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ABSTRACT

The reaction 1!B(3He,n)!3N, !2C(3He,n)!*0 and
13¢c(3He,n) 150 have been investigated by the neutron time-of-
flight method. Precise reaction Q values and the correspond-
ing excitation energies for !3N (up to 12.937 MeV level) énd
150 (up to 9.665 MeV level) have been measured.

For the !1B(3He,n)!3N, neutron yield leading tec 0.0
state, 2.358, 7.145, and 7.363 MeV were measured at 90° lab.
ahgle, at 3He bombarding energies between 5.4 to 6.45 MeV.
Angular distributions of the neutrons leading to the 0.0,
2.358; 3.502, 6.353, 6.875, 7.145, 7.363, 9.476, 10.381 and
11.878 MeV levels were studied at E3He==6.49, 6.1, and 4.7 Mev.

For the 13c(3He,n)'%0, neutron vields leading to 9.8
6.183, 7.286, 7.570, 8.750, 9.498, 92.612 and 9.665 MeV states
were measured at 0° at bombarding energies hetween 5.5 and
6.5 MeV. Neutron angular distributions for the ground state
6.183, 6.790, 6.869, 7.286, 7.570, 8.750, 8.926, 8.974,
9.498, and 9.611 MeV levels were studied at E3He = 5,0 and
6.2 MeV. Also, a relative angular distribution for
12C(3He,no)1“0 was obtained at Ejy = 6.1 MeV.

The simplified plane wave double stripping theory of
Newns (NE 60) the diffraction model of Dar (DA 64), and the
DWBA theory of Rook and Mitra (RO 64) were emploved for expla-
nation of anqular distributions. To see how important is the
contribution from the compound nucleus .formation, thé Hauser
and Feshbach calculations were also performed for individual
distributions. Reasonable agreement between direct reaction

theories and experimental results suggests that for most of



the transitions studied, the direct interaction is predominant.

Based on a direct interaction model for the transition

to the 8.926 MeV level of 130, the spin and parity can be re-

assigned as %7 instead of %ﬁ (AT 62). Also, both the 9.498
= 3- 3=

and 9.612 MeV levels of 150 were assigned as j™ = > 0 7 .
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INTRODUCTTION : i

Two-nucleon-transfer reactions have been extensively
investigated both experimentally and theoretically in recent
years. Due to the complexity of the reaction mechanism amw
quantitative theoretical understanding is not as reliable as
for the case of the single-nucleon-transfer reactions. Des-
pite this, much valuable spectroscopic information has been
extracted from the experimental results.

The usefulness of the two-nucleon-transfer reactions
are that nuclei and levels not easily studied by other means
can be studied, that is the levels having two nucleons or two
‘holes excited can be easily formed by two-nucleon-transfer
reactions. Also, as in the case of singie—nucleon-transfer
reactions, the reaction is highly selective, in favor of
channels which produce states having a parentage based on
the target in its ground state.

Reactions of the types (t,p), (t,n), (3He,p) and
(3He,n) and their inverses are usually considered to be most
suitable for the two-nucleon-transfer reaction studies.

There are also indications that in more complex reactions
such as (o,d) reactions (ME 60) and (®Li,a) reactions (LE 61)
are interesting.

Among these reactions only (t,p) and (3He,n) reactions
transfer a pair of identical particles leading to neutron
rich or proton rich final nuclei respectively. Both reactions

have the simplifying features:that the internal spin of the



ii
transferred pair is zero. Also, one generally gets higher
reaction Q values by these two reactions than by other reac-
tions, thus high excited states of the final nuclei can be
studied. However, the health hazards associated with tritium
beams have limited the studies of the tritium induced reac-
tions. On the other hand the difficulties of fast neutron
detection have delayed the (3He,n) studies.

For the (3He,n) reactions, not only most of the sd shell
and heavier nuclei remain unstudied, but also many of the lp
shell nuclei are still not fully investigated to date. It is
the purpose of this work to initiate a systematic study of
(3He,n) reactions in order to obtain a better understanding
of two-nucleon-transfer reaction mechanism and to deduce
spectroscopic information for the nuclei !50, 1%0, and !3N,

which lie near the closed 1lp shell.



CHAPTER ONE

THE REACTION MECHANISM

l. Direct Interaction (DI) and Compound Nucleus (CN) Formation

Thomas (TH 55) has writtep the differential cross

section for a reaction as

F @ e &
where D, C, I indicate the contributions from the direct, the
compound nucleus formation, and the interference between
direct and compound formation respectively.

For theBHe induced reactions, at ‘e energies of
less than approximately 5 MeV the existing experimental data
suggest that except for sqme particular cases, the reaction
proceeds in a relatively complex fashion, and therefore the
interpretation of the reaction is complex. However, as the
3He energy is increased, due to the competition between the
larger number of open channels the compound systeﬁ amplitude
for a given reaction channel becomes less important.

Since most of the (3He,n) reactions on light nuclei
(some of them can be seen in later chapters), show a prominent
direct interaction pattern, and in these cases one may assume

that (%%)C and (%%)I play much less important roles than

do
(Hﬁ)n'

mation will be dealt with in present work. A resume of various

Only the reaction mechanism based on DI and CN for-

models which could be applied to the results of the present

work will be given in this chapter.



Tobocmaﬁ (TO 56) and Butler (BU 57) treated thé
plane wave approximation on two particle stripping re-
actions, by simply considering the stripped particles as a
two "lumps" of nuclear matter. The angular distributionsfbf

the double stripping were predicted to have the form

2
g(e) [3p (kry)]

where L is the orbital angular momentum transferred by the
captured nucleon, k is the linear momentum transfer at the
scattering angle 6, and r, is a parameter related to the
nﬁclear radius. g(8) is a function related to the internal
wave function of the projectile.

In order to interpret the complex experimental
results, it is obvious that the structure of the nuclei invol-
ved should also be taken into consideration. The first
attempt to do this was made by El Nadi (EL 57), and was fol-
lowed by Newns (NE 60) & Glendenning (GL 62, GL 63, Gi 65).

' Later theoretical approaches also included the more complex
distorted wave Born approximation (HE 647, RO 64A, LI 64,

GL 67, FL 68).

2. The Plane Wave Born Approximation (Newns' approach)

There are two approaches to stripping theory in
Born's approximation. The Butler approach takes the pertur-
bation in the initial channel while the Bhatia and Huang
approach takes the perturbation in the final channel. The
distorted wave formalism of Rook and Mitra takes the former

approach while Newns' formalism takes the latter approach.



3

In analogy to the single nucleon transfer reaction
3
one may write the transition matrix for reaction A( He,n)B as
T = <£|V]|i>

~

wheré vV = VlA(rI,E) + VZA(rzrg) ’

|i>= IJA, MA' 3>
<f| = <Jg, Mz, nj

1 and 2 are nucleons stripped from the projectile and cap-

tured in the nucleus.
n : the outgoing neutron
3 : the incident 3He
£ : the coordinate of the initial nucleus.
r;, r, : the coordinates of the captured nucleons in the

centre of mass system.

-

cS)Captured proton pair

in an S state

H— 2.
3

He

A, B

fig. 1l-a

From purely shell model point of view V is a function of r;

and r, only, thus
VlA‘fl’g) = V1A(ri)
VZA(EZIE) = Vy, (r3)
where r) = |r;|, and r; = ‘52 .

After Huby (HU 53), the differential cross section was written

by Newns as



*mg*  k

do(e) _ ™n M3 n 1 2 -
c - — K T, D 7] (1-1)

with T =<Jg,My,n|V ,(r)) + Vy, (2,) |J5/My,3> (1-2)

mn*,un, and m3*, uj3 being the reduced masses and the spin com-
ponents of the emerging neutron and 3He projectile respective-

ly. If the following assumptions are made

i) that the main contribution to the matrix element comes

from r, = r, = Lor where r, is the length of order of

1
magnitude of the nuclear radius
ii) a Gaussian wave function such as
X3 = (zli)3exp{- y2(jr - r |2+|r_-r_|2+|r_-r |2)} (1-3)
s ~1 ~2 ~2 -1 ~n .

can be used to describe the 3He nucleus,

then (1-1) leads to

do (8) K2 L »

TR exp{- I??} i 3T3T |B(21,%2,L; kro)l (1-4)
where L is the anqular momentum transferred by the stripped
‘diproton', B contains all the angle-dependence and is

weighted by Cre C is the jj to LS coupling t ranstomation co-
€ icient. If = Ifn - %‘-153 is the momentum transferred to the
outgoing nex tron and lf = l~<3 - % ]fn is the momentum transferred
by the 'diproton'. The diff erential cross section (1-4) can

be simplif ied by assuming, £ irstly the projectile is a com-
paratively small particle, but still retains its structure,

and secondly that the nucleons move as a 'lump' in the final



nucleus. The angular dependence can then be written as

2 2
: 2
WG~ expl- By plawns) 3y kx| (1-5)

where A is the weighting factor to the possible L transferred

(which contains possible nuclear structure information), and

Finally if the structure of the projectile is completely
neglected (1-5) yields the results of Tobocman and Butler
(TO 56, BU 57).

The selection rules: The total orbital angular

momentum transferred by the two protons is

L=2g, +2,: (1-6)

~

The angular momentum L can be broken into two parts ), the
angular momentum of the stripped pair in their own centre of
mass system and A, the anguiar momentum of their centre of
mass in the nuclear system.
L=)+A4=2 +¢
3
In the He system there is a high probability that the two
nucleons are in an S state, thus A = 0 and A = L. The parity
rule gives
n, mp = () TR2 o ot 2 (ol (1-7)
i°f
The transferred total spin is
S = s + s,.
. S| ~2
Conservation of angular momentum yields

Jg = Jdp + L + 8. (1-8)

3
For ( He,n) reactions, the Pauli principle allows § = 0
only. Thus one has the selection rule

- -t
qB - gA + %‘ (1-8")



Equation (1-8') implies that if the target nucleus has zero
spin, the orbital anqular momentum transfer determines
uniquely the spin and parity of the finalistate. However, in
reaction mechanisms other than double stripping such as a two
stage process (SH 65, BA 67) or a knock-out process (RO 643),
the Pauli principle no longer rules out the possibility of

s =1.

3. The Distorted Wave Born Approximation.

The use of the more realistic distorted wave theory
has considerably improved the explanation of the experimental
results. The PWBA as applied to single nuclear stripping is
a simple but very crude theory for low energies, the 'good
£it' is usually a fortuitous cancellation of the Coulomb and
nuclear distortions (HO 63). Obviously a theory which wi;;
describe more than the PWBA is also needed for double stripping
reactions.

In the DWBA the matrix element of (1-2) is written as

T = <y (z )l(ry, r2,8) |V] w3 (rs) osvg (€)> (1-9)

¢3,wn(rn) and y3(r3) denote the 3He wave function, the distor-
ted waves describing the motion of the neutron and the 3He res-
pectively. These distorted waves are usually generated by those
optical model potentials that can satisfactorily explain the
appropriate elastic scattering data. w:(z) and wg(rl,rz,g)
represent the initial and final nuclear states of spins a and

c and their projections a and v respectively.



.In order to perform the integration of (1-9) in a
reasonable time there are two schools of approximation.
They are:

a) Zero-range~interaction approximation by Glendenning
(GL 65, GL 67), Lin and Yoshida (LI 64, LI 66) , Henley and Yu
(HE 64A), and by Abul;Magd and E1 Nadi (2B 66). This approxi-
mation physically means that the neutron is emitted from the
point at which the 3He”was absorbed.

The finite range effects in double stripping
reactions were treated by means of the 'lodal energy approxi-
mations' by Bencze and Zimanyi (BE 66). They found that the
inclusion of finite range forces reduces the contribution of
the nuclear interior and changes the shape of the reaction
form factor. This implies that it is desirable to include the
finite range effects in double stripping reactions.

b) Point-’He appro%imation of Rock and Mitra (RO 643),
who in addition to zero range wrote r = r =1I,6 = I.

The practical calculation of DWBA usually involves very
complicated computer codes. Unfoftunately the Glendenning
code, TSally or Julie code of Oak-Ridge, Yoshida code and
Henley code were not available and only Yates code, which was
written after the Rook and Mitra formuation, was available for
the present analysis.

By neglecting the spin orbit coupling in the distort-

ing potentials Rook and Mitra have written

-

k 9 2
?-gi-"l- « 2o TV BM (1)vM (e0y | (1-10)
a” Lm



In order to perform the integration of (1-9) in a
reasonable time there are two schools of approximation.
They are:

a) Zero-range-interaction approximation by Glendenning
(6L 65, GL 67), Lin and Yoshida (LI 64, LI 66), Henley and Yu
(HE 643), and by Abul;Magd and E1 Nadi (AB 66). This approxi-
mation physically means that the neutron is emitted from the
point at which the 3He was absorbed.

The finite range effects in double stripping
reactions were tréated by means of the 'local energy approxi-
mations' by Bencze and Zimanyi (BE 66}. They found that the
inclusion of finite range forces reduces the contribution of
the nuclear interior and changes the shape of the reaction
form factor. ‘This implies that it is desirable to include the
finite range effects in double stripping reactions.

b) Point- "He approximation of Rock and Mitra (RO 643),
who in addition to zero range wrote r = t, = r, = L.

The practical calculation of DWBA usually involves very
complicated computer codes. Unfoftunately the Glendenning
code, TSally or Julie code of Oak-Ridge, Yoshida code and
Hénley code were not available and only Yates code, which was
written after the Rook and Mitra formuation, was available for
the present analysis.

By neglecting the spin orbit coupling in the distort-
ing potentials REBk and Mitra have written

k " 2
do(8) . _n c? M M . -
= & Y13 Bzi(L)YQi(GOH (1-10)

3 a? LMQ'i




where é = vy (2¢c+l), ; = V/(2a+l)

and B? (L) is given by

i
M 2 .21—2}f-22 218224
B, .(L) = ‘ i ———— (2,0 2,0|L0O)
i 21028 T 2.
1
X (L02f0|2i0)(LM2f0|2iM) I(zizlezz)eL(zlzz) (1-11)

I(ziifzilz)being”the space integral, and eL(zlzz) represents
the contribution of the individual states of the transferred

nucleons and thus contains the nuclear structure information.

4., The Diffraction Model

The DWBA analysis certainly yields the most infor-
mation about the nuclear structure, angular momentum effects
and even the type of reaction involved. However, the complex-
ity and ambiguity of the optical model parameters,veSPecially
for the SHe(for example see reference BR 68) , make the DWBA
theory very difficult to apply. What parameters must be
free in the search? What form must be given to the absorp-
tive part of the potential (surface, volume, a mixture of
both) etc.? These are the common guestions which have arisen
in the use of the DWBA code (DE 64A). In view of these dif-
ficulties a more simple model, the diffraction model for
direct nuclear reactions, has been presented by Dar (DA 64)
and separately by Henley and Yu (HE 64B). In Dar's model
only one parameter is needed for the calculations.

The generalization of the diffraction model can be

found in reference BL 57. The model is based on the asump-



where ; = V(2c+1), ; = v (2a+l)

and B? (L) is given by

i
L1-%.~Lp L1Lz%
M Y 1Tk emho 1%2%¢
B .(L) = i —— (2,0 220|L0)
21 21222f L g.
1
X (L02f0|2i0)(LM2f0|2iM) I(2,0£2122) 07 (2122) (1-11)

I(iizlezz)being-the space integral, and eL(zlzz) represents
the contribution of the individual states of the transferred

nucleons and thus contains the nuclear structure information.

4, The Diffraction Model

The DWBA analysis certainly yields the most infor-
mation about the nuclear structure, angular momentum effects
and even the type of reaction involved. However, the complex-
ity and ambiguity of the optical model parameters, especially
for the 3He(for example see reference BR.68), make. the DWBA
theory very difficult to apply. What parameters must be
free in the search? What form must be given to the absorp-
tive part of the potential (surface, volume, a mixture of
both) etc.? These are the common questions which have arisen
in the use of the DWBA code (DE 64A). In view of these dif-
ficulties a more simple model, the diffraction model for
direct nuclear reactions, has been presented by Dar (DA 64)
and separately by Henley and Yu (HE 64B). In Dar's model
only one parameter is needed for the calculations.

The generalization of the diffraction model can be

found in reference BL 57. The model is based on the asump-



tion that for nuclear projectiles with 'medium' incident
energies the mean free path within nuclear matter is small
compared with the nuclear radius. Since the direct nuclear
reactions at 'medium' energy involve incoming and outgoing
particles which are. localized at the nuclear surface and
because of the strong absorption within nuclear matter, a
particle has to originate from the vicinity of the 'shadow
line' of the target in order to be emitted in a forward
direction.

By assuming that all the particles emitted from
the reaction are produced in an annular region, which is
located in the periphery of the strong absorption plane,

Dar wrote the differential cross section for the reaction as

L
do () | 2L+1; (L-m) ! (L+m) !
4 F(8) (2nRAR) §1=—L,—m(,, 5 ) e 1 (T TIT2
X J|m|(|]f|R)2 (1-12)

where R is a length of the order of magnitude of the miclear radius .
L is the angular momentum being transferred and F(6) is given
by
F(o) = (1 + cose)2

k, K being defined in Section 2.

The main deviation of equation (1-12) from the
Newns' theory occurs for L > 1, where the Newns' theory
predicts a sum of two spherical Bessel function terms with
a known coefficient A(J,L,S), the diffraction model predicts

a linear combination of the cylindrical Bessel functions.
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Surprisingly, in view of its simplicity, the predictions of
the latter model fit most of the experimental data rather

well.

5. Other Considerations on the DI Mechanism

It was pointed out by Bang et al. (BA 67) that in
general the reactdion has to be treated as a four-point
Feynman graph as shown in fig. 1-b. Only if the energies Ej
and E, of the first and second captured nucleons are nearly
equal can the capture of a two-nucleon association occur and

fig. l-b may then be replaced by a pole diagram. Here E; is

A+2 n

fig. 1-b
the energy for the dissociation of the nucleus A+l in state
C into the nucleus A in the ground state and a proton; E; is
the energy for dissociation of the nucleus A+2 in the fixed
final state into the nucleus A+l in the state C and a proton.
A table containing AE = E; - E; for some 1p shell nuclei was
given by Bang et al. The table indicates clearly that AE is
greatest for the nuclei in the middle of the shell. This
concept has only been applied using plane wave formulism.
Some success was obtained in explaining the forward peaked
12

10
distributions for higher L value transfer in the B(t,p) B

reaction.
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Even in the crude plane wave approach the cal-
culations are very lengthy. Unless the theory can be simpli-
fied, it will be difficult to apply in a practical case and
‘probably very difficult to use in conjunction with the dis-
torted wave theorf.

An approach applying the general methods of the
theory of strong interactions was attémpted by Shapiro and
Timashev (SH 65). In their calculatons four-ray vertices
were considered for both double stripping and knockout pro-
cesses. Many excellent fits to experimental data have been
obtained and it is possible that this theory may yield more
insight into the reaction mechanism of double stripping reac-

tions.

6. Compound Nucleus Formation

Because of their high Q values (3He,n) reactions
usually result in high excitation energies in the compound
nucleus, typically 20 n 30 MeV where many overlapping states
occur. To estimate how much contribution is from compound
nucleus (CN) formation the statistical CN process was con-
sidered.

A general theory of the CN process is available (BL 52).
Developments of the theory along statistical lines are due to
Wolfenstein (WO 51), and Hauser and Feshbach (HA 52). In the
present work a code written by Smith (SM 65) and modified by
Davison (DA 68) was used for all Hauser-Feshbach (ﬂF) calcu-
lations. The detailed discussion of the theory and codes can
be found in references SM 65, DA 68, FR 68.

Consider for a CN formation reaction A(a,b)B, J,T
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be the spin and parity of the compound nucleus. One may
write the statistical CN differential cross section as
follows:

Do (8) |
an

} A P (cos ) (1-13)
4k2 5 VY

where Pv are Legendre polynomials and

- 2J+1
J,m

where DA,D are factors depend on incoming and outgoing charns
nels transmission coefficients and the statistical properties
of level densities. D is the corresponding similar faotor
for all open outgoing channels. The transmission coeffi-
cients are usuvally calculated from the optical.model poten-
tials by matching the wave functions at the nuclear boundary.
In zasc the level densities are not known, especially at

higher excitation energies, say above Ebeg' Newton's formula

(NE 56) can be used for estimation.
log N(E ) = a + b /EX

where N(Ex) is the number of levels below EX. Therefogye in
the present HF calculations beside the nnrmal kinematical

and spin and parity parameters, one needs fcr each open
channel a set of optical model parameters, and for each resi-

dual nucleus a set of level density constants, a, b, and

-

=

E Also a parameter k~ is needed to determine the spin

beg’

cut-off parameter when level densities are used.
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CHAPTER TWO

THE EXPERIMENTAL METHODS

1. The Neutron Time-of-Flight System

The neutron time-of-flight system employed in the
present experiments was similar to that which has been des-
cribed previously by many other authors (FI 67, GR 67, MC 673).
Only particulars will be described here.

Throughout the lengthy measurement periods, many
changes were made to the entire system. The major changes
can be classified into two categories.

In system I a small ion source extraction channel
was used. A wider channel was used in system II. It is
believed that the ion source channel sizes are vital in the
time spread of the final bunched beam pulses. The narrower
channel (.076" orifice) gives much more well-defined beam
pulses before bunching in the Mobley magnet, while the
wider channel (.083 orifice) seems to give pulses with
longer wings. The shapes of the pre-bunched pulses were
found to have considerable effect on the final time resolu-
tions as can be seen in fig. 3 and fig. 30. The data of
fig. 3 was obtained using the narrow channel system and
illustrates a time resolution “less than 0.9 nsec. FWHM.
However, as seen in fig. 30 a time resolution of 1.2 nsec.
was obtained using the wider channel.

A general block diagram of the electronics system

used is shown in fig. 1, where TAC is a time-to-amplitude



14

Figure 1.

A general block diagram of the electronics

system used for the measurements.
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converter and ADCA and ADCB are two separate TMC* Model 217A
analog-to-digital converters.
System I: Timing circuits designed by D. L. Wieber
(WI 63) were used for start and stop discriminators and also
for the TAC. The outputs of ADCA and ADCB were fed to an
SDS-920** on-line computer where the 'walk' (amplitude depen-
dent timing error) corrections were made as described in the
reference MC 67A. Many 'shift tables' were made just prior
to the measurements, the tables were generated by means of
two-dimensional displays of the neutron peaks of T(d,n)”He
reaction and the similar displays of y-ray peaks of
1B(BHe,n)lsN reactions. The former tables were used in

13C(3He,n)150 runs. For 11B(3He,n)'13N measurements the lat-
ter tables were employed.

| A Reid and Hummel (RE 66) type Y eliminator circuit
was also included in this system. The eliminator generates
signals to command the routing circuit to route the genuine
neutron events to be stored in the last two bins (2048-4095
channels out of 4096 total channels), while other events,
mostly background neutrons and multiscattered captured y rays
events were stored in the first two bins (0-2047 channels).

System II: 1In this latter system the TAC was

replaced by an ORTEC Model 437 time converter***,6 and the

discriminators were replaced by 'Constant Fraction of Pulse

*Technical Measurement Corporation, 441 Washington Avenue,
North Haven, Connecticut, U. S. A.

**Scientific Data Systems, Sanata Monica, California.

*%%*ORTEC, 102 Midland Road, P. O. Box C, Oak Ridge,
Tennessee,  U.S.A.
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Height Trigger Circuits' (GE 67). This circuit was added
in order to improve the dynamic range and time resolutions
of the neutron detectors, and in addition to eliminate the
'walk' problem. Hence ADCB and the 'walk' table were ex-
cluded from the system. A different type n-y discriminator
circuit after Roush et al. (RO 64B) was included in this

system to replace that of Reid and Hummel.

2. The Neutron Detectors

Three different types of detectors and photomulti-
pliers were also used in the experiments. Detector I was
made from cylindricél (3% diameter X 3/4" height)NE 218%
liquid scintillator and an RCA C70133 photomultiplier. A
similar shape but slightly small diameter (3.45")Ne 213
liquid scintillator was coupled to a Philips XP 1040 photo-
multiplier to make Detector II.

Detector III normally served as the monitor detec-
tor and was constructed from a small Naton** disc phospher
and an RCA 8575 photomultiplier. The electronics éystem for
the monitor detector was a straight forward neutron time-of-
flight system of the conventional design, the n-y discrimi-
nator was not included. The data were analyzed and stored
in a separated TMC Model CN 1024 multichannel analyzer.

The individual detector efficiencies for Detector
I and Detector II were calculafed by using a code written by

Grandy (GR 67). In this code Grandy has taken into account

*Nuclear Enterprise Ltd., Winnipeg, Manitoba, Canada.

**Nash and Thompson Ltd., Hookrise South, Tolworth, Surrey
England.
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the double scattering from the hydrogen, single.scattering
from carbon together with the detector resolution. By neg-
lecting the surface losses and the second order effects,

the detector efficiency is also given by the expression:

B
[1 - exp(-not)][1 - E‘l

™
i

where t is the thickness of the scintillator, E the neutron
energy, Eo the cut—-off energy, n the number of hydrogen
atoms, and o the n-p cross section at energy E.

The calculated results from Grandy's code were com-
pared with that from this simple formula. Disagreements were
found at lower and higher neutron energies. However, the
calcualted efficiencies were within 5% (except the region of
cut-off, where it has no great concern to present work).
Grandy's efficiency calculations were used throughout this
experiment. |

The overall errata in the absolute efficiency curves
were estimated to be within 10%.

Table 1 1lists the experimental set ups used for the

individual measurements.

3. Target Assembly

Since the studies of angular distribution of neutrons
are the primary concern of the present works, the target chamber
is made from a thin-walled cylindrical shaped stainless steel
pot.

The target holder is made from 1/16 inch copper

sheet located at the centre of the chamber and can be slid
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TABLE 1, Systems Used for Measurements.

Detector 'III

. Type of - .
Reactions Measurements System Detector Location
_ Survey works I I, II
l11g(3He,n) 13N vYield Curves I I 0°, 2m
4.7 MeV Angular
Distributions I I -10°, 2.25m
6.1 MeV Angular
Distributions I I -10°, 2.25m
6.5 MeV Angular II IT -10°, 2.25m
13c(34e,n) 1% vield Curves I I 90°, 2.25m

5.0 MeV Angular
Distributions 11 I1 -10°, 2.25m

6.2 MeV Angular
Distributions I I -10°, 2.25m
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and rotated with respect to the direction of the incident
beam from outside of the chamber by means of double Wilson
seals. The rotation of the target enables the selection of
different target angles and thus severe neutron scattering at
glancing angles due to the target backing can be avoided.
| The target holder was insulated to facilitate charge
integration and also was biased to +300 volts D.C; with res-
pect to the ground in order to reduce secondary electron emis-
sion. The entrance slits of the target chamber were biased to
+300 volts. The target cooling was dependent on good thermal
contact of the target backings to the air cooled copper holder.
After several hours of 2u amp. continuous 3He bombardment on
this target assembly the temperature rise at the holder was less
than 11°C, and thus the problem of the target aeterioration due
to evaporation was minimized.

Both the 113 and 13C targets (on..202" and .010"
gold backings) were made by the separator group of AERE at
Harwell, England.* There was no information supplied as to
their thickness. However, the e target thickness was mea-
sured by various methods (see Appendic I ), and was determined
to be 42.5 ug/cmz. A fresh, approximately 200 uq/cm2 11B
target, also from AERE, was used for accurate thickness measure-
ments and for the absolute Cross section normalization of the

1B(3He,n)13N data. The thickness was measured to be 323

ug/cm2 (see appendix I)-. -

*

The targets had been existant in this laboratory since 1960 and
were bombarded previously. Some traces of carbon deposits
were found on the surfaces.

e
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4, The Data Extractions

The peak fitting code originally written by Tepel
(TE 66) was used for finding the area under the peaks and
the peak positions. The code subtracts from the main spectrum
with the fitted background, and then finds and fits peaks to
a given shaped standard peak.

Neutron events were stored in bins 3 and 4 (see
page 15), whereas the rejected events were storeq in bins 1
and 2. Due to the imperfection of the n - y discriminator,
some neutron events were rejected‘as y-ray events which appear
as peaks in bins 1 and 2. The rejected peaks in bins 1 and 2
were also fitted by the same code. 1In the rejected peak fit-
ting process some difficulties were encountered. In general,
due to the large background and poor statistics, some peaks
failed to be fitted under the criterion of the fitting pro-
cess. For those which fit, the ratios of the area under the
false peak to that of the corresponding genuine neutron peak
were calculated, and these ratios were plotted against chan-
nel numbers (equivalent to neutron flight time). A typical
curve is shown in figure 2. This curve was used to get a
resultant total area under the peak. Figure 2 also indicates
the quality and the stability of the n - y discriminator
circuits. This type of curve has not been published for the
various n - y discriminator circuits (FI 65). The author
strongly recommends that all n - y discriminator circuits
to be published in the future should present curves of a si-

milar kind to that of figure 2.
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Figure 2. A typical curve used for summing the area under
the peak. p is the ratio of‘the area under the
peak in bins 1 and 2 (rejected spectrum) to the
area of the corresponding peak in bins 3 and 4

(neutron spectrum).
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Since the reactions stﬁdied have a strong forward
yield,in order to ehsure good statistics the monitor detec-
tor (Detector III) was placed at 10° and at a distance of
2.25m. The areas under the monitor peaks were also deter-
mined using the Tepel code. For a check some of the angular
distributions were extracted completely by hand calcu-
lations. The two methods gave results which were consistent.

A computer code was used to calculate the Q values
(see Appendix 1II) corresponding to peaks of the main detec-
tor spectrum. The resalts were listed separately in Table 3
and Table ‘9 in Chapter 3 and Chapter 4 respectively.

In order to find the scale for the absolute cross
section, for the 11B(aHe,n)lsN reactions, a separate set of
runs were carried out. In these measurements, at bombarding
energies of 6.1 MeV and 4.7 MeV spectra at 0° and 90° were
taken immediately after the target thickness was measured.
The absolute cross section normalization factor for the 4.7
MeV and 6.1 MeV angular distributions was found by averaging
these results. The 6.5 MeV data were normalized by using
the 6.1 MeV data and the 90° excitation curves.

For the 13C(3He,n)‘150 reactions, the target thick-
ness was measured by using (p,n) threshold measurement before
taking the 6.2 MeV angulat distributions. = After the 5.0
MeV angular distributions were taken the target thickness was
again checked using (a,n) and (p,y) resonances. The extrac-

tion of absolute cross sections was therefore direct with no
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excitation curves involved.

The sources of cross section error and their magni-

tudes are listed in Table 2.

TABLE 2, Source of Cross Section Error

Detector efficiency 5 - 10%
Peak area fitting error (absolute) 3 - 5%
Detector geometry 1%
Current integration 1%
3He charge state 2%
Target thickness 11B 9%

13
C : 5%
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11 3 13
RESULTS (I) B( He,n) N Reaction

1. General Background

13
The energy levels of N have been studied by elastic

and inelastic scattering of protons on 12¢ by many authors
during the past two decades (BA 63A, SH 62, AD 61, RE 56,
JA 53A). Because of the strong binding of !2C, most of the
excited states of !3N can be observed through this process.
The single nucleon pick-up reactions such as !“N(p,d)!3N and
14N (3He,d) ! 3N were also studied recently by various groups
(FL. 68, KO 67, BA 66, MA 66C, GA 63).

The single nucleon stripping reaction !2C(d,n)!3N
is a potential tool also, however the low ground state Q value
has limited the applicability of this reaction to the low-lying
levels. Also, t@e single nucleon transfer reactions can only
strongly excite states having configurations of addition or
subtraction of a single nucleon from the target nucleus.

Alternative methods of reaching !3N are two-nucleon-
transfer reactions, which, as yet, have received very little
attention. Recently a comprehensive study of !S>N(p,t)?!3N
by Fleming et al. has been published (FL. 68). This double
pick-up reaction is mainly limited to the (1p) 2 configuration
states as is1*N(3He,a) ! 3N reaction.

The double stripping reaction, !!B(%He,n)!®N is not
restricted by the above mentioned limitations, that is, this
reaction has a high ground state Q value of 10.18 MeV, and

levels having configurations other than (1p) ® can be easily
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excited. Previous work on this reaction was carried out using
a proton recoil technique, but only those neutrons leading to
the ground state of !3N were studied (DI 66).

2. The Energy Levels and Their Excitation Curves

Figure 3 presents the neutron energy spectrum of the

reaction !!B(3He,n)!3N, taken at @ = 0° and at a bombarding

lab
energy of 6.1 MeV. An overall time resolution of approximately
0.9 nsec was obtained. For the flight path of 6 meters used
this corresponds to a 250 keV FWHM for a neutron enerqgy of 16.2
MeV or approximately 1.5% enérgy resolution. The energy
resolution improves as neutron energy decreases. The exci-
tation energies shown were calculated using peaks observed
throughout 34 spectra measured at different angles (see

Appendix II for details).

An interesting feature of the spectrum is the even parity
statées have been observed throughout the specﬁrum. This is
expected since one of the protons can be easily transferred
to the d-shell to form the even parity states. The strong’
population of the odd parity states is mainly by addition of
two protons to a (1p) 7 core target nucleus.’ Shown
in Table 3 are the calculated excitation energies and their
estimated errors together with previously reported values,
also the probable spin and parity assignments for each level.
For the most part the results of the present measurements
agree with previously known values (FL 68, KO 67, BA 63A,

SH 62, AJ 62).
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Figure 3. A neutron time-of-flight spectrum for the

11B(3He,n) ! 3N reaction at Ej, = 6.1 MeV.
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Table 3. Energy Levels of !3N

J" Q (MeV}" Error Excitation Ajzenberga) Flemingb)
‘11B(3He,n)13’N (kev) (MeV = keV)

- 10.183 2+ 117 0.0 0.0 0.0 ¢t 25

¥ 7.825 » 10 2.358 + 1077 2-367  2.36 %30

3 6.681 2 10 3.502 ¢ 10 .  3.510  3.51 ¢ 30

2 6.64 10 9 3.55 ¢ 18 3.56

2 - 3.829 1 8 6.353 ¢ 9 6.382  6.38 * 30

A 3.308 2 8 6.875 ¢ 10 6.91

%f 3.038 2 8 7.145 ¢ 9 7.18

2" 2.820 1 8 7.363 ¢ 8 7.385  7.38 t 20

%f 2.0 14 40 8.2 * 22 8.1

5 1.265 3 8 8.918 ¢ 11 8.9 8.93 * 50

3 0.707 1 7 9.476 + 8 9.48

= -0.198 1 7 10.381 ¢+ 8  10.36

5~ -0.651 2 7 10.833 ¢ 9 10.78 + 60
~1.347 5 g8 11.530 ¢+ 12  11.64

37 -1.695 & 7 11.878 ¢ 12  11.85  11.88 * 40

-2.375 15 19 12.558 = 23 12.08

-2.754 16 20 12.937 24

* errors are the weighted standard deviations from the mean.
+ overall uncertainty. t+ errors include uncertainty in
estimation of the thickness of !2C contaminants.

a) AJ 62. b) FL 68.
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A broad state at about 8.1 MeV which has been
reported pfeviously (AJ 62) was very weakly populated at all
angles in the present measurements. Judging from the shapes
of the peak, especially from the backward angle spectra, one
would conclude that this is a complex peak due to the presence
of more than one level in !3N. Shute et al. (SH 62) have
reached a similar conclusion concerning a very broad resonance
(1400 kev width) at equivalent excitation energy 8.0 MeV of
13N.

The excitation curves for bombarding energies from
5.4 MeV to 6.5 MeV were measured at 90° laboratory angle with
the detector 4.5 metersrfrom the target. Figure 4 shows the
yield of the ground state, 2.358 MeV, 7.145 MeV, 7.363 MeV
and unresolved 3.502 MeV + 3.55 MeV states. The smooth curves
show the trend. It can be seen for the low lying states the
yield curves are flatter beyond Edge ™ 6 MeV than are those
for the higher states. Angular distributions were studied at
bombarding energies of 4.7, 6.1 and 6.5 MeV. The 4.7 MeV
measurement allowed a comparison with the ground state angular
distribution at 4.75 of Din et al. (DI 66). All angular distribu-
tions are presented in Figures 5 to 29, which will be fully
discussed in later sections.

3. The Analysis

(i) The Plane-Wave-Born-Approximation (PWBA)
The simplified Newns' formula (1-5) was used through-
out the calculations. Since the size of 3He is not negligible

compared to that of the target nucleus, it was considered to
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_Figure 4. The neutron yield of 11B(3He,n) !3N at 8, , = 90°,

leading to 0.0, 2.358, 7.145, 7.363 MeV levels,

and to an unresolved 3.502 + 3.55 MeV levels.
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be improper to neglect the contributing term due to the 3He
form factor.’ Thus a 3He form factor term was included in all
PWBA calculations. Examination of expression (1-5) shows the
correlation in u and r, to the calculated cross sections.
Some minor adjustments of these parameters were made in order
to obtain a good fit to the first excited state data. Values
u = 5.0 fermis, comparable to that of Gunn and Irving (GU 51),
and r, = 4.5 fermis were found to give the best fit to the
data. The same p and r, values were used for all other calcu-
lations for this reaction.

The selection rules (1-7) and (1-8) permit only two values
of L, either both odd or both even (except for JB = %,

when only one L value is permitted). 1-5 can therefore be

written as following

do (8) k2

dq

2
v exp (-=—) [3 2 (kro) + a2, (kro)] (3-1)

where o is a constant to replace the ratio A(J,L+2,8)/A(J,L,S).
Since the magnitude of the second Bessel function is
small except at large angles o must be large number (>10)
in order to get a significant change in the calculated angular
distribution for small angles. In the present calculations a
was set equal to zero for simplicity. The calculated PWBA
results are presented in Figures 5 to 29.
(ii) The Simple Diffraction Model Calculations (SDM)
Formula (1-12) of Dar was used for this. calculation.
In his original calculétions.(ﬁA:64)'Dar neglected the factor
F(8) of (1-12). However . the angular distribution dependence

on this factor is not negligible when one is interested in
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more than the forward angle approximation. Although little
effect was found from the F(8) factor for small L transfer
reactions, for larger L values it was found that including the
factor F(6) did improve the fit to the data. It was then de-
cided to include the factor F(8) in all calculations. Expres-

sion (1-12) was rewritten as:

- dG(e) « 2
for L =0, g5 F(8) J, (kR)
L =1, « F(@) J12 (kR)
L =2 « F(8) [>T 2(KR) + > J»2(kR)]
’ - 4 “o a V2

- 3 2 5 2 (1

L =3, = F(8) [g J1 (kR) + 7 J3 (kR) ]
_ . 9 20 5

L = 4, F(8) [g7 Jo2 (kR) + 77 J2 (kR)

+ %% 3,2(kR)]  (3-2)

Although the physical meaning of R is not necessarily
the same as that of r, in Newns' theory. A similar value,
R = 4.5 fms, was found to give the most satisfactory results.
Some of the calculated results are also presented together with

the experimental data through Figures 5 to 29.

(iii) The Distorted-Wave-Born-Approximation (DWBA)

As mentioned in a previous chapter the-DWBA code of
vates was used for the DWBA calculations. Since the appropriate
two-nucleon coefficients of fractional parentage were not avail-
able, no attempts were made to estimate GL(£1£2) of equation
(1-11). This also implies that no absolute cross sections are

obtainable from the present calculations (RO 67). All calcu-



32

lated results shown from Figures 5 to 29 are arbitrarily noxr-
malized to the maximum of the experimental results.

Due to difficulties in the fabrication of pure !B
targets, the appropriate 3ge elastic-scattering data are not
available to date. Shown in Table 4 are some of the para-
meters obtained from the existing 3He elastic-scattering data
on some light nuclei. Ali potentials listed were assumed to

have the form

av) - iWwWg'l(r, L aw) (3-3)

U(r) = Vc(r) - Vg(rl rV'

where Ve is the Coulomb potential resulting from a uniform
charge distribution of radius 1.3 A1/3. A has the ordinary
meaning of mass number of the target nucleus. V and W are
the real and imaginary parts of the 'central' potential, g and

g' are the Woods-Saxon form factors, 1 + exp {(r - rvwvAl/a)/
4

}. For the four-parameter potentials r = rw'and e, = a

v, w v w

were assumed.

As can be seen from Table 4 realistic potentials can be
classified into two categories, either the so called 'deep
well' or 'shallow well' potentials. It was found by Glover
et al.(GL 66) that on applying the Rook and Mitra theory better
agreements can be obtained if the 'deep well' potentials are
used. It was also suggested by Rook (RO 65) that a deep real
well depth is consistent with the real optical potential being

given by the sum of the potentials of the constituent nucleons.
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Table 4. Some Optical Model Potentials for the Entrance

Channel
’ 3
Set \' 1) o, o Ty Ty E3He He on
(MeV)

I 83 56 0.7 1.6 (5.5) l2c
II 66.7. 52.4 0.588 1.6 (29) 12¢
IITI 61.9 60.0 0.57 1.62 (29) LAY
IV 64.8 65.6 0.58 1.60 (29) 160

vV 169 32.1 0.675 0.566 1.14 1.82 (29) 14N
VI 170 20.0 0.893 0.510 1.03 2.06 (L0.5) l€o0

VII 140.9 28.1 0.78 0.61 1,14 1.88 (6-~8) °Be

I(HO61); II(GA62);III,IV(SE62A) V,VI(HI67); VII(EA67)

All potentials were tried énd the results were as follows:
The 'shallow potentials' sets I, II, III, and IV failed to fit
our ground state data at all three energies. On the other
hand, reasonable fits in shape were obtained from the 'deep
potentials'. The potential set VII, which was obtained from
the elastic scattering of 6 to 8 MeV 3He on 9ﬁe, gave the best
results.

Slight improvement to fit the ground state data were ob-
tained by adjusting the parameters of set VII. Since the
transition to the ground state of 13N can be considered as a
pure (lp, lp) transition, the adjusted potential parameters
were considered to represent the optical model potential of
3He to !1B nucleus more realistically. Listed in Table 5 are

the adjusted parameters used as incident channel parameters
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for all subsequent calculations.

Table 5. Optical Model Parameters Used in the DWBA Calcu-

lations for 11 (3He,n)!3N.

E3ge \'4 1] Sy % Ty Tw
(MeV) (MeV) (MeV) (£fm) (fm) (£fm) (£m)
6.5 145 28.5 0.78 0.61 1.30 1.80
6.1 148 28 0.78 0.61 1.30 1.71
4.7 160 24 0.78 0.61 1.30 1.79

For the exit channel parameters the following average
neutron optical model parameters, taken from Rosen (RO 66),

were used for all calculations:

i
w
.
~J
ul
-
2

l
o
]
[\
(8]
-

\

49,3 - 0.33 E, W

a, = 0.65, oy = 0.70.

It was found that the calculations were not too sensitive to
the choice of exit channel parameters, except in cases where
neutron energies are high. In order to avoid the confusion
arising from parameter fitting, no attempts were made to get

a set of best fit potentials for the exit channel.

(iv) The Hausgr—Feshbach Calculations (HF)

To estimate the amount of compound nucleus formation,

(%%)c is given by Hauser-Feshbach theory.
In the present calculations the HF cross-sections were
calculated by means of the Smith code. All possible open

macrochannels (3He, 3He), (3He, p), (3He,d), (3He,a) and
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for all subsequent calculations.

Table 5. Optical Model Parameters Used in the DWBA Calcu-

lations for llB(3He,n)13N.

E3ge v W Sy %o v Tw
(MeV) (MeV) (MeV) (fm) (fm) (£fm) (£m)
6.5 145 28.5 0.78 0.61 1.30 1.80
6.1 148 28 0.78 0.61 1.30 1.71
4,7 160 24 0.78 0.61 1.30 1.79

For the exit channel parameters the following average
neutron optical model parameters, taken from Rosen (RO 66),

were used for all calculations:

\

49.3 - 0.33 E, W= 5.75, ow = 1.25,

’

oy = 0.65, ey = 0.70.

It was found that the calculations were not too sensitive to
the choice of exit channel parameters, except in cases where
neutron energies are high. In order to avoid the confusion

arising from parameter fitting, no attempts were made to get

a set of best fit potentials for the exit channel.

(iv) The Hauser-Feshbach Calculations (HF)
To estimate the amount of compound nucleus formation,

(%%)c is given by Hauser-Feshbach theory.
In the present calculations the HF cross-sections were
calculated by means of the Smith code. All possible open

macrochannels (3He, 3He), (3He, p), (3He,d), (3He,a) and
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(3He,t) were taken into account for the calculation. Listed
in Table 6 are those parameters used for !!B(3He,n)!3N

calculations.

Table 6. Parameters used for !1B(3He,n)!3N HF Calculations.

Channel V W a a r r E

P - 13c* 45 10 0.5 0.5 1.2 1.2 3.8 =-0.702 0.597 0.9

d - 12c%x 50 16 0.79 0.79 1.5 1.5 8.0 -0.933 0.518 0.9

t - 11c’ 1409 28.1 0.78 0.61 114 1.88 4.8 -0.758 0.606 0.9
o - 108" 50 530.58 0.58 L.99 199 4.8 -1.212 0.882 0.9
llg 5.0 =-0.906 0.625 0.9
13y 5.0 -1.651 0.930 0.9
* (RO61) ; *% (HO63) ; + (ER67) ; + (HU62)

Those parameters for proton, deuteron and triton channels
were taken from references RO 61, HO 63, and EA 67 respec-
tively. PFor oa-channels potentials of Huizeﬁa and Igo (HU 62)
were used. For the elastic and neutron channels parameters
used for,E3He = 6.49 MeV DWBA calculations were employed. The
calculated cross sections were not too sensitive to the
optical model parameters and spin cut-off parameters. However,
the magnitude of the calculated cross sections are very sensi-
tive to the choosing of level density parameters. All a, b
shown in Table 6 are taken from the presently known level
schemes. It is known that the HF calculation mayoverestimate

the compound formation cross section (KU 60, LA 673, LA'67B). However,
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no adjustments to the calculatéd results were made. All HF
cross sections are shown together with experimental cross

sections in Figures 5 to 29.

4. Levels of l3N.

(1) The 0.0 MeV level.

This ground state is the only level of 13N.that
had been observed by the (3He,n) reaction prior to this work
(DI 66). Figures 5, 6, 7 represent angular distributions
of E3pe = 6.4%2, 6.10, and 4.70 MeV. The E3ge = 4.7 MeV result
of the present measurements agrees with that of Din et al. at
E3He = 4.76 MeV.

The ground statesof nuclei !!B and !3N have spin and
parity of %" and %f respectivelv. The selection rules restrict
the total orbital angular momentum transfer to L = 2. As can
be seen in Fiqures 5, 6, 7, with L = 2 the PWBA calculations
fail to explain the forward peaked distributions. However,
with L = 2 and R = 4,5 fms, the simple diffraction model calcu-
lations do give a prediction of forward peak together with a
second peak near 50 -~ 60 degrees, (Fig. 5, 6 and 7). Assuming
the ground state of !!B and !3N have (lp)7 and (lp)? confiqur-
ations respectively, then both protons have to be transferred
to 1w shells of 13M,1m=asonable fits were obtained for DWBA calcu-

iations with L = 2 and (ip,1l») transition. TDeegults of +he SHY

jul

1 T

and DWRA calculation= counled with the fact thait Lhio TP ove
diction for the cross section is small lead one to conclude
that tha Glzost noocents nyadaminntas’ $- nenuiating this Leve

comacialle st ccral s above
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Figure 5.

Figure 6.

Figure 7.

Angular distribution of the neutrons leading to
the ground state of 13N for Egg, = 6.49 MeV.

r, = 4.5 fms and p = 5.0 fms were used for PWBA
calculation. R = 4.5 fms was used for SDW calcu-
lation. See text for parameters used for DWBA
calculation. Dash and dot line indicates the

Hauser-Feshbach calculation.

Angular distribution of the neutrons leading to
the ground state of 13N for Egy = 6.1 MeV (see

also caption under figure 5).

Angular distribution of the neutrons leading to
the ground state of !3N for Ezy = 4.7 MeV (see

also caption under figure 5).
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(ii) The 2.358 MeV Level.

This level is known to have spin and parity of
%ﬁ (AJ 62) consistant with a single particle configuration of
(1p)82s (TA 60, LA 55, LA 54). The sharpness of the reso-
nance observed in the elastic scattering of protons on 12C
(SA-53A), the strong excitation by the !2C(d,n)!3N reaction
(OB 66), and the weak excitation by both (p,d) and (p,t)
reactions (FL 68, KO 67) indicate that this is a good 23%
single particle state. The selection rules for the (3He;n)
reaction restrict this transition to a pure L = 1 transfer.
All three calculations for this level (of Eigures 8, 9, 10)
confirmed that this is the case. The present DWBA calculations
over - estimate the forward-angle cross sections for the
E3He = 6.1 and 6,49 MeV distributions.

It was pointed out by Kozub et al. (KO 67), that there
may exist some 1ldj; components in this level. A pure (lp,1ld)
transition was algg tried for calculation but produced only
small differences in the shape of the distributions.

When the HF cross sections are taken into account
it can be seen that reaction leading to this level is
predominantly direct, and the cross section agrees well with
prediction of both plane wave and diffraction model theories.

(iii) The 3.502 and 3.55 MeV levels.

The neutron groups leading to these two states re-
mained unresolved in these measurements. Shell model calcu-
lations preditt that the 3.502 MeV level should be predomi-
nantly a lp; level, and that the 3.55 MeV state is predominantly

7
a ds single particle level (LA 55). Measurements of Jackson

2
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Figure 8.

Figure 9.

Figure 10.

Angular distribution of neutrons leading to
the 2.358 MeV level of 13N for Ezy, = 6.49
MeV. DWBA(l) and DWBA(2) represent results
of (lp,2s) and (1p,1d) respectively. (See

also caption under figure 5).

Angular distribution of neutrons leading to
the 2.358 MeV level of !3N for Egy = 6.1

MeV. (See also caption under figure 5).

Angular distribution of neutrons leading to
the 2.358 MeV level of !3N for Eg, = 4.7

MeV. (See also caption under figure 5).
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and Galonsky (JA 53A, JA 53B) gave some confirmation to the
above statements. In agreement with the 1pgj assignment, the
3.502 MeV level proved to be strongly excited by t%e 15N(p, t)13N reaction
(FL 68). Onthe other hand smallyields were seen inboth the V4 (g )N

and1"N(p,d 3N reactions for both levels. This created some difficulty

in describing the single particle pick-up reaction for the
3.502 MeV level. However, the strong L = 0 transition in the
present measurements is an additional evidence for a lp_g,_ con-
figuration for the 3.502 MeV level (fié. 11, 12, and213).
Since the transitions to the positive parity states of
13N are not negligible for the (3He,n) reaction, one would
expect a fair transition strength for the 3.55 MeV level. The
angular distributions shown in Pigures 11 to 13 indicate that

there could have been some contributions (L greater than 1)

from the transition to the ldé state (3.55 MeV).
2

(iv) The 6.353, 6.875, and 7.145 MeV levels.

The 6.353, 6.875 and 7.145 MeV levels are known to
have positive parity. The 6.353 MeV level was previously
studied by proton scattering on !'2C, and was interpreted as
a 2s; state (RE 56). Kozub et al. (KO 67) have shown that
therg is some ldg admixture in the 25% configuration.
Present calculatigns for L, = 1 transitions are shown in
figures 14 and 15. Very 1ittle difference was found in the
calculated resiilts using either the (lp,1d) or (lp,2s) con=~
figuration. The Hauser-Feshbach calculations predicted a

comparatively large cross-section for this level. As it is

shown in figure 14, for Es, = 6.1 MeV, the predicted HF
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Figure 1l.

Figure 12.

Figure 13.

Angular distribution of the neutrons leading to

the unresolved levels 3.502 and 3.55 MeV for

E3ge = 6.49 MeV. (See also caption under figure 5).

The HF cross sections are the sum of cross sec-’
tions contributed from both 3.502 and 3.55 MeV

levels.

Angular distribution of the neutrons leading to
the unresolved levels 3.502 and 3.55 MeV for
Ejye = 6.1 MeV. (See also captiorns under figure

5 and 11).

Angular distribution of the neutrons leading to
the unresolved levels 3.502 and 3.55 MeV for

E3pe = 4.7 MeV. (See also captionsunder figure

5 and 11).
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Figure 14.

Figure 15.

Figure 1l6.

Figure 17.

Figure 18.

Figure 19.

Angular distribution of neutrons leading to the
6.353 MeV level of 13N for Ejy = 6.1 MeV. L =
was used for all calculations. Configurations

(1p, 1d) and (1p,2s) were used for DWBA(1) and

DWBA (2) respectively. (Sesalso caption under

figure 5).

Angular distribution of neutrons leading to the
6.353 MeV level of !N for Eg, = 4.7 MeV. (See

also caption under figure 5 and figure 14).

Angular distribution of neutrons leading to the

6.875 MeV level of !3N for Esj = 6.1 MeV.

Angular distribution of neutrons leading to the
6.875 MeV level at EBHe = 4.7 MeV. (See also

caption under figure 5).

Angular distribution of neutrons leading to the
7.145 MeV level of !3N for Egy = 6.1 MeV.

L = 3 and 1 were used for DWBA(l) and DWBA(2)
respectively where (1lp,1d) configuration was

used for both calculations.

Angular distribution of neutrons leading to the
7.145 MeV level for E3He = 4.7 MeV. (See cap-

tion under figure 5).
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cross sections are obviously too large for the expaerimental
data. This is evidence that the HF calculatipn has over-
estimated the compound formation cross sections. By taking
into account the compound nucleus cross sections given by
HF calculations, itwas noted that calculations of direct
interaction part agree reasonobly weil with the present re-
sultS'(figure 14 and 15).

The 6.875 MeV level is located just above the thres-
hold for proton inelastic scattering from the first excited
state of 12C. This level with width of 115 keV has been as-
amed to a ldly  configuration from the (p,p'y) measurements
(RE 56, SH 22, BA 63B,C). Previcus measurements for
‘15N (p,t) 13N, 1“N(3He,o)!3N and 1*N(p,d)!3N (FL 68, KO 67) indica-
ted that the double stripping strength for this lavel is wealk .
T1is result was also observed in the cresent study &s the CM
Eremation croes section pradicted by the IIF celculation was ahr’e
+o account for muah £ tho o pvsd crosn socitisn. Any dirsct
~ammperent was koo small to ko Sitted asing the DT pfedicticng.
likely that ihis tevel is more complicatest tha: 2 ;Q% leibte
~.a7;£5'7.145 MeV level was first reported by Nikolic
et al. (NI 61, YO 60). From the y-ray angular distributions
the spin of this level was assianed as %. However, from the
analvsis of inelastic scattering data Barker et al. (BA 63B,
BA 63C) reassigned this level as Z*. The calculations of

2
13

Barker also predicted that the lowest %& level of N should

consist mainly of tha 120 2T xcited date vns a ldg nroton.
2
The reactions !5N(p,t)!3N, l“N(3He,«)!3N and !*N(p,d)!3N

(FL. 68, KO 67) showed no evidence for the existence of this
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level. The reason was due to low resolution, perhaps coupled
with a small yield. The present (3He,n) results showed a mod-
erate transition strength to this level, however, the angular
distributions shown in figures 18 and 19 indicate a strong
dependency on 3He energies. This suggests that at these mod-
erate bombarding energies the reaction mechanism for formation
of this state is more complex than the simple DI or CN form-
ations:

(v) The 7.363 MeV level.

Prior to the work of Barker et al. (Ba 63A,B) many
groups have suggested a 5+ assignment for this level (SH 62,
NO 62, AD 61). This assignment presented difficulties for the
shell model calculations for 13N (BA 61A, KU 61, KU 56). The
intermediate coupling calculations predicted two gﬁ levels in
13N at 3.5 MeV and 6.38 Mev. No other %flevel was expected
to lie below 10 MeV. Furthermore, a %_ level, predicted
by the same calculations to lie near 5 MeV, was missing in this
region. 'In view of 'these difficulties, many experiments were
carried out in a search for this missing level (GA 63).

The Shell model calculations and the analysis of the in-
elastic proton scattering data of Barker et al. (BA 63B, BA 63C)
indicates that this is a %7level. This ended the long search
for the %—1e§el predicted by the intermediate coupling calch
lation. All later measurements, the (p,d) work (KO 67, MA 66C)
and the (p,t) results (FL 68) indicated that the %—assignment
is the correct one. The present (3He,n) results as can be seen

in figures 20 and 21 show energy dependence. Calculations with

L = 2 and various configurations were made but none of them
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Figure 20. Angular distribution of neutrons leading to the
7.363 MeV level of !3M for Eg, = 6.1 MeV: Con-
figurations (2s,1d) and (lp,lf) were used for
DWBA (1) and DWBA(2) respectively. For both cal-
culations L = 2 was assumed. (See also caption

under figure 5).

Figure 21. Angular distribution of neutrons leading to the
7.363 MeV level for Ez, = 4.7 MeV. (See also

captions under figure 5 and figure 20).
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were able to fit the E3pe = 6.1 MeV distribution.

(vi) The 9.476 MeV and 11.878 MeV levels

The 9.476 MeV level was originally assigned as the
second %flevel of the intermediate coupling calculation by
the proton scattering work (NO 62, AD 61). However, weak
transitions from.both single particle pick-up (KO 67, BA 66),
and also from the (p,t) reaction results led Fleming et al.
to conclude that this level is not a simple (lp)9 configura-
tion level. Instead, this level was expected to contain appre-
ciable (2s,1d)? admixtures. Thus the second %_ state of the
intermediate coupling calculation was assigned to a level at
excitation 11.878 MeV.

The i1.878 MeV level has been reported recently by

many authors (FL 68, KO 68, BA 66), and has been assigned a 3
character with the dominant configuration being (p%)z(p%f? In
figures 22, 23 and 24 comparison of the data and results of the
DWBA for the transition to the 9.476 MeV level are shown.
Angular distributions for 11.878 MeV are oresented in figures
25 and 26. These results are also consistant with the previous
spin assignments. HF cross section for neutrons leading to
these two levels are small compared with observed cross sec-

tions. All evidences have indicated that transition to these

two levels are mainly from DI.

(vii) The 10.381 MeV level.
At a proton bombarding energy of 9.14 MeV Shute et al.
observed a very strong resonance at all angles (SH 62). Their

analysis suggested an f-wave formation for this level which
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Figure 22.

Figure 23.

Figure 24.

Figure 25.

Figure 26.

Angular distribution of neutrons leading to the
9.476 MeV level of !3N for Es, = 6.49 MeV. Con-
figurations (14,1d) and (lp,lp) were used for
DWBA (1) and DWBA(2) respectively. (See'also

caption under figure 5).

Angular distribution of neutrons leading to the
9.476 MeV level of 13N for E3,, = 6.1 MeV. Con-
figurations (1d,1d) and (lp,lp) were used for
DWBA(1l) and DWBA (2) respectively. (See also

caption under figure 5).

Angular distribution of neutrons leading to the
9.476 MeV level of 13N for Ej, = 4.7 MeV. (See

also caption under figure 5).

Angular distribution of neutrons leading to the
11.878 MeV level of !3N for Eg, = 6.1 MevV. Con-
figurations (1d4,1d), (lp,lp) were used for

DWBA (1) and DWBA(2) respectively. L = 0 was
assumed for both calculations. (See also caption

under figure 5).

Angular distribution of neutrons leading to the
11.878 MeV of !3N for Ej, = 4.7 MeV. L = 0 was
assumed for both DWBA and SDM. (See also caption

under figure 5).



.60 2,00

1.60

CROSS lSEgIT ION (M BARNS/SR.)

0.00 30.00 60.00 90.00 120.00  1S0.00

4

(=]

N

- . 11B(3HE, M 13N, 6.48 MEV T

9.476 MEV LEVEL

L=0, 40,10, UP.1P) |

=3 --‘“'
— DHWBAC1)
w— DWBA(

+—— PHEA o

I o SOM 1=

) . (47 ]

[ =]

[ =]

= ﬂ-~.

[=]

A 1%

1.20

= =
@ w
Ql-- -ol
o (=]
= =
d-- -6
8. 2 . L :- w Lgn

b.00 30.00 60.00 80.00 120.00 150.00°

C.M. ANGLE (DEGREE)



0.00 30.00 60.00 90.00 120.00  150.00
o L | LJ LS  J L] °
(=] w0
-T - 11B(3HE,N) 13N, 6.10 MEV T
9.476 MEV LEVEL
S L=0, (10,10, 4P, 1P | S
——. DWBR(1)
4 u———e DWBR(2)
=1 —a SOM s ]
-] 8
1 1S
N= -
S
%2
Z
c
T
ng 4 8
o] To
=z
o
| |
5
wa 3
NsT o
N
7]
o
o
Oot o
= =
oT o
(=] (=)
(V] N
ol G
8. 1 . % + B ma— e sma s e 8.
.00 30.00 60.00 90.00 120.00 150.00°

C.M. ANGLE (DEGREE)



60.00

0,00 30.00 : 90.00  120.00  150.00
o ) |  J ) A °
(7] [T}
-T - 11B(3HE,N) 13N, 4.70 MEV T~

9.476 MEV LEVEL
S L=0, (10,10 S
+ w——— DHBA
w—u PHBA
= +—t  SOM o
N R
[=] (=]
S 1<
[ e ] [=]
o @
o To

CROSS OSIBE(EIT ION (M BARNS/SR.)

0.20

0.40

0.40 0.60

0.20

p.00

gl

.00
C

60.00 90.
.M. ANGLE (DEGREE)

00 120.00

0.00

150.00



0,00 30.00 60.00 90.00 120.00  150.00

[4Y] N
oT . 11B(3HE,N) 13N, 6.10 HEV T
11.878 MEV LEVEL
=1 L=0, (10,100, UP,1P) |8
aT Tal
— DWBA(1)
——w DHBA(
g g
oaT b SO T
.
o T o
= o
o $ T
~N B
o TN
4
(1 =
A ]
(7] (7]
g;ﬁ 1 14
2
S |
=l
ws S
n_t +¥
w
S
o
< 2
{ 18
¢ g
e s -
8 = —2
.00 30.00 60.00 90.00 120.00 150.00°

C.M. ANGLE (DEGREE)



0.00 30.00 60.00 90.00 120.00 150.00

o N . o
N ~
ol - 11B(3HE,N) 13N, 4,70 MEV To
11.878 MEV LEVEL
b L=0 ]
«aT T
— PUBR
u—a OOM
ot =)
=y 1=
o N
—~o 8
gl § 1°
ply o
~N
ép)
z -l
a
cC
o =)
© @
g..:" e
=<
©
[ o |
0
o & &
m_:-- Pﬁ'
n
n
©
aC
Uo o
[+=] [+ 0]
ol K=
o o
= =
ol To
o - -— o
c_ N \n e 4 c.
.00 30.00 60.00 90.00 120.00 ISO.OOQ

C.M. ANGLE (DEGREE)



48

was assigned to have J" = %7. Compared with other single

or two particles transfer reactions, the present (3He,n) exci-
tation of this level is strong. The strong I = 2 angular dis-
tribution patterns of figures 27, 28, 29 suggest this is a
negative parity state with the possible spin of %, %, % or %.
The DWBA calculations using (lp,1lf) or (1d,2s) configurations
did not show significant differences in the distribution
shapes. Various configurations including (lp,1p) were also
used in the DWBA calculations, however only the (lp,lf) and

the (2s,1d) configurations gave good fits to the data. This

is in agreement with the assignment of Shute et al. (SH 62).
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Figure 27.

Figure 28.

Figure 29.

Angular distribution of neutrons leading to’
10.381 MeV level of 13N for Ej, = 6.49 MeV.
Configuration (1p,1£f) and (14,2s) were used
for DWBA(1l) and DWBA(2) respectively. (See

also caption under figure 5).

Angular distribution of neutrons leading to
10.381L MeV level of 13N for Ej, = 6.1 MeV.

(See also captibn under Figure 27).

Angular distribution of neutrons leading to
10.381 MeV level of !3N for Ej, = 4.7 MeV.

(See also caption under figure 27).
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CHAPTER FOUR

RESULTS (II), !3C(3He,n)!50 and !2c(3He,n)!"*0

1. The General Background.

Due to simplicity in fabrication of the targets,’”C has
been one of the earliest and most frequently bombarbed iso-
topes. The reaction 12¢ (3He,n) ! %0 and !3C(3Hem)! 30 were
among the first (3He,n) reactions studied. The former
reaction is of more than ordinary interest because, it trans-
fers two protons to a stable core of 12¢ and leads to the un-
familiar proton rich nucleus 140, However, due to the
negative Q values, not very much information on the higher
excited states of 1“0 has been obtained. Most of the earlier
work was restricted to a study of the neutron group leading

to the grbund state (FU 65, MA 63, DI 61, TO 61, GA 60,
BR 57).

The nucleus !50 lacks only one neutron to complete
the lp shell. With this special status this nucleus has
attracted both theoretical and experimental interest. There
are available, shell model calculations of Inglish (IN 53),
of Halbert and French (HA 57B), of Lane and Padicati (LA 54,
LA 60), of Ripka (RI 64), and strong coupling rotational
model calculations by El-Batanoni and Kresnin (El 66). As
in the case of.13N, the experimental information on this
particular nucleus comes mostly from studies of the elastic
and the inelastic scattering of protons by l4N. However,
the binding energy of !N + p is known to be 7.291 MeV above

the ground state of 150, thus the direct scattering measure-

)
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ments are restricted to the studies of the levels above
7.55 MeV. The lower levels could only be measured indirect-
ly by y-ray decays. A detailed summary of the previous ex-
periments, especially an account of the proton scattering
and (p,y) measurements, can be found in Reference EV 66.

The low-lying states of the nucleus !50 can be

studied by warious nuclear reactions, such as !*N(d,n)!50,

Q = 5.07 MeV; !%N(p,n)150, 0 = -3.543 Mev; !60(3He,q)!50,

Q

4.908 MeV; !“N(3He,d)1%0, Q = 1.798 MeV and !3c(3He,n)!50;
Q= 7.123 MeV (AJ 62). : summary of the previous measure-
ments can be found in Reference WA 65A.

Among thesd reactions the (3He,n) reaction has the
highest ground state Q value. With the accuracy of today's
low energy machines, this implies mcre information can be ob-
tained for the higher excited states of 130 through this re-
action. However, compared with other reactions detailed
studies on this reaction are rather scarce (DI 65, DE 64B,
DU 63, JO 61). The levels studied by these previous authors
were restricted to those neutron groups leading to the ¢
ground and 6.18 MeV states only. 1In the present work ex-
cited states up to 9.611 MeV in !50 were observed, and for
most of the states observed angular distributions were also
studied. |

2. The Energy Levels and Their Excitation Curves

A typical neutron time-of-flight spectrum is shown in

Figure 30. This spectrum was obtained at elab = 0° with a

neutron flight path of 6.35 meters, and a 3He bombarding
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Figure 30. A neutron time-of-flight spectrum for the

13c(3He,n) 130 reaction at Egge = 5-0 MeV.
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energy of 5.0 MeV. The overall time resolution was nvo1.2
nsec. For the Ez, = 6.2 MeV, the resolution was 0.9 nsec.
Excitation energies were extracted from the measured Q values
(Appendix I1I). Excitation energies for the observed states
of 150 together with the previousiy reported excitation ener-

gies are given in Table 7.

Table 7. Energy Levelsof !%0

Q(MeV) Error Excitation Ajzenberga) Warburtonb) Evansp)
13c(3He,n)% (KeV) (MeV) © (MeV) (MeV) (MeV)

7.123 3% 7+ 0.0 0.0 0.0

(1.891) 3 7 5.232 8 5.18 5.188 ¢ 6.0

5.24 5.240 ¢ 1.3

0.940 2 6 6.183 7 6.16 6.180 + 4.0
0.333 2 6 6.790 7 6.79 6.789 * 6.5
0.254 2 6 6.869 7 6.85 6.857 ¢ 3;2
-0.163 1 6 7.286 6 7.16 7.284 ¢+ 7.0
~-0.447 3 6 7.570 8 7.55 7.550 * 2.2

-1.187 7 8 8.310 12 8.28 8.283 + 3.0 8.283

-1.628 2 5 8.750 7 8.74 8.735 + 6.0 8.75
-1.804 1 5 8.926 6 8.92 8.915 + 3.0 8.915
-1.851 3 6 8.974 8 8.98 8.980 + 3.0 8.972
-2.376 2 5 9.498 7 9.49
-2.489 1 5 9.612 6 9.53
-2.543 1 5 9.665 6 9.60

a) AJ 62, b) WA 654, c) EV 66.

The weighted standard deviations from the mean.
+ Overall uncertainty.
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Disagreements with the tabulation of Warburton et al.
(WA 65A) in excitation energies were found for some levels.
The present work unlike the y-ray measurements, includes in-
ternal errors such as uncertainties in the target thickness,
bombarding energies, and especially the surface condition of
the target. However, the good agreement with the Q-value cal-
culated from the mass tables to the ground state Q-value of
the present measurements has indicated that this is not the rea-
son for the disagreament.Examination of all spectra obtained for
this reaction shows no evidence of the previously reported
level at 7.17 MeV (HE 59). Instead, in agreement with the
result of Warburton et al. (WA 65A) a level at 7.286 MeV was
observed. The 8.283 MeV level was obscured in most spectra by
a peak correspohding to neutrons leading to the %0 ground
state, from the reaction !'2C(3He,n)!"0. An interesting feature
of the spectrum is that all the known levels of 150 are almost
equally populated by this reaction.

Excitation curves were measured at 0 degrees with res-
pect to the 3He beam, for 3He bombarding energies between 5.5
and 6.5 MeV. The excitation curves including the ground state,
6.183, 7.286, 7.570, 8.750, 9.498, 9.612 and 9.665 MeV are
presented in figures 31 and 32.

The excitation curves of the unresolved states 5.188
MeV + 5.240 MeV, 6.79 + 6.87 MeV and 8.926 MeV + 8.974 MeV are
presented in figure 33. The curves in figures 31, 32 and 33
were drawn for reading convenience. Obviously the excitation

curves have some structure. The present excitation curves
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Figure 31.

Figure 32.

Figure 33.

The neutron yield of !3C(%He,n)!%0 at 6,_, = 0°
leading to 0.0, 6.183, 7.286 and 7.570 MeV levels.

The neutron yield of !3c(3%He,n)l%0 at 81.p = 0°

leading to 8.75, 9.498, 9.612, and 9.665 MeV levels.

The neutron yield of 13C(3He,n)!50 at 81.p = 0°
leading to unresolved levels (8.926 + 8.974, 6.79 +

6.87 and 5.188 + 5.240 MeV).
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and the ground state excitation curve of Din et al. (DI 65)
were used to select the 3He energies of 5.0 and 6.2 MeV at

whic¢h the angular distributions were to be studied.

3. Analysis of the !3C(3He,n)!50 and 12¢(3He,n) 1 %0 Results

The fact that the spin and parity of the !2C ground
state is %7 means that only one L value can play a role in the
cross section for the 13C(3He,n)!%0 reaction. Formula (3-1)

of the simplified PWBA is therefore reduced further to

K2y2, .,
9(0) o\ exp (- 230 32 (kry) (4-1).

This simplification is also true for the 12¢(3He,n) 1 %0
ground state transition, where both ground state of 12¢ and
140 have J" = O+, and thus only a pure L = O transfer is pos-
sible. A value p = 5.0 fms was used for all calculations
(similar to that used for 118 (3He,n) }3N) involving the
13c(3He,n) ! 50 reactions and also for the 12¢(3He,n) 140 reac-.
tion leading to the ground state of !*0. A value of rj = 5.0
fms was used for the 13C(3He,n)!50 calculations, and a value
r, = 4.7 fms was used for the !2C(3He,n)!"0 calculations.

Diffraction model calculations were carriéd out for the
12¢(3He,n) 140 and the !3c(3He,n)!30 reactions (cf. Chapter 3
for details). Similar radii to those used in PWBA calculations
were also used for the simple diffraction model calculations.

. For the DWBA calculations, all incident channel para-
meters listed in Table 4 were tried in the calculations.

Rosen's parameters (RO 66) were used for exit channel para-

meters. It can be seen from figure 34 that for the



57

Figure 34.

Angular distribution of the neutrons leading to
the ground state of !%0 for Ej, = 6.1 MeV.

L = 0 was assumed for all calculations. DWBA(S)
and DWBA (D) indicate results of shallow well
potentials and deep well potentials respectively.
PWBA and SDM indicate calculations of plane wave
and diffraction model respectively. (See text

for detail of parameters used)
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12¢(3He,n,)1*0 reaction, better agreement to the experimental
data was obtained with the 'shallow potential' (set I of Table
4) than with the 'deep potential' (set VII of Table 4). This
was true also for the !3C(3He,n)!%0 cases.

A slight adjustment to the parameters was made and the
following pafameters were finally adapted for both the 6.2 MeV
and the 5.0 MeV !3C(3He,n)!50 calculations. The final parame-

ters were then,
V = 69.0 MeV, W = 56.0 MeV, o = 0.7 fm, and r, = 1.61 fm.

All calculated results together with the experimental

results are presented in figures 35 to 57.

Shown in Table 8 is a summary of the L values from the
present DWBA calculations and the possible spin and parity
assignments to the corresponding levels. Also shown is the

previous known assignments (WA 65A, EV 66).

Listed in Table 9 are parameters used in HF calculations.
Calculated results are shown together with the measured cross
sections in figures 35 to 57. As in the case of the !B(3He.n)°WN
the HF calculation showsa tendency to overestimate the CN
cross sections for !3c(3He,n)!50. The overestimations were en-

hanced especially in E3He = 5 MeV cases.
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Table 8. L values for !3c(°He,n) 150
Excitation L . Jm +
Present Warburton¥ Evans
0.0 0 " 5
5.188 1 1+ 3+ 1+
| 7 132 3
5.240 | 2 3+
6.183 (2) 3, 2 3)
6.790 1 3, 5 o
6.869 (2) 3, 3 2, 2
7.286 3 x5 < %(+)
7.570 1 = > =
8.310 >
8.750 1 AR 5
8.926 0 5 3+)
8.974 0 5 3- 5
9.498 2 =, 3 =
9.612 2 3, 3
9.665 (0) (3)
*WA 65A, tEV 66.
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Table 9. Parameters used for !3c(3%He,n)1%0 HF calculations.

Channel v 1) ey o r, ry Ebeq a b Ty

p-15N* 34 22 0.65 0.50 1.25 1.25 5.3 -1.188 0.781 1.0

d-14N** 76.7 20 0.73 0.73 1.3 1.3 4.9 -3.404 1.754 1.0

e-138xT 220 23.8 0.53 0.99 1.22 1.8 7.6 -1.038 0.547 1.0
a-12¢t% 110 5 0.68 0.68 1.4 1.3 6.0 -1.979 1.053 1.0
13¢cF 69 56 0.7 0.7 1.61 1.61 4.3 -1.901 0.667 1.0
1507 T 46.7 5.75 0.65 0.7 1.25 1.25 5.3 -1.237 0.763 1.0
*(BJ 59); **(MU 67); *+(FL 68); +* (DE 64C);

+, t+ similar potentials used for DWBA calculations.

4. The- Levels of 150

1. The ground state.

The ground state of 150 hag been studied by means of the
(3He,n) reaction by many authors. Dugan et al. (DU 63) with
3He energies from 1.6 to 2.7 MeV studied the excitation curves
at elab = 0° and 90°. They also measured a neutron angular
distribution at E3ge = 2.66 MeV. Three angular distributions
at 3He energies 2.6, 2.8, and 3.1 MeV were also given by John-
son et al. (JO 61). Din et al. (DI 65) using the proton recoil
technique made a most careful measurement of this state. They
measured the excitation curves at 0°, 90° and 150°, with bom-
barding energies ranging from 1.4 to 5.8 MeV. Twelve angular
distributions were taken within this region of bombarding ener-
gies.

The excitation curves for this state up to 5.8 MeV seem

to consist of many resonances. This would indicate that the

reaction mechanism is complicated in this energy region.
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However, the excitation curve of Deshpande et al. (DE 64B) at
elab = 10° indicated thai: there is little structure from 3He
energies 7.5 to 11.0 MeV. The excitation curve from the pre-
sent work is an extension of the results of Din et al. to 6.5
MeV. The curve obtained is rather flat, however, some struc-
tures can still be seen in it. The angular distributions
measured at bombarding energies at 5.0 and 6.2 MeV together
with the three theoretical predictions are presented in figures
35 and 36. The (lp,lp) configuration was used for the DWBA
calculations. Except for some disagreements at backward
angles good agreement was obtained for the DWBA calculations.
In view of the structures in the excitation curves, the good

agreement to the DWBA calculations may indicate that if some

of the sharp "resonances" can be avoided the reaction leading

to this particular level is still predominantly direct.
Although the HF calculations overestimate the CN cross sec-
tions, as shown in figures 35 and 36 the contribution. from the

CN formation is insignificant compared to that of DI.

2., The 5.188 and 5.24 MeV Level (Unresolved)

In the present measurements these levels were unresolved
except at angles of more than 110°. No attempts were made to
determine the separate Q values for each level. The centroids
of the peaks from the doublets were taken in the Q-value deter-
minations. An average value of 5.232 MeV was used for the ex-
citation energy of these two levels. The value 5.188 MeV and
5.240 MeV were taken from the work of Warburton et al. (WA 65A)
who have measured the excitation energies of these levels

using a Ge(Li) detector.
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Figure 35.

Figure 36.

Angular distribution of the neutroﬂ; leading
to the ground state of !%0 for Ey, = 6.20 MeV.
See text for parameters used for DWBA calcula-
tion. r, = 5 fms, u = 5 fms were used for the
plane wave Born approximation (PWBA) calcula-

tions. rb=:5 fms was also used for the simple

diffraction model (SDM) calculations.

Angular distribution of the neutrons leading to
the ground state of !°0 for Ejy = 5.0 MeV.

(See also caption under figure 35).
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The 5.188 and 5.240 MeV levels are known to have
T 1+ 5+

J = > and 5 respectively (WA 65A, HA 57B, éA 66) .
Bizzetti et al. (BI 67) have measured the life time of the
5.240 MeV level by Doppler-shift methods using a Ge(Li) detec-
tor. Their results also favored a %* assignment.

The selection rules for the present reaction restrict
the L Values for transitions to these levels to 1 and 3 res-
pectively. Figures 37 and 38 of the present results indicate
that there is an L = 1 transition component in it, and also
possibly there is a large contribution from transitions with
L'> 2., No attempts were made to fit the data. However, to
show the L = 1 and 3 distributions, separate DWBA calculations
with L = 1 (1p,2s) and L = 3 (lp,1d) were made, and are shown
in figure 38. Comparing the measured cross sections to the HF
cross section one notices that the compound formation to these
levels is not negligible.

If the configuration of the 5.240 MeV level is as
csimple as predicted by Halbert et al. (HA 57B), then the (d,n)
reaction should yizld a good spectroscopic factor. However,
the (d,n) results published to date are confined to low bom-
barding energies or have poor time resolutions (MU 67, LO 66,
EL 60) and yield no additional information on these two
levels. The present system could be used to resolve those
two levels by, (d,n) reaction.

3. The 6.183 MeV level

Lane (LA 60) had shown from shell model calculations

that there is only one normal (1lp)!! configuration state ex-.

pected in this enerqgy region for mass 15 nuclei.
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Figure 37.

Figure 38.

Angular distribution of neutrons leading to the
unresolved 5.188 and 5.240 MeV levels of 150

for E3y, = 6.2 MeV. The HF calculations are the
sum of those two levels. (See also cantion under

figure 35).

Angular distribution of neutrons leading to the
5.188 + 5.240 MeV levels of !°0 for Esy, = 5.0
MeV. DWBA(l) and DWBA(2) indicate results of

L = 1 with configuration (lp,2s) and L = 3 with
configuration (lp,1d) respect}vely. The HF cal-

culations are the sum of these two levels.
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Povh et al. (PO 59) from y-ray measurements assigned the
6.183 MeV state a spin of % and assumed the parity to he
negative. This was in agreement with the previous (d,n)
measurements of Evans (EV 53) who assigned a spin less than
% and nedgative parity to this level.

Later experimental results were all in favor of thelgf
assignment to this level, especially ° those given by’
Warburton et al. (WA 65) whose - 160 (3He, o) 150 spectrum
strongly indicated that this is a p3/2, hole state, if the
'ground state of the !0 nucleus is a pure s*p!2 closed shell
state. (However, there are some doubts about this statement,
A shell model calculation of Wong* indicated that the s%p!?
contribution to the 160 ground state configuration is no more
than 70%). Recently Gill et al. (GI 68) have studied this par-
ticular level using the reaction !60(3He,ay)!%0. They conclud-
ed that this state is a mixture of a single-hole state with
two-particle configurations.

Judging from the excitation of Figure 31, which is flat
and structureless for 6.183 MeV level, one might expect an
angular distribution which is independent of energy. However,
this is not the case.

The angular distributions were strongly energy depen-
dent (figures 39 and 40). By taking into consideration the EF
cross sections, a reasonable fit to 6.2 'MeV data was obtained,
althouga the 5.0 MeV data has presented great difficulty
for interpretation. One may assume that the interference term

may play an important role in this case. More angular distri-

*3.S.M. Wong, private communication.
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Figure 39. ‘Angular distribution of neutrons leading to the
6.183 MeV level of !50 for Egy = 6.2 MeV.
DWBA (1) and DWBA(2) represent results using
(1p,1p) and (14,2s) configurations respectively.
L = 2 was assumed for bath calculations. (See

also caption under figure 35).

Figure 40.  Angular distribution of neutrons leading to the
6.183 MeV level of 150 for Egy, = 5.0 MeV. Only
result of L = 2 with (1p,1p) configuration is
presented'for DWBA calculation. (See also caption

under figure 35).
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butionsat other 3He energies are neededlto draw any conclu-
sion about this level.

4. The 6.790 and 6.869 MeV levels

This pair of levels, in the present measurements were
barely resolved in most of tﬁe 6.2 MeV data. However, they
were resolved in the 5.0 MéV data. The large error bars indicated
in figures 41 and 42 arise mostly from the peak fitting error.
These two levels have been extensively studied by y-ray
measurements (WA 65A, GA 66, GO 66). The spins and parities
are assigned as %ffor the 6.790 MeV level and %, (%) for the
6.869 MeV level. The (d,n) measurement of Mubarakmand and

Macefield (MU 67) also indicated that one of these levels

(unresolved) should have an Lp = 0 transition and thus should

3+
2 .

Halbert et al. (HA 57B) have predicted a composition of

have J7 =

85% 1s* 1pl0 25 and 15% 1s* 1pl0 1d for the 6.79 MeV > level. As
shown in figure 41, (lp,2s) DWBA gives a good fit to the data.
The measurement of Warburton et al. (WA 65A) indicated
the 6.869 MeV level is a mirror level to the 7.15 MeV
level of 15N(%-'"). Although the data shown in figure 42 is in
no way conclusive all calculations seem to favor an L = 2
transition. If this is the case, then the selection rule would
rule out an even parity assignment for this level. The DWBA
calculations also favored a (lp,lp) transition rather than a
(14, 2s) transitioﬁ. How;ver this is in contradiction to Lane's
calculation if one assumes the 6.183 MeV level as the pure

normal configuration state (see subsection 3). Judging from

the present neutron angular distributions one would assign a
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Figure 41.

Figure 42,

Angular distribution of neutrons leading to
6.790 MeV level of 150 for E3ge = 5.0 MeV.
L = 1 was assumed for all calculations. (See

also caption under figure 35).

Angular distribution of neutrons leading to
6.869 MeV level of 1350 for E3ge = 5.0 MeV.
L = 2 was assumed for all calculations. (See

also caption under figure 35).
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spin of % or % for this level.

5. The 7.286 MeV level

A level at 7.16 MeV -was:-réported by Hebbard and Povh

(He 59) but later work of Warburton et al. (WA 65A) reported
that there was no such level. Instead they found a level at
excitation energy of 7.284 MeV. They also gave the possible
spin for this new level as less than %. Mubarakrand and Mace-
field (MU 67) have measured this level by !“N(d,n)!50 reaction.
From the angular distributions they did obtain an excellent
fit to their data with Zp = 2 transfer calculations, and thus
a %ﬁ assignment was given to this level. This level was then
paired to the 7.56 MeV level of !5N as its mirror level. The
shell model calculation of Halbert and French (HA 57B) predic-
ted the existance of a level consisting mainly of a 1ls*1pl0ia
configuration at or near 6.39 MeV excitation for mass 15
nuclei. If this predicted level corresponds to the 7.286 MeV
level of 150, then the selection rules allow only an L = 3
transition for the present transition. Various calculations
together with the differential cross sections are shown in
figures 43 and 44. The E3He = 6.2 MeV data indeed give a good
fit to (1lp,1d) L = 3 DWBA calculation. The L = 4 SDM calcula-
tions also gives a good fitlto the data, however, for such a
high L value the results of the crude diffraction model are
not to be trusted. The angular distribution at E3He = 5.0

MeV has a backward peaked distribution. The data did not dif-
ferehtiate between the L = 3 and L = 4 calculations. The above

calculations lead one to assign the possible spin and parity
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Figure 43.

Figure 44.

Angular distribution of neutrons leading to the
7.286 MeV level of ‘50 for Ejge = 6.2 MeV.

DWBA (1) and DWBA(2) represent calculations using
L =4 with (lp,1f) configuration and L = 3 with
(lp,1d) configuration respectively. (See also

caption under figure 35).

Angular distribution of neutrons leading to the
7.286 MeV level of 150 for E3pe = 5.0 MeV. (See

also caption under figure 35).
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. 5+ 7+ . . . .
of this level as 3 Oor 7 . This is in agreement with pre-

vious work (WA 65A, MU 67).

6. The 7.570 and 8.750 MeV level

Warburton et al. (WA 65A) and Evans et al. (EV 66)
had paired the 7.570 MeV level to the mirror level of 15N at
8.312 MeV leading to a spin and parity assignment of %f.
The present (3He,n) reaction populates this level very weakly.
The neutron angular distributions of figures 45 and 46 could
not be explained by a direct reaction mechanism. It is there-
fore impossible to make any predictions for the spin and
parity of this level from the present experimental evidence.

The 8.750 MeV level has been observed by proton elastic
scattering on !*N (HA 57A, GO 54, FE 59A7), and by 14N (p,y) 150
(EV 66). All measurements have indicated this is a %ﬁ level.
The proton scattering of Hagedorn et al. (HA 57A) reported
this level has a width of 34 t 4 keV. Gove et al. (GO 54)
also measured the proton scattering and have reported a level
width of 53 keV. The present measurements confirm that this
level has a large width but it was not possible to extract an
accurate measurement of the width (see figure 30). The neutron
angular distributions for this level are shown in figures 47
and 48. All calculations indicate that an L =1 transition is
involved, leading to an assignment for the spin and parity of

1+ 3+

this state of either 7 or 3 . :

7. 8.926 MeV and 8.974 MeV levels
Although in the present measurements these two levels

were not well separated it was possible to extract angular
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Figure 45.

Figure 46.

Angular distribution of neutrons leading to
7.570 MeV level of !50 for Ezy = 6.2 MeV.
I = 1 was assumed for all calculations. (See

also caption under figure 35).

Angular distribution of neutrons leading to
7.570 MeV level of %0 for Ez, = 5.0 MeV

DWBA (1) and DWBA (2) represent results of
(1p,1d) and (p,2s) configurations respectively.
L = 1 was assumed for all calculations. (See

also caption under figure 35).
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Figure 47.

Fiqure 48.

Angular distribution of neutrons leading to
8.750 MeV level of 130 for Eype = 6.2 MeV.
L = 1 was assumed for all calculations. (See

also caption under figure 35).

Angular distribution of neutrons leading to
8.750 MeV level of %0 for'E3He = 5.0 MeV.
DWBA (1) and DWBA(2) represent results of
(1p,1d) and (lp,2s) calculations respectively.
L = 1 was assumed for both calculations.

(See also caption under figure 35).
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distributions for both transitions from the 5.0 and 6.2 MeV
data. The 8.926 MeV level was more strongly populated than

the 8.974 MeV level. The angular distributions for both levels
are shown in figures 49 to 52.

The 8.926 MeV level was known from the proton scatter-
ing measurements to be a %f level. Both d-wave and s-wave
protons were involved in forming this state (HA 57A). The
measurements of Evans et al. (EV 66) also indicate the angular
distribution of the y-rays decay to the ground state is con-
sistant with the decay of a %ﬁ state formed with a d- to s-
wave intensity ratio of 35%.

The spin and parxity of the 8.97 MeV level was previ-
ously assigned by Cohen-Ganoura et al. (CO 63) and Evans et al.
(EV 66) to be %7. Assuming that these levels have spin and
parity of %* and %7 respectively, then the selection rules will
permit anL = 1 transition for the 8.926 MeV level and an L = 2
transition for the 8.974 MeV level. The neutron angular dis-
tribution of present measurements indicate that this is not
the case. A typical L = 0 transition was found for both
levels (see figures 49 to 52). The strong transition to
8.974 MeV level may also indicate that this level is the lp!! confia--
ration level which was predicted by Lane et al. (LA 54) at 9.28
MeV. Since L equals zero, the only possible spin and
parity can be assigned to those two levels is %_. It was
reported by Hagedon et al. (HA 57B5 that a level at excita-
tion energy 9.03 MeV can be assigned with a possible spin and
parity of %_ or %_. One of the present observed levels may

correspond to the 9.03 MeV level of Hagedon et al.
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FPigure 49.

Figure 50.

Figure 51.

Figure 52.

Angular distribution of neutrons leading to the
8.926 MeV level of !°0 for Ej, = 6.2 MeV. L =0
was assumed for all calculations. (See also

caption under figure 35).

Angular distribution of neutrons leading to the
8.926 MeV level of !50 for Ezy = 5.0 MeV. L = 0
was assumed for all calculations. (See also cap-

tion'under figure 35).

Angular distribution of neutrons leading to the
8.974 MeV level of 150 for Ejy, = 6.2 MeV.

DWBA (1) and DWBA (2) represent results of
(1p,1p) and (1d,1d) calculations respectively.
L, = 0 was assumed for all calculations. (See

also caption under figure 35).

Angular distribution of neutrons leading to
8.974 MeV level of !°0 for Ezy = 5.0 MeV. L = 0
was assumed for all calculations. (See also

caption under figure 35).
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8. 9.498 MeV, 9.611 MeV and 9.665 MeV levels

Some of these levels of 150 have been observed using
proton scattering on !N by various groups (GO 54, BO 57,
FE 59A). A broad state (%f) at an excitation energy of 9.47
MeV is reported to decay entirely to the grouﬁd state. The
present measurements of neutron angular distributions for these
levels are shown in figures 53 to 57.

The strong transition to the 9.498 MeV corresponds to an
L = 2 transition. Thus the possible spin and parity for this

85—

level is 3- or 5 . Similar distributions were obtained for

2
the 9.611 MeV level, therefore the only possible spin and
parity assignment to this level is %_ or %_;

At these high excitation energies the CN formation de-
creases; on the other hand the DI increases substantially.
This effect is seen in figures 53 to 56.

The neutron angular distribution for the 9.665 MgV is
shown in figure 57. The calculations seem to favor an L = 0
transition. This suggests the spin and parity of this state

may be assigned as % .
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Figure

Figure

Figure

Figure

53.

54.

55.

56.

Angular distribution of neutrons leading to the
9.498 MeV level of 150 for E3H = 6.2 MeV.

e
L = 2 was assumed for all calculations. (See

also caption under figure 35).

Angular distribution of neutrons leading to the
9.498 MeV level of 150 for E3g, = 5.0 MeV.
L = 2 was assumed for all calculations. (See

also caption under figure 35).

Angular distribution of neutrons leading to the
9.611 MeV level of 150 for E3pe = 6.2 MeV.
L = 2 was assumed for all calculations. (See

also caption under figure 35).

Angular distribution of neutrons leading to the
9.611 MeV level of 150 for E3ge = 5.0 MeV.
L = 2 was assumed for all calculations. (See

also caption under figure 35).



0.00 30.00 60.00 80.00 120.00 150.00

C.M. ANGLE (DEGREE)

o " " : o
o : o
=T : . 13C (3HE,N) 158, 6.20 MEV T =

9.498 MEV LEVEL
a L =2, (10,10 Q
ol To
—___ DMWBA
o o
o T

H.o 40 o

2l i

o1y Y]

~N

7p)

2

a }

|mno (=)
[ =) o

Eat T

=z

©

| e

a1

s 9

m._:-- --ﬁ-

Vp]

(dp]

| 9]

m %

gl 13 { 3
ﬁ'-- § § % --ﬁ'

A\
(=] o
wn w
ol To
o (o]
°© 1 1 1 L 3 o,
.00 30.00 60.00 90.00 120.00 150.00°



30.00 60.00 80.00 120.00

0.00 150.00
o | R v L q D
w w
-T 13C (3HE,N) 150, 5.0 MtV T~
9.498 MEV LEVEL
?,__L L=2, (10,10 | g
pWBA
PWBR
o SOM o
(V] (g V]
—T T
=) =)
x® T
wn— -
\ J P
1P b
=z
a
(un
mg 2
=33 1e
=
S $
= 1
NGt +a
N \
o N\
ac
O o
- o
oT K=
'—“-\~\ HF‘/
- - (en]
CO\'.-p \-\-_—-.‘—-—‘/ _-(\f
o (an]
[en} o
e l 4 ! 4 A D,
D’ T -1 T T ) o
0.00 30.00 60.00 90.00 120.00 150,00

C.M. ANGLE (BEGREE)



CROSS SECTION (M BARNS/SR.)

C.M. ANGLE (DEGREE)

0.00 30.00 60.00 90.00 120.00 150.00
° L L] L] L] ¥ o
N N
oT . 13C(3HE,N) 150, 6.20 MEV T

9.611 MEV LEVEL
9 L=2, (0,10 8
T T
— DWBA
w—— PHWBR |
b= =
aT T
(o] o
Q o
Y To
(=] o
w w
o
(=] (=]
] is
(=] o
[ ] w®
o { Toe
. - .
= =
oT To
- _ $ __HE _|
-\- - e
[ ] (=]
O. 1 % Y 3 1 c.
.00 30.00 60.00 80.00 120.00 150.00°



30.00 60.00 90.00

0.00 120.00 150.00
D L L] L] L] L) D
I7s) ' 17s)
-T 13C (3HE,N) 150, 5.0 MEV T —
9.612 MEV LEVEL
g_ L=2, (0,10 S
DWBA
x—x- [WBA
N1 1o
¢
g 3
C .+ <y - "'(3'
- —
~
w
=
[0 oE L
T
no T o
0P 1%
2ol o
=z 4+ L 9 (
(o] -
B P | :
o ) 2
OsT o Te
&
© T ‘
- ? N
O
o - 4 =
Tl A 1=
o o
o ) -\~ Hﬁ/—/ o
oT : - To
o o
© J 1 L l 1 D.
D' T . T T ¥ T o
0.00 30.00 60.00 80.00 120.00 150.00

C.M. ANGLE (BEGREE)



78

Figure 57. Angular distribution of neutrons leading< to the
9.665 MeV level of 150 for Ejge = 6+2 MeV.
L = 0 with (14,1d) configuration was used for
DWBA calculation. L = 1 was also tried for PWBA

calculation.
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CHAPTER FIVE

CONCLUSIONS

The results shown in Chapters 3.and 4 present several
significant features in common. To demonstrate this we
assume that the maxima of individual angular distributions
less contributions from HF cross section is a measure of the
DI strength. DI and corresponding HF strengthSare plotted
versus their excitation energies in figures 58 and 59.

For a given nucleus, since the di-proton transfer
probability is higher to the low Q values states (high-
lying states) than those with high Q states, one would ex-
pect in general the DI transition strength will increase with
the excitation energy. On the other hand, one would expect
the CN cross section decreases as the excitation energy in-
creases.

Glancing at figure 58 for !!B(3He,n)!3N one notices
that there is a minimum region of DI strength at E  ~ 7.0
MeV regardless of 3He bombarding energies. In case of
13c(3He,n) 150 the trend shows a similar minimum at
E, v 8 MeV. The angular distributions for some of the
transition to those minimum strength region states also in-
dicated a strong energy dependence, which clearly is not
characteristic of DI.

Feshbach (FE 58,62) has proposed that the CN states are
the end product of a sequence of two body interactions. The
first two-body interaction between the incident particle and

Y

a target nucleon leads to two-particle one hole states, which
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Figure 58.

Figure 59.

Transition strength plotted vs excitation energy
for reaction !1B(3He,n) !3N (DI strength in posi-
tive and corresponding CN strength in negative &i-

recton. The 3.50 MeV data is for unresolved pair
of levels.

Transition strength plotted vs excitation energy
for reaction !3c(3He,n) !50 (DI strength in posi-
tive and corresponding CN strength in negative
direétion. The 5.23 MeV data is for unresolved

pair of levels.
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were'cailed doorways, and subsequently leading to three-

particle and two-hole states and so on, until so called CN

states are reached. For high Q states, although the CN Vs

DI strength ratio is great, the states consist mostly of

simple single particle configurations and are easily formed by

transferring protons from the projectile to the target nucleus

with core excitations playing only a small part. Thus one

sees a good strength of DI for those lowlying states. At the

minimum strength region, however, most of the states are formed

from more than simple single particle configurations, and are
complicated. It then may need mére than one step to form those
states, thus one may see "doorway" states formed at this mini-
mum strength region. The investigation of doorway states both
at unbound, continuum region (SE 65) and at bound region

(SE 66) are available. The present results may be useful from

the point of view of CN theories.

This work has also demonstrated that:

1. At bombarding energy 5 ~ 6 MeV, the DI is predominant for
the most of transitions observed. Therefore the (3He,n)
is useful as a spectroscopic tool at these energies.

2. With a set of reasonable parameters, the prediction of the
plane wave theory is still useful, i.e. a set of consis-
tant parameters could be obtained.

3. The simple diffraction model gives surprisingly good pre-
dictions for the high Q transition states.

4. The DWBA theory with point 3He approximation has given
the most satisfactory explanations of the data.of all

DI theories used. However, in order to obtain the spectro-=
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scopic information which DWBA is potentially capable of
giving one needs more sophisticdted programs, sugh as the
code developed by Glendenning et al. (FL 68) to include
two body fraction of parentage coefficients or directly
taking into account the wave function given directly from
the shell model calculations.

Finally for the most states studied, the deduced L values
from this work are in agreement with previous known

spin and parity assignments. . Disagreement was
found in the case of the 8.926 MeV level of !%0. This
level was reassigned %7 instead of %f. The experimental
data support the assignment %:, or possibly %7' to both
9.498 and 9.612 MeV levels of !50 as suggested on the

basis of I = 2 angular distributions obtained for those

two levels.
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APPENDIX I.

THE TARGET THICKNESS MEASUREMENTS

1. The Boron 11l target

The separated llg target, purchased from AERE, Harwell,
England, was claimed to have a nominal loading of 100 ug/cm2
elementary !!B on the gold foil backing. However, an unusually
high yield of neutrons and y-rays were observed from the bom-
bardment of this target with 3He. It was felt that a more ac-
curate determination of the thickness on this particular target
was needed. The method of measurement described in this sub-
section employed the neutron time-~of-flight technique. Since
the target thickness was measured at the spot of bombardment
where cross sections for the reaction !!B(3He,n)!3N were mea-
sured, the problem of the unevenness of the target surface was
eliminated.

The 11!B target was mounted on the target holder previ-
ously described. The target holder surface was oriented at
75° with respect to the bombarding beam. The target was then
bombarded by 3.0 MeV, 2.75 MeV and 2.55 MeV alpha beam. 1In
order to gain energy resolution the neutron detector was
placed at 140° (lab. angle). Neutron energy spectra were-
taken for the three different bombarding energies (see figure
60). The spectrum for E , = 3.0 MeV shows the 2.63 MeV and
3.0 MeV resonances [cf Mani et al. (MA 66)]. 1In the pre-
sent measurements, due to energy cut-off at higher energy
edge only the lower half of the 3.0 MeV resonance can be seen

in the spectrum. This presented problems in obtaining infor-
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Figure 60.

Neutron time-of-flight spectra obtained from

l1g(q,n) 1¥C for the !1B target thickness deter-
mination.' Spectra are obtained at elab = 140°,
flight path 2.5 meters, and bombarding energies

at 3.0, 2.75, and 2.55 MeV.



COUNTS PER CHANNEL

600}
400}

200}

Eq = 3-0 MeV
a8 Eg=:275MeV

o ¢ E_:2.55MeV

(MeV)

A
9

B _ N

. |
&l 385 keV—p

CHANNEL NUMBER




85

mation of the natural width of the target from this spectrum.
However, judging from the flat top of the 3.0 MeV run, the
high energy edge of the Ea = 2.75 MeV spectrum can be taken

as the peak shape resulting from beam spread and spectrometer
time resolution. Therefore the slope on the higher energy
side of the 2.75 MeV run was used to determine the edge A (see
figure 60). By comparing the 3.0 MeV, 2.75 MeV and the 2.55
MeV runs one also sees the lower energy edge of the peak is
mostly from the contribution of 2.63 MeV resonance. However,
careful inspection of the slope of the peak of 3.0 MeV run re-
vealed that this slope consists of both lower energy slopes of
the resonance edge and the beam energy spread. A symetric
peak was assumed for the beam spread and a similar amount

to the high energy edge was subtracted £from the lower energy
of the peak of 3 MeV run and low energy edge of B of figure 60
was thus determined. The target thickness determined in this
way was equivalent to 385 keV of 2.75 MeV o particles with an

uncertainty of 32 keV which corresponds to 323 * 27 ug/cm?.

2. The Carbon 13 Target

Three different methods were used in measuring thickness
of the carbon 13 target. The target was made by AERE at
Harwell, England.

(a) The !3c(p,y)!"N resonance.

It is known there is a strong (p,y) resonance near
1.75 MeV. This resonance was reported by Evans et al. (EV 66)
to have a half width of less than 500 ev.

A 2 x 2 NaI(Tl) scintilation counter was mounted

at elab = 0° at a distance of 1 meter from the target. Since
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most'of.the y-rays contributed to this resonance are known to
be high energy y-rays ( 4.8 MeV), a single channel analyzer
was used to set up the counting threshold at approximately
4.0 MeV. As was expected a sharp resonandé was observed at
Ep = 1.747 MeV. The half width of this resonance including
target thickness was ET32\1_0.7 keV (figure 6l(a)) for the
1.75 MeV protons.

(b) The 13C(aﬁb)P50 resonance.

Bonner et al. (BO 56) by using long counter tech-
nique studied this reaction in great detail. .They found there
was a sharp resonance with a natural width of 5 keV at Ea =
3.73 MeV. The present measurements were carried out using
time-of-flight technique. With the neutron detector located

at o = D°, flight path = 3 meters. The half width was

lab
found to be 40 keV and thus the target thickness was estimated
to be 39.2 ¢t 6 keV for 3.73 MeV o particles. This is equiva-
lent to 5.29 * 0.8 keV enerqgy loss for 1.75 MeV protons.

(c) The !3C(p,n)!3N threshold.

This well known threshold measurement was also used
for the machine energy calibration. A McKibben long counter
was placed at a detection angle of zero degrees at a distance
of 1.5 meters from the target. The excitation curve presented
in figure 61 (C) waé plotted by taking % power of the total
neutron yield against the proton energies, the width due to
the target thickness was estimated to ~be approximately 3.45
+ 1 KeV for a proton energy of 3.235 MeV. This is equivalent

to 6.38 ¢ 1.9 keV for 1.75 MeV protons.

Since the measurements of (p,y) resonance were done
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Figure 61. Various methods used for the !3C target thick-

ness determinations.
(a) 13c(p,y)!"N resonance
(b) 13C(a,n0)160 resonance and

(c) 13c(p,n)!3N threshold measurement.
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right after the major (3He,n) measurements, it was considered
the (p,yY) measurement carries more wéight.than other measure-
ments.

A 6 : 3 : 1 weight average was taken, and the average
target thickness was estimated to have an energy loss of

6.2 ¢+ 0.8 keV for 1.75 MeV proton or 43 * 6 ug/cm?2.
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APPENDIX II

THE Q-VALUES MEASUREMENTS

—

The flight path from the target to centre of the detec-
tor was measured with a maximum error of * 0.5 cm. The ”
accelerator energies were calibrated by means of 7Li(p,n) 'Be
and !3Cc(p,n)!3N threshold measurements. The threshold values
1880.56 kev, 3235.7 " keV were taken from reference
MA 66B. The overall long range stability in accelerator ener-
gies were also checked by various threshold resonace measure-
ments.

The time calibration for the !1B(3He,n)!3N measurements
was obtained from the known Q values of the various levels of
11c ysing the reaction °Be (3He,n)!1C, which was reported ear-
lier in reference SI 67. To check consistency the
9Be (3He,n) !1C calibration runs were carried out before; in the
middle, and at the end of the measurements. The calibration
lines were least square fitted to straight lines, their slopes,
intercepts at the time axis were compared, and a calibration
value 0.22364 * 0.00040 nsec/channel was obtained.

This value was also checked during a period of 6 months
and only 0.2% of drift was observed. For the 150 measurements,
the time calibration was obtained from the 160(d,n)!’F ground
state and first excited state measurements. The 160(d,n)!’F
ground state adjusted Q value was taken from.reference MA 65b,
as -1623.95 ¢ 0.40 keV. Many runs were performed, by Varyihg
the detector angles, the flight paths, and the bombarding ener-

gies, until the observed peaks entirely covered the desired
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time range. A least square fit to a straight line was obtained.
A value - 0.31866 * 0.0049 was adapted as the time calibration
for !3c(3%He,n)!% at By, = 5 MeV.

For the l1B(3He,n)!3N the half width of the entire tar- *
get thickness was estimated as 55 KeV for 6.1 MeV 3He and the
carbon deposit on thelsurface was estimated from the knowﬁ
cross section 12C(3He,n)!*0 reaction (TO 61) to be 15 keV.

Since there is some doubt about the linearity of the
calibration for the electronics system II, and also in order to
avoid electronics drifts, 12C(3He,n)!“0 ground sfate, which
appears very strongly due to the carbon contamination on the
11 target, was used as the time reference peak. By introducing
the time reference peak thé effect of the small drift in elec-
tronics system was then minimized. A Q value of -1148.10 ¢
0.39 keV was also found from MTW tables (MA 65B).

In the case of 13C(3He,n)!50 reactions the half width
of the entire target was estimated as 12.5 keV and the total
width of the 12C deposits was estiﬁated as less than 6.5 keV
at the 3He bombarding energ§ of 5.0 MeV.

| All calculation of the Q values were done relativisti-

cally using a computer code written for the purpose.

Q= E, + By = B3y

where En is the neutron energy

ER is the energy of recoil nucleus

E 3He is the effective bombarding 3He energy.
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ER can be solved from the following equation

Eg3

2 2 - : a- 2 Z Z .
He + 2M3He c E3He ‘2/(E3He‘ +2M3He c E3He) (En + 2Mnc En)

2 2 = 2 2
X cosé + En + 2Mnc En ER + 2MRc ER

The final Q for various small levels were obtained by weighted
mean from the measurements.

The standard deviations of the mean o were calculated
I w, 6.2
. g 2 = i 1
m in—l)Zmi
where Gi are the deviations of each measurement from the mean,
n is the number of measurements, wy is the weighting factors
estimated from the internal error of each measurement.
The overall uncertainty of the measurements were esti-
mated from errata arising from distance measurements, n 0.5
cm: EgHe,'is keV:; time calibration of the TAC, ~ 0.00049 nsec/
channel; angle measurement, 0.30 degrees and the averaged peak
channel determination.

In Table 10 the calculated ground state Q was then com-

pared from the known mass measurement results of MTW (MA 65A).

Table 10. Ground State Q Values (MeV)

Calculate from Present Measurements
Reactions MTW Q Standard Overall
Deviation Error
11p (3He,n) 13N 10.182 10.183 0.002 0.011
13¢c(3He,n) 50 7.125 7.123. 0.003. 0.007

The excited states measurements for both !3N and !50
especially the higher states presented by this calculation are

believed to be the most accurate measurements to date.
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11 (3He,n)! 3N, E3pe = 6.49 MeV

C.M.Angle Sigma Error C.M.Angle Sigma Error
(degree) (mb/sr.) (mb/sr.) (degree) (mb/sr) (mb/sr.)
0.0 Mev State 3.502 + 3.55 MeV States
0.0 1.043 0.016 0.0 4,957 0.112
10.85 0.922 0.104 10.96 4,427 0.108
21.67 0.743 0.084 21.90 3.162 0.080
32.44 0.805 0.096 32.78 1.959 0.068
37.80 0.829 0.096 38.19 1.332 0.048
43.14 0.851 0.096 54.26 1.245 0.048
53.74 0.780 0.088 75.22 1.180 0.048
64.23 0.660 0.072 85.47 1.144 0.044
74.59 0.572 0.064 100.54 1.199 0.040
84.81 0.377 0.044 115,22 1.390 0.064
99.86 0.356 0.040 129.55" 1.195 0.056
114.59 0.398 0.048 143.57 0.911 0.048
129.00 0.488 0.052
143.13 0.516 0.060 10.381 MeV State
2.338 MeV State 0.0 0.398 0.056
11.49 0.451 0.084
0.0 0.220 0.016 22.93 0.442 0.048
10.92 0.390 0.032 39.91 1.089 0.096
21.81 0.700 0.056 45,51 0.935 0.084
32.65 0.705 0.060 56.57 0.886 0.080
38.04 0.817 0.064 67.43 0.699 0.068
43.41 0.693 0.052 78.06 0.677 0.116
54,06 0.435 0.036 88.45 0.554 0.068
74.99 0.283 0.024 103.55 0.617 0.080
85.22 0.172 0.024
100.28 0.144 0.028 10.833 MeV State
114.98 0.130 0.020
129,34 0.156 0.012 0.0 3.926 0.344
143.40 0.188 0.020 11.56 3.158 0.284
23.07 2.336 0.216
9.476 MeV State 34.49 1.907 0.212
45,78 0.722 0.096
0.0 1.641 0.144 56.89 1.276 0.124
11.37 1.222 0.108 78.46 1.114 0.120
22.69 0.598 0.056 88.87 1.662 0.284
39.52 0.284 0.032 103.98 0.899 0.204
45.06 0.237 0.036

56.04 0.290 0.040
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11B(3He,n)13N,' B3y, = 6.10 MeV
C.M.Angle Sigma Error C.M.Angle Sigma Error
 (degree) (mb/se.) (mb/sr.) (degree) (mb/sr) (mb/sr.)
0.0 MeV State 2.358 MeV State
0.0 1.078 0.036 0.0 0.283 0.020
0.0 1.046 0.036 0.0 0.274 0.024
5.42 1.057 0.036 5.45 0.375 0.056
10.83 1.067 0.044 10.90 0.509 0.024
16.24 1.073 0.040 16.35 0.663 0.040
21.63 0.994 0.040 21.78 0.824 0.032
32.39 0.979 0.032 32.60 0.981 0.044
43,07 0.950 0.036 53.98 0.586 0.028
53.66 0.859 0.032 59.26 0.592 0.048
58.92 0.911 0.044 64.51 0.486 0.024
64.14 0.802 0.028 69.71 0.478 0.020
69.33 0.764 0.036 74.89 0.415 0.024
74.29 0.619 0.024 80.02 0.292 0.016
79.62 0.527 0.036 85.12 0.266 0.024
94,78 0.415 0.016 95.20 0.126 0.024
104.71 . 0.449 0.024 105.12 0.179 0.012
104.71 0.405 0.020 105.12 0.240 " 0.028
114.49 0.490 0.016 114.88 0.171 0.016
124.14 0.570 0.032 124.50 0.223 0.01l6
133.66 0.530 0.024 133.98 0.247 0.012
138.37 0.600 0,028 138.67 0.187 0.028
143,07 0.540 0.028 143.34 0.230 0.016
147.74 0.580 0.028 147.98 0.264 0.016



11p(%He, n)1%N, B3 = 6.10 MeV
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C.M.Angle
(degree) (mb/sr.)

Sigma

Erroxr
(mb/sr.)

C.M.Angle
(degree)

Sigma .
(mb/sr.)

Error
(mb/sr.)

3.502 + 3.55 MeV States

0.0

5.48
10.95
16.41
32.73
43.51
54.18
59.47
64.73
69.95
75.13
80.27
85.37
95.46
105.37
105.37
115.12
124.72
134.17
138.85
143.50
148.12

5.074
5.173
4,908
4.095
2,293
1.812
1.281
1.358
1.232
1.364
1.210
1.203
1.181
1.264
1.248
1.283
1.316
1.116
1.011
0.901
0.861
0.799

0.164
0.160
0.164
0.140
0.076
0.060
0.048
0.052
0.040
0.060
0.040
0.044
0.036
0.044
0.044
0.052
0.056
0.044
0.036
0.036
0.036
0.036

6.353 MeV State

0.333
0.312
0.346
0.364
0.397

0.411

0.400
0.310
0.254
0.214
0.256
0.160
0.161
0.136
0.175
0.145
0.182
0.173
0.190
0.224
0.246
0.221
0.278
0.317

0.016
0.016
0.020
0.020
0.024
0.024
0.024
0.012
0.012
0.016
0.016
0.012
0.012
0.012
0.012
0.012
0.0l16
0.012
0.012
0.0l16
0.016
0.016
0.016
0.0l16



11 (3He,n) 13N, E3ge = 6.10 MeV
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C.M.Angle
(degree)

Sigma
(mb/sr.)

Error
(mb/sr.)

C.M.Angle

(degree)

Sigma Error

(mb/sr.) (mb/sr.)

6.875 MeV State

0.0

5.56
11.12
16.68
22.22
33.24
44.17
54,97

60.31

65.62
76.10
81.27
86.39
96.49
106.39
106.39
116.09

125.81

134.96
144,16
148.71

0.163
0.159
0.184
0.103
0.236
0.211
0.197
0.205
0.218
0.218
0.173
0.167
0.234
0.124
0.203
0.223
0.163
0.171
0.170
0.194
0.294

0.020
0.020
0.016
0.036
0.020
0.016
0.020
0.016
0.032
0.016
0.016
0.016
0.016
0.012
0.028
0.036
0.024
0.028
0.016
0.020
0.028

7.145 MeV State

0.0
0.0
11.15

16.71:

22.26
33.30
44.25
55.06
65.72
76.21
81.39
86.51
96.91

106.51

106,51

116.21

125.72

135.06

139.67

144,24

148.78

0.465
0.490
0.556
0.560
0.525
0.588
0.462
0.497
0.439
0.337
0.332
0.379
0.326
0.344
0.386
0.403
0.507
0.442
0.430
0.560
0.579

0.024
0.024
0.024
0.032
0.024
0.028
0.028
0.024
0.024
0.020
0.024
0.024
0.020
0.020
0.028
0.028
0.032
0.024
0.032
0.032
0.032

7.363 MeV State

0.0 0.655 .
0.0 0.638
ll.16 0.637
16.73 0.433
22.29 0.561
33.35 0.369
44,30 0.381
55.13 0.298
65.80 0.384
76.30 0.479
81.47 0.513
86.60 0.479
96.70 0.557
106.60 0.557
106.60 0.583
116.29 0.549
125.80 0.599
135.13 0.589
139.73 0.685
144.30 0.629
148.83 0.849
8.918 MeV State
0.0 0.682
0.0 0.580
11.29 0,391
22.55 10.570
44,79 0.315°
55.71 0.308
66.46 0.318
87.35 0.392
126.46 0.461
144,79 0.636
149,27 0.521

0.036
0.028
0.032
0.032
0.028
0.024
0.028
0.020
0.024
0.028
0.036
0.028
0.032
0.028
0.036
0.036
0.040
0.036
0.048
0.036
0.052

0.060
0.036
0.048
0.108
0.024
0.052
0.036
0.032
0.056
0.052
0.060
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11B(3He,n) ! 3N, E3ge = 6.10 Mev

" 'C.M. Angle Sigma Error C.M.Angle Sigma Error
(degree) (mb/sr.) (mb/sr.) (degree) (mb/sr.) (mb/sr.)
9.476 MeV State 11.878 MeVv State

0.0 1.043 0.016 0.0 1.124 0.180
0.0 0.867 0.416 0.0 1.653 0.248
11.36 0.765 0.036 5.91 1.859 0.272
17.03 0.614 0.036 : 11.81 1.947 0.288
22.68 0.426 0.028 17.70 1.223 0.184
33.92 0.249 0.020 23.57 1.173 0.172
45.04 0.207 0.024 35.22 0.943 0.136
56.01 0.208 0.020 46.72 0.758 0.112
61.43 0.120 0.024 58.01 0.229 0.036
66.80 0.198 0.020 69.06 0.605 0.092
77.38 0.137 0.020 79.84 0.500 0.076
82.59 0.085 0.024 100.48 0.735 0.124
87.74 0.221 . 0.072 129.06 0.384 0.092
107.73 0.123 0.024 146.71 0.405 0.116
117.38 0.122 0.016 150.98 0.471 0.104
125.79 0.231 0.048
136.01 0.144 0.024
145,04 0.123 0.020
149.49 0.243 0.032

10.381 MeV State

0.0 0.232 0.028

0.0 0.331 0.024

5.74 0.376 0.040
11.48 0.293 0.040
17.21 0.404 0.040
22.92 0.491 0.032
34.28 0.682 0.048
45.50 0.847 0.068
56.56 0.785 0.056
62.02 0.688 0.060
67.42 0.729 0.060
78.05 0.672 0.060
83.28 0.512 0.048
88.44 0.604 0.056
98.57 0.438 0.044
108.44 0.491 0.052
118.05 0.564 0.068
127.41 0.602 0.072
136.55 0.610 0.080
141.05 0.893 0.124
145.50 0.831 0.116

149,90 0.893 0.128 .
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118 (3He,n) ! 3N, F3ge = 4.70 MeV
C.M.Angle Sigma Error C.M.Angle Sigma Error
(degree) (mb/sr.) (mb/sr.)

(degree) (mb/sr.) (mb/sr.)

0.0
10.76
21.49
32.18
42.80
53.34
63.77
74.09
84.29
94.35

104.29
114.09
123,77
133.33
142,79

0.0 MeV State

1.338
1.282
1.162
1.101
0.975
0.988
0.884
0.641
0.533
0.582
0.761
0.879
0.847
0.902
0.966

0.052
0.050
0.042
0.046
0.056
0.057
0.048
0.051
0.038
0.046
0.041
0.056
0.045
0.045
0.131

2.358 MeV State

0.0
10.83
21.63
32.39
43.07
53.66
64.13
74.49
84.70
94.77

104.70

114.48

124.13

133.65

143.06

0.310
0.473
0.806
0.990
0.840
0.720
0.621
0.490
0.390
0.332
0.366
0.330
0.326
0.336
0.668

0.020
0.026
0.038
0.044
0.049
0.042
0.033
0.043
0.027

. 0.022

0.027
0.032
0.029
0.027
0.202

3.502 + 3.55 MeV State

0.0
10.87
21.71
32.49
43.21
53.82
64.32
74.69
84.91
94.99

104.91
114.69
124,32
133.82
143.20

4.629
4,134
3.278
2.550
1.973
1.833
1.790
1.629
1.625
1.594
1.350
1.332
1.362
1.237
1.286

0.140
0.127
0.106
0.087
0.068
0.078
0.069
0.057
0.067
0.063
0.059
0.077
0.080
0.096
0.096

6.353 MeV State

0.0
11.02
22.02
32.95
43.79
54.72
65.11
75.55
85.81
95.90

105.81°
115.54
125.11
134.51
143.79

0.360
0.450
0.542
0.591
0.646
0.559
0.538
0.548
0.504
0.485
0.462
0.459
0.434
0.382
0.454

0.043
0.043
0.046
0.048
0.055
0.054
0.053
0.057
0.055
0.059
0.047
0.048
0.054
0.045
0.060
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11B(3He,n) 13N, E3ge = 4-70 MeV

‘C.M.Angle Sigma Error C.M.Angle Sigma Error
(degree) (mb/sr.) (mb/sr.) (degree) (mb/sr.) (mb/sr.)
6.875 MeV State 7.363 MeV State

0.0 0.285 0.112 - 0.0 0.530 0.068
11.06 0.676 0.406 11.10 0.545 0.072
22.09 0.502" 0.059 22.17 0.532 0.052
33.06 0.468 0.043 33.18 0.587 0.053
43,93 0.373 0.064 44,08 0.787 0.073
54.69 0.376 0.042 54,87 0.739 0.063
65.30 0.243 0.059 65.50 0.785 0.068
75.75 0.278 0.060 75.97 0.836 0.070
86.03 0.545 0.088 86.26 0.883 0.076
96.12 0.340 0.194 96.36 0.892 0.075
115.75 0.219 0.176 106.26 0.804 0.070
143.93 0.602 0.081 115.97 0.680 0.061

125.50 0.663 0.111 -
134.86 0.574 0.066
144.08 0.707 0.078

7.145 MeV State 9.476 MeV State

0.0 0.490 0.179 0.0 1.223 0.105
11.08 0.312 0.139 11.33 1.012 0.092
22.13 0.304 0.041 22.63 0.581 0.055
33.11 0.359 0.040 33.84 0.424 0.049
44,00 0.383 0.044 44,94 0.287 0.047
54.77 0.388 0.038 55.89 0.453 0.066
65.60 0.593 0.057 66.67 0.461 0.051
75.86 0.544 0.049 77.24 0.473 0.076
86.14 0.526 0.051 87.58 0.574 0.060
96.23 0.477 0.045 97.70 0.506 0.051
106.14 0.597 0.053 107.58 0.451 0.050
115.85 0.523 0.048 117.23 0.414 0.050
125.39 0.500 0.051 135.89 0.462 0.058
134.77 0.549 0.063 144,94 0.647 0.072

144.00 0.483 0.059 144,94 0.647 0.072
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118 (%He,n) 13N, E3, = 4.70 MeV

C.M.Angle Sigma Error C.M.Angle Sigma Error
(degree) (mb/sr.) (mb/sr.) (degree) (mb/sr.) (mb/sr.)
10.381 MeV State 11.878 MeV State
22,94 0.437 0.049 0.0 2.150 0.328
45,53 0.824 0.077 11.98 1.837 0.268
56.59 0.884 0.082 23.90 1.473 0.216
78.09 0.878 0.086 35.70 1.454 0.216
88.48 1.129 0.101 47.34 0.545 0.084
98.61 0.895 0.077
108.48 0.926 0.094
118.09 0.989 0.091
127.45 0.790 0.075
136.59 0.818 0.074
145.52 0.810 0.076

11.53 MeV State

0.0 2.020 0.316
11.82 1.627 0.248
23.60 1.483 0.228

35.26 1.553 0.236
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12¢ (3He,n) 1%0, F3ge = 6.10 Mev

C.M. Angle Cross Section Error
(degree) - (Arbitrary Unit) ' o

0.0 MeV State

0.0 2.854 0.252

0.0 3.371 0.296

5.82 3.380 0.304
11.64 | 3.314 0.292
17.45 2.560 0.224
23.24 2.036 0.204
34.73 0.825 0.084
46.09 0.321 0.036
57.26 0.388 0.044
62.77 0.260 0.048
68.22 0.379 0.040
78.92 0.351 0.044
84.17 0.216 0.032
89.35 0.209 0.028
109.35 0.150 0.024
109.35 0.262 0.040
118.92 0.300 0.044
128.21 0.421 0.064
137.26 0.741 0.108
141.70 0.813 0.120
146.08- 0.831 0.124

150.43 0.943 0.140
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'13¢ (3He,n) 130, E3ge = 6.2 MeV

C.M.Angle Sigma Error C.M.Angle Sigma Error
(degree) (mb/sr.) (mb/sr.) (degree) (mb/sr.) (mb/sr.)
9,0 MeV State 6.182 MeV State
0.0 6.110 0.228 0.0 0.958 0.074
5.40 6.194 0.285 5.57 0.905 0.071
10.81 4.699 0.265 11.15 0.943 0.084
16.20 -3.836 0.186 16.71 1.087 0.088
21.59 2.861 0.167 22.26 1.139 0.090
26.96 1.914 0.107 27.79 1.247 0.094
32.32 1.377 0.084 33.30 1.329 0.105
42.99 0.956 0.065 44 .24 1.041 0.074
53.56 0.642 0.041 55.06 0.832 0.067
64.03 0.341 0.030 65.72 0.543 0.044
74.37 0.265 0.028 76.21 0.488 0.037
84.58 0.452 0.036 86.51 0.482 0.038
*?104.58 ,0.592 ,0.043 ,106.51 ,0.649 ,0.049
124.02 0.334 0.032 125.72 0.705 0.067
133.56 0.304 0.033 135.06 0.805 0.047
142.98 0.560 0.045 144,24 0.846 0.054
147.66 0.716 0.059 148.78 0.871 0.057
* 114.37 0.403 0.032 116.21 0.729 0.049
5.232 MeV State 7.286 MeV State

0.0 2.444 0.172 0.0 0.280 0.029
5.53 2.470 0.179 '5.64 0.435 0.038
11.06 2.500 0.186 11.27 0.447 0.038
16.59 2.517 0.178 16.89 0.426 0.037
22.10 2.548 0.176 22.50 0.504 0.041
27.59 2.370 0.176 28.09 0.585 0.048
33.06 2.224 0.162 33.65 0.755 0.060
43.94 1.834 0.130 44.70 0.839 0.058
54.70 1.819 0.128 55.60 0.984 0.062
65.31 1.729 0.120 66.33 1.014 0.065
75.76 1.551 0.111 76.87 0.888 0.055
86.04 . 1.513 0.108 87.20 0.673 0.043
106.04 1.380 0.096 107.20 0.522 0.033
115.76 1.406 0.091 116.87 0.554 0.032
125.31 1.140 0.079 126.33 0.491 0.032
134.69 1.064 0.076 135.60 0.485 0.029
143.94 1.235 0.464 144.69 0.433 0.027

148.51 1.162 0.105 149.19 0.434 0.033
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13c(3He,n) 150, E3pe = 6-2 MeV -

C.M.Angle Sicgma Error

(degree) (mb/sr.) (mb/sr.)

C.M.Angle Sigma Error
(degree) (mb/sr.)" (mb/sr.)

5.65
11.30
16.94
22.57
28.18
33.76
44.83
55.76
66.52
77.07
87.41

107.41
117.07
126.51
135.76
144.83
149.31

7.570 MeV State

0.321
0.288
-0.247
0.352
0.444
0.427
0.424
0.299
0.275
0.168
0.239
0.253
0.347
0.444
0.365
0.337
0.345
0.301

8.750 MeV State

0.0
5.76
11.51
17.25
22.98
28.68
34.36
45.61
56.69
67.56
108.60
118.21
127.56
136.68
145.60
150.00

0.505
0.922
0.746
0.675
0.662
0.773
0.656
0.532
0.429
0.306
0.321
0.122
0.558
0.457
0.429
0.512

0.047
0.036
0.032
0.037

0.039

0.041
0.040
0.029
0.030
0.019
0.025
0.0623
0.024
0.032
0.034
0.025
0.027
0.031

0.047
0.086
0.096
0.065
0.086
0.058
0.054
0.037
0.062
0.056
0.041
0.043
0.190
0.046
0.293
0.167

8.926 MeV State

0.0 - 8.187 0.524
11.55 6.881 0.416
17.32 4,826 0.488
23.06 4.010 0.221
28.79 2.472 0.554
34.48 2.078 0.215
45.76 1.108 0.132
56.87 1.384 0.091
67.78 1.172 0.242
88.85 1.584 0.151

'118.44 0.880 0.160
127.77 0.528 0.084
136.87 0.724 0.065
150.14 0.843 0.089

8.974 MeV State

0.0 1.765 0.417

5.79 1.786 0.238
11.57 1.617 0.327
17.34 - 2.257 0.472
23.09 1,098 0.146
28.82 1.203 0.590
34.52 0.735 0.194
45.82 0.585 0.131
56.94 0.347 0.057
67.85 1.013 0.257
88.93 0.466 0.112
118.52 0.632 0.158
127.85 0.579 0.069
136.93 0.606 0.063
150.19 0.523 0.062
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13c(3He,n) 150, Ejpe = 6.2 MeV

C.M.Angle Sigma Error C.M.Angle Sigma Error
(degree) (mb/sr.) (mb/sr) (degree) (mb/sr.) (mb/sr.)
9.499 MeV State 9,665 MeV State
5.86 1.001 0.070 5.88 1.286 0.114
11.71 1.018 0.069 11.75 1.102 0.089
17.54 1.656 0.102 17.61 1.138 0.111
23.36 2.121 0.119 23,45 0.896 0.096
29.16 2.625 0.149 29.26 0.920 0.086
34.92 3.263 0.185 35.04 0.869 0.128
46.33 3.220 0.192 46.49 0.643 0.068
57.55 2.943 0.183 57.74 0.724 0.080
68.54 2.329 0.151 68.75 0.453 0.067
79.27 1.654 0.122 79.51  0.612 0.129
89.72 1.308 0.100 89.97 0.796 0.070
109.72 1.112 0.100 109.96 0.519 0.164
119.27 1.292 0.138 119.50 0.505 0.068
128.54 1.378 0.155 128.75 0.584 0.096
137.54 1.247 0.153 137.73 0.408 0.072
146.32 1.180 0.175 146.48 0.244 0.049
150.64 0.914 0.140

9.612 MeV State

5.87 0.928 0.098
11.73 0.938 0.081
17.57 1.259 0.113
23.40 1.881 0.143
29.20 2.042 0.144
34.97 2.162 0.183
46.40 2,133 0.139
57.63 1.644 0.122
68.64 0.945 0.092
79.38 0.690 0.131
89.83 0.288 0.033

109.83 0.736 0.188
119.37 0.542 0.066
128.63 1.001 0.126
146.40 1.172 0.197

150.70 0.662 0.115
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t3c(%He,n)1%0,E3, = 5.0 Mev

C.M.Angle Sigma Error C.M.Angle Sigma Error
(degree) (mb/sr.) (mb/sr.) (degree) (mb/sr.) (mb/sr.)
0.0 MeV State 6.183 MeV State
0.0 4.628 0.236 0.0 1.396 0.094
0.0 4.200 0.201 0.0 1.357 0.099
5.38 4,349 0.205 5.56 1.380 0.094
10.75 3.644 0.173 11.12 1.322 0.091
16.12 2.990 0.153 16.67 1.207 0.089
21.49 2.184 0.142 22.21 1.223 0.093
26.84 1.838 0.095 27.73 1.065 0.072
32.17 1.257 0.101 33.23 1.018 0.065
37.49 0.990 0.068 38.71 1.004 0.076
42.79 0.709 0.054 44.15 1.012 0.077
48.07 0.574 0.041 49,57 0.818 0.058
53.33 - 0.518 0.051 54.95 0.734 0.055
63.77 0.466 0.044 65.60 0.715 0.050
74.09 0.613 0.045 76.08 0.742 0.053
84.28 0.795 0.074 86.37 0.761 0.058
- 94.35 - 0.897 0.058 96.47 . 0.893 0.060
104.28 0.776 0.059 106.37 0.915 0.068
114.08 0.638 0.057 116.08 1.013 0.067
123.76 0.442 0.047 125.60 1.148 0.073
133.33 0.389 0.044 134.95 1.107 0.078
142.79 0.469 0.047 144.15 1.027 0.066
5.232 MeV State 6.790 MeV State

0.0 0.945 0.067
0.0 0.882 0.065 0.0 1.155 0.227
5.52 0.926 0.064 5.60 1.331 0.170
11.03 0.975 0.068 11.20 « 865 0.170
16.53 1.231 0.084 16.79 1.176 0.217
22.03 1.282 0.095 22.36 1.225 0.126
27.51 1.233 0.086 27.92 - 1.084 0.133
32.96 1.410 0.093 33.45 1.357 0.184
38.40 1.371 0.097 38.96 1.238 0.333
43.81 1.313 0.096 44,44 0.847 0.184
49.19 1.350 0.087 49,89 0.709 0.155
54.54 1.404 0.109 55.30 0.369 0.096
65.14 1.229 0.087 65.99 0.328 0.196
75.58 1.213 0.084 76.50 0.360 0.173
85.85 0.986 0.077 86.81 0.442. 0.350
95.93 1.013 0.069 106.81 0.527 0.088
105.84 0.916 0.073 116.50 0.396 0.082
115.57 0.777 0.064 125.98 0.472 0.143
125.14 0.708 0.060 135.29 0.394 0.115
134,54 0.766 0.062 144 44 0.422 0.090

143.81 0.787 0.060



13c(%He,n) %0, B3y, =

106
5.0 MeV

C.M.Angle Sigma E

(degree) (mb/sr.) (mb/sr.)

rror

C.M,Angle Siama Error
(degree) (mb/sr.) (mb/sr.)

0.0
5.61
11.21
16.80
22.38
27.94
33.48
38.99
44.47
49.92
55.33
66.03
76.54
86.86
106.86
116.54
126.03
135.33
144,47

107.13
116.80
126.26
135.54
144.64

6.869 MeV State

0.526
0.546
1.030
0.712
0.770
1.018
0.690
0.602
0.836
0.774
0.910
0.600
0.484
0.411
0.428
0.540
0.355
0.379
0.306

7.286 MeV State

0.234
0.164
0.176
0.218
0.121
0.139
0.183
0.329
0.186
0.161
0.108
0.196
0.178
0.349
0.092
0.091
0.142
0.123
0.093

0.219
0.305
0.268
- 0.274
0.279
0.321
0.265
0.576
0.604
0.770
0.730
0.798
0.863
1.041
1.088 -
1.067
1.058
1.112
1.082
0.886
0.599

0.024
0.052
0.031
0.028
0.037
0.033
0.027
0.034
0.038
0.045
0.034
0.042
0.042
0.049
0.058
0.043
0.050
0.056
0.055
0.047
0.035

7.570 MeV State

0.0 0.607 0.038
0.0 0.607 0.042
5.66 0.690 0.047
11.32 0.662 0.043
16.96 0.667 0.060
22.60 0.768 0.052
28.21 0.698 0.046
33.80 0.698 0.051
39.36 0.683 0.049
44.88 0.495 0.038
50.37 0.435 0.031
55.82 0.324 0.031
66.58 0.169 0.021
77.15 0.180 0.038
97.61 0.242 0.027
107.49 0.378 0.047
117.14 0.447 0.036
126.58 0.573 0.041
135.82 0.587 0.042
144.88 0.680 0.045

8.750 MeV State

0.0 0.486 0.051
5.81 0.525 0.049
1l.61 0.374 0.044
17.39 0.544 0.045
23.17 0.620 0.058
28.91 0.523 0.040
34.63 0.586 0.051
40.31 0.559 0.051
45.96 0.591 0.107
51.56 0.464 0.063
57.10 0.343 0.056
68.04 0.326 0.036
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13c(3He,n) 150, E3y, = 5.0 MeV

v

C.M. Angle Sigma Error C.M.Angle Sigma Error
(degree) (mb/sr.) (mb/sr.) (degree (mb/sr.) (mb/sr.)
8.926 MeV State 9.498 MeV State
0.0 2,965 0.267 0.0 0.719 0.053
5.84 2.875 0.296 0.0 0.729 0.063,
11.67 2.666 0.222 5.97 0.805 0.062
17.49 2,420 0.179 11.93 0.926 0.075
29.07 1.412 0.139 17.88 0.964 0.074
34,81 0.879 0.108 23.80 1.135 0.087
40.52 0.933 0.106 29.70 1.125 0.073
46.19 0.902 0.083 35.57 1.116 0.072
51.81 0.953 0.074 41.39 1.298 0.097
68.35 1.180 0.106 47.16 1.350 0.103
79.07 1.275 0.101 52.89 1.187 0.074
89.51 1.195 0.145 58.55 1.216 0.091
99.65 1.373 0.078 69.67 1.122 0.078
109.51 0.780 0.092 . 80.50 0.931 0.067
119.07 0.834 0.061 91.01 0.965 0.118
128.35 0.571 0.062 101.18 0.947 0.072
137.38 0.477 0.048 111.01 0.860 0.071
146.19 0.376 0.043 120.50 0.959 0.074
129.67 0.691 0.081
8.974 MeV State 138.54 0.751 0.083
0.0 1.108 0.249
5.85 1.183 0.282 9.612 MeV State
11.69 0.924 0.195 0.0 0.810 0.070
17.52 0.758 0.146
0.0 0.687 0.088
29.12 0.707 0.137
5.98 0.992 0.076
34.88 0.761 0.123
11.95 0.589 0.147
40.60 0.550 0.101 .
17.91 0.976 0.077
46.27 0.523 0.079
23.85 0.744 0.102
51.90 0.624 0.072
29.76 1.181 0.082
68.47 0.747 0.102
35.63 1.027 0.100
79.19 0.811 0.094
41.47 1.230 0.099
89.64 0.913 0.147
47.25 1.131 0.102
99.79 0.717 0.059
52.98 . 0.977 0.098
109.64 1.261 0.122
58.65 0.899 0.081
119.19 0.717 0.062
69.79 0.476 0.063
128.46 0.905 0.076
80.63 0.548 0.068
137.48 0.803 0.068
126.27 0.816 0.068 91.15 0.493 0.070
‘ _ * * 101.32 0.478 0.051
111.15 0.754 0.089
120.63 0.887 0.079
129.79 0.865 0.094
138.65 1.151 0.142

147.25 1.019 0.090



. 107
13¢ ¢3He,n) 1 50, E3ge = 5.0 MeV

v !

C.M. Angle Sigma Error C.M.Angle Sigma Error
(degree) (mb/sr.) (mb/sr.) (degree (mb/sr.) (mb/sr.)
8.926 MeV State : 9.498 MeV State

0.0 2.965 0.267 0.0 0.719 0.053

5.84 " 2.875 0.296 ' 0.0 0.729 0.063
11.67 2.666 0.222 5.97 - 0.805 0.062
17.49 2.420 0.179 11.93 0.926 0.075
29.07 1.412 0.139 17.88 0.964 0.074
34.81 0.879 0.108 23.80 1.135 0.087
40,52 0.933 0.106 29.70 1.125 0.073
46.19 0.902 0.083 35.57 1.116 0.072
51.81 0.953 . 0.074 41.39 1.298 0.097
68.35 1.180 0.106 47.16 1.350 0.103
79.07 1.275 0.101 ’ 52.89 1.187 0.074
89.51 1.195 0.145 58.55 1.216 0.091
99.65 1.373 0.078 69.67 1.122 0.078

109.51 0.780 0.092 . 80.50 0.931 0.067
119.07 0.834 0.061 91.01 0.265 0.118
128.35 0.571 '0.062 101.18 0.947 0.072
137.38 0.477 0.048 111.01 0.860 0.071
146.19 0.376 0.043 120.50 0.959 0.074
' 129.67 0.691 0.081

=4

8.974 MeV State 1382.54 0.751 0.083

0.0 1.108 0.249 _

5.85 1.183 0.282 9.612 MeV State
11.69 0.924 0.195 0.0 0.810 0.070
17.52 0.758 0.146

0.0 0.687 0.088
29.12 0.707 0.137
5.98 0.992 0.076
34.88 0.761 0.123
11.95 0.589 0.147
40.60 0.550 0.101 -
17.91 0.976 0.077
46.27 0.523 0.079
23.85 0.744 0.102
51.90 0.624 0.072
29.76 1.181 0.082
68.47 0.747 0.102
35.63 1.027 0.100
79.19 0.811 0.094
41,47 1.230 0.099
89.64 0.913 0.147
47.25 1.131 0.102
99.79 0.717 0.059 _
52.98 . 0.977 0.098
109.64 1.251 0.122 :
58.65 0.899 0.081
119.19 0.717 0.062
69.79 0.476 0.063
128.46 0.905 0.076
80.63 0.548 0.068
137.48 0.803 0.068
146.27 0.816 0.068 91.15 0.493 0.070
* T * 101.32 0.478 0.051
111.15 0.754 0.089
120.63 0.887 0.079
129.79 "0.865 0.094
138.65 1.151 0.142

147.25 1.019 0.090
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