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