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THE (3He,p) AND (a,d), THO-NUCLEON STRIPPING
REACTIONS ON “2¢ Anp C0: . MECHANISM AND NUCLEAR SPECTROSCOPY
' Nolan Farrin Mangelson

 lawrence Radiation Isboratory
University .of California
Berkeley, California

August 1967
_ ABSTRACT )

Speétra andvangular distributions were obtailned for the reactions
and conditions listed: 12C(5He,p)th at E(3He) = 20.1 MeV, from 6, . = g°
£o 170° for “*N excited states. below 13 MeV excitation; 120(5He,3Hé?120 at
E(5He),= 20.1 MeV, from 6, . = 8.5° to 62.5° for the ground state and
4453 -MeV state of “°C; 1%0(3He,p)18F at E(BHe) = 19.8 MeV, from 6, . = 9°
to 170° for l8F excited states below 11.35 MeV excitation; l6O(Oz,d)l F at
E(x) = 40.3 MeV, from Qiab*m.8°=to 80° for 18F excited states below
12,7 MeV excitation.

Distorted-wave calculations of angular distributions and relative
cross sections for the two (5He,p) reactions were compared to experimental
values, Agreement was found when a spln-independent interaction potential
was used. Nuclear wave functions used in the calculations were discussed.

Spectroscopic and configuration assignments were made or confirmed
on the basls of excltation energy, angular distribution, comparison of
(d,d) and (BHe,p) results, relative total cross section, and comparison
of experimental quantities to the DW calculations. The following assign- .
ments were made for.luN. A spin and parity assignment of 2~ and a tenta-
tive assignment of 4" yere made for the 9,388~ and 10.85-MeV, T = 0O
levels respectively. Suggested configurations were made for: the 8.979—,
10.213- and 10.85-MeV levels. ’

Configurations and Jn values of 3+ and 4+ were suggested for 18F
levels at 3.558 and 5.59% MeV respectively., Configurations and gy
values were confirmed for some levels and T = O assignments were made: for
a large number of levels. A new 18F level at an excltation energy of

8.596 MeV was identified.
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I. INTRODUCTION
Two-nucleon transfer reactions are of value in the study of
nuclear physics for several reasons. (1) They can be used for the for-
mation and study of nuclei which are two mass units removed from an avail-
able target nucleus. (2) Such reactions selectively populate states of
the final nucleus which may be difficult to study by other means. For

-example two-nucleon stripping reactions preferentially populate states

with large components of two particles couﬁled to the undisturbed target
ground state. (3) It will be shown in the expressions of the next section
that coherent effects and correlations between the two particles, which
arise from angular momentum coupling and the residual interaction, make
the two-nucleon transfer cross section sensitive to both the target ground-
state wave function and the final-state wave function. This sensitive
dependence upon wave functions makes the two-nucleon transfer reaction a
valuable tool for testing nuélear wave functions.

Harvey et. 81.%77 have shown that the (a,d) reaction on light
nuclei 1s a powerful tool for obtaining nuclear spectroscopic information.
As will be discussed in this report, a few workersu’5 have used the (5He,p)

5

reaction at “He energies near 20 MeV or greaster as a spectroscopic tool,
Inasmuch as transitions involving an isospin change are forbiddenl in
the (@,d) reaction and allowed in the (5He,p) reaction, a comparison of
these two reactions between the same initial and final states may be
used to make isospin assignments.,

Because of above mentioned advantages of two-nucleon transfer re-

actions, this study of (3He,p) and (a,d) reactions was undertaken. The

aim of thls work was to obtain spectroscopic information both by examination -

of the data in comparison to other work and also by comparing distorted-
wave cross-section calculations for the (BHe,p) reaction to experimental
cross~section data. The two-nucleon reaction formalism of Glendenningl
was used for the calculations.

Thrgets:for the study were 120 and 160. This choice of tafgets
allows an examination of the validity of the computational methods used
for reaction calculations when applied to light nuclei. Several theore-
tical calculations for the wave functlons of 1LLN and 18F, the product

nuclel, were also available for use in the calculations. The levels of
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lL‘N below 9-MeV excitation were understood and the reaction involving
this nucleus could be used as a test of the proposed reaction mechanism
and of the th wave funétions. The lBF energy levels were not well
understood and it was anticlpated that spectroscopic information could

be obtained for this nucleus.
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IT. DISCUSSION OF THEORY, SELECTION RULES AND SIMPLIFYING ASSUMPTIONS
The object of this section is to present in outline form the
development of direct reaction theory wi&h specific emphasis on two-
nucleon transfer reactipns. This section does not purport to call atten-~
tion to all previous writings which are pertinent to the problems and
questions discussed. '

In order to avoid repetitious citing of references, ideas

attributable to other workers will not alwéys be specifically acknowledged;

‘however, all sources used are referred to at least once.

A. Transfer Amplitude and Cross Section

The exact transfer amplitude for scattering problems has been
formulated by Gell-Mann and Goldberger.6 Approximations to the exact

amplitude which are convenient for use in the theory of direct reactions

have been discussed.Y—ll Let a direct reactlon be represented by the
following form.

A+asB+b (1)

A represents the target (product), B represents the product (target),

and a and b represent light nuclides. B and a can be described in terms

of A, b and x,

a=b+x

(2)
B=A+x

wheré x 18 the portion of a transferred in the reaction, In the
remainder of the discussion (1) will be assumed to proceed from left to
right.

The transfer amplitude, t, is approximately:

g~ () )y (3)
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+ .
In (3) X( ) 1s an approximation to the exact wave function for the
system in the entrance channel, A + a. In the distorted-wave approxima-

tion (DWA) X( ) is separated into three factors.
+ )= o :
x(*) 2y )(kl,Rl>leTi(A.)wJaTa(b,x,p) (4)

The wave function %(A) is a function of the internal coordinates
of the target A. ¥(b,x,p) 1is a function of the internsl coordinates of
a, It is assumed that these internal coordinates are separable into b,

X, and p, where o represents the relative coordinate (or coordinates)
between x and b. w(+)(k ) is the distorted wave between A and a with
An optical-model potential

wave number k , and relative coordinate R

determined bylfitting the elastic scattering of a on A is usually used to
generate this distorted wave. w( has outgoing spherical waves.

Justification for approximating the entrance-channel interaction
by the elastic-scattering optical potential is based on the observation
that the elastic-scattering process, modified through coupling to other
reactions as implied by the optical potential, 1s the dominant process
between a and A. It is assumed that a direct reaction into the channel
to be studied may be treated as a perturbation of the elastic-scattering
process. v

As shown by Henley and Yulo the exact interaction between A and
a 1s a sum of two-body potentials between the nucleons of A and a. It
is, therefore, to be expected that the optical-model potential chosen

should approximate a sum of two-body potentials.

The interaction potential V 1s a sum of terms

V=V * Voa - Upp (5)

The potentials Vbx and VbA are sums of two-body potentials between

the nucleons of the respective nuclides. is an arbitrary potential

U
used to give the asymptotic relationshlip between B and b.

It is assumed that

Vpa = Ypp © O . ,(6)

en

e e SO N

i o S P o



+
~ connection with w( ) some workers

_ .

leaving only the term ka' Inasmuch as VBA. and, UBB involve core
nuclei differing by x it can be appreciated that this assumption should
be more valid for heavy nuclel than for light nuclei. An optical—model.
potential determined from elastic scattering of b on B is usually used
for UBB’
On would expect U to approximate a sum of two-body potentials

bB
in order to satisfy (6). TFor this reason and for reasons discussed in

12-14 ha&e suggested that the optical~
model potentials uséd for nuclear'structure calculations should be sums

of nucleon potentials or that optical-model well depths should be approxi-
mately 'n times the single-nucleon well depths, the number of nucleons

in the light particle being n. It has been pointed out7’13 that although
the optical-model potential gives the proper asymptbtic form to the wave
functions ¢(+) and w(')(see (7)) it may or may not give the proper form
near or within the nucleus. It ié, therefore, not unreasonable to con-
sider some variation in the potential that will improve the scattering
wave function in the nucleus but may destroy the fit to elastic. scattering.

The exlt-channel wave function is a product of three factors.

X(-) - w(-)(1?2’;{2)ngTg(A,X)E)waTb(b) §0)

The optical-model wave function w(—) between B and b has wave number
] - - -

kg, relative coordinate R2 end a boundry condition giving incoming
spherical waves. The wave function dependent upon the internal coordi-
nates of B is w(A,xgia. w}t is assgyed the coordinates of B can be
separated into A, x, and R, where R represents the relative coordinate
(or coordinates) between A and x. P¥(b) is the wave function dependent

on internal coordinateé of b. The transition amplitude can now be written

using Eqs. (4) and (7).

N A =W
o~ Iy (ke’R2)<¢52T2(A’X’R)¢JgTb(b)lva(p)[ o

( ), B 2 o
X leTl(A)wJaTagb,x,e)?¢ﬁ (x,,R, )dR, AR,
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_ The Jacobian fOr transformation from the natural coordinates 'ﬁ
and 'ﬁ%A see Fig. 1) to Rl and Re_-is' J. This Jacobian will not
receive further consideration. Hereafter the symbol J will be used
for a different'purpose -Note also that strictly speaking the ebove ex-.
' pression should have definite magnetic quantum number designations. In
 keeping with the stated objectives of this section these quantum numbers
.together with their attendant sums will not be consldered except in a
few cases.- ' | : ' ' |

‘The factor ([} in (8) is the matrix element of the interaction

o taken between the internal coordinates of the nuclides involved. The

matrix element acts as an effective interaction between the initial and
final states.  Notice that only the interaction between b and x, the two "
- parts of a, is responsible for the transition.

To facilitate calculation of the factor (H)‘ it 1s necessary to

‘:eipand the nuclides' wave functions in terms of their respective parts.

¥y o (xR = 3 Iy ()85 (%, R)] (9)
: J2T JTyJCTdy JTyJCTCV Jo T oY |
‘ 'The core A is represented in the configuration <y' with total spiﬁ Jc »

and isospin Tc{ The nucleons of x are in a configuration Y character-

ized by quantum numbers. J and T. The square bracket indicates vector .

v,e COuplihg,' B' 1is a coefficient of fractional parentage (c.f.p.) times a

‘_ recoupling constant if one is necessary. For example, the characteriza-

L tion of the nucleons in x might be in a JJ scheme. 1In two-nucleonbtfansfer’

vzu;Assume Z contains i nucleons and these can be drawn from 1i' identical

1t is necessary to trangform from a Jj to an LS scheme thus necessitating'

-y transformation coefficient : v
Also included is a statistical factor expressing the number of

T ways the particles of x can be drawn from identical particles of B.. -

hucleons in g-(i' nucleons in'a shell above a closed core for example)}-:'

‘The statistical factor is then | - R

]

LU
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Fig. 1. ©Spatial relationship between the centers of mass of particles
in & nuclear reaction.
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If_ %(A,x?ﬁB‘iie‘é waﬁevfunction of miked cOnfigufetion the apprOpriate
mixing coefficients are also included in B’, '

The wave funcfion-of x must be further expanded,

N

(DJ‘I'Y(X’E’)) N]Z\MS'Y NASJT'Y"[UM (R)XSTYH(X)']JT o (10) _

o N _ ,
It is here assumed that ®(x,R) can be expanded in terms of internal

STy“ (x)- and center-of-mass motion UﬁAﬂ§3 taken relative
PNASJTy" are expansion coefficients defined by Eg. (10). These

strueturei X

to A.

" coefficients will be further discussed in Sec. IT-B. The square bracket

indicates vector coﬁplihg. The center-of-mass motion of x is character-

ized by principle Quahtum number N and angular momentum A The Z

projectioh of A ‘is taken to be M. S 1is the total intrinsic spin of x’

and T 1is the total isospin of x. The interndl relative motion of x

is designated by <y". :

» The light particle a must be expanded in terms of 1ts space and
spin components. Consideration will be restricted to a and b with four:
Vnﬁcleons or less whose motion is relative S . with respect to one another.

'The quantum number J, of Hq. (4) then becomes 8, ‘the total intrinsic

spin of a. '

Assume that the wave function of a is a product of space and spin

terms. A Gaussian wave function is an examplel of the desired typevof

:function.
Vg o (8,5,0) = X3 g (5,00 (68 (x)6(p) (1)
a"a a~a o

_ :X(b,x) is the spin and'isospin functlon of a. #(p) indicates the re-
. ,lative motion between b and x. The other two factors indicate relative

h motion within b and x.
It is assumed that the wave function of b in the exit channel can

be expanded into a space and spin function. Because of the assumed re- B

lative S motion JB now becomes Sb'

v ¢SbTb(b) = ?(SbTb(b)q)(b) (le)v



-8~

 The spin function 1s X(b) and @(b) is the spatial function.

The requirement of overlap between the initial and final channel
imposes several restrictions on the expansions just discussed. The
overlap of the core A with the target requires Jc and Tc equal J
and Tl
relatlve § only. Thus only relative S motlon of x in B 1s allowed.
It follows that the total orbital angular momentum I, associated with

1
‘respectively. By assumption the internal motion of x in a is

x arises from the center-of-mass motion. Therefore A is set equal
to L.
’ The factor (||} of Eg. (8) can now be written.

(4) (UL (R)x

< ) =3 B! P X ([w 1 (X)] ]A
I NIMSITYY' NLSJTyy'" NLSJTY J1TyY STy JT Jeig )
13

x:beTb(b)¢(b)[Vbx(o)lelTl(ANXSaTa(b,X)¢'(b)¢*GX)¢(9))

The double sum on 7y and <Y" 1is now redundant and has been replaced by
a single sum on' 7y, Square brackets indlcate vector coupling.
The overlap of several quantities can now be defined. TFlrst con-

sider the core A.

§‘<¢31le.(A) IleTl(A» = i Cyr (14)

The index <Y' 7refers to a single configufation of A. The Cyl
are mixing coefficlents for the complete wave function of the target
ground state. Let the coefficients C,Yl be absorbed into the corres-
ponding B' to give B and drop the subscript and sum over Y'.

~ THe v index on the function XSTY(X) indicates the internal

spatial function of x in B. The overlap of this spatial function with
@' (x) can be designated.Qv. Let XST(X) now represent the spin and
isospin function of x. The overlap of ¢(b) with ¢'(b) can be desig-
nated @, . Thils manner of defining &, and {4, assumes that »Vbx(p)

b Y
is independent of the relative spatial coordinates within x and within b

thus allowing these overlap integrals to be evaluated without consideration

of the interaction potential, An overlap of the spin and isospin functions

of the light particles involved is defined by Eg. (15).

¢ e e e g o+ L o
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by = <X§T x) I (Ot o (0,0 (25)
O STy, . aa | .

Vbi is'a sum of two-body pOtentials'acting between the nucleonef

of b'and x. If the wave functions of the light particles are all spatially

symmetric, the potential may be written as follows.

bx . 0 N .
Vig = 23 (p)[V j] ) L | (16)

Vij. is the potential for the triplet spin interaction between nucleons
i and J -and V is the potential for the singlet spin interaction.

13

U, (p) 1s that portion of the potential which depends only on the spatial

coordinate P .

CIf it is assumed that the potentials discussed above are .central

potentials only and that the singlet potential 1s proportional to the

_triplet potential, b'ST oan be written as follows.

bign = VeI, (0) e

D(S) 4s a function of the spin S which 1s transferred in the reaction. .

~ The need for such a epin-dependent term has'beenvdiscussed by Fleming
 et. al.l5 and by Hardy and Towner.16 o |

‘ Tt is also 1llustrative to consider speﬁifically the Clebsch-v

| Gordan coefficient for coupling the target,.transferred and product iso=-

. spins, Define CST as follows.

Cor = (T Tze Tl Tzl)bSTD(S) | - (18)

. Now (13) can be rewritten.

| <|‘1>'§§LMSM Bysory Pursory Csr fo Oy X uﬁﬁ)va(pwp) | (19)

The proportlionality sign is now used because Clebsch-Gordan coupling co-

efficlents have been neglected. Let a quantity GNLSJT be defined as

follows.

Cyrsgr = % Parsary Puisary %y | - (20

b

.

<
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The transition matrix now has the form shown in Eg. (21)

t < 3 | c' S G

LSJT MN NLSJT

><'fw<')*<§2,'ﬁ’2)tf“<a u, ()0 (< E R R, (1)

)

If the integral over Rl and R2 15 designated by BM (kl,k )

Eq. (21) 1s in a form corresponding to the notation of Glendennlng.1
By reference to Fig. 1 it can be determined that R and p are

related to R, and R,. R is proportional to Rl-(b/a)R2 and p 1is

" proportional to RE—(A/B)Rl.

The six-dimensional integral of Eq. (21) is difficult to evaluatey
Eor this reason the zero-range approximation 1s often employed as indi-

cated below.

D(e) = Uy (o)b(e) (22)
Let D(p) be approximated as follows.

D(p) ~ D, 8(p) | (23)

A number of methods have been used ’~! 22 for the evaluation of D(p)
and of Do' ‘By reference to Fig. 1 it is'seen that when the coordinate
p goes to zero all other coordinate vectors become parallel.eo The
integration in Eq. (21) thenbecomes an integration over a one-coordinate
vector only; Physically the zero-range model for the reaction. means

the "particle" iiis captured at a point and b is emitted at that same
point,

The square of the transition amplitude is proportional to the
probability for the reaction with specified magnetic quantum number.pro-
Jections. The differentlal cross section 1s proportional to a sum of
such ampiitudes. The sum extends over the proper magnetic quantum numbers.

Under some assumptions the sum of Eq. (21) may be coherent in
nature, but in general the sum on J 1s incoherent. If 1t is assumed

there is no spin-orbit coupling, the sums on LSTM are also incoherent.
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If prOper account is now taken of- factors neglected Glendenningl has

shown the cross sections to have the following form.

ok, 23, + 1. o
G 22 do | ~
o =K 8, 71 & (stripping) (24)
171 o} - :
. .
k.25 +1 ' R ’ '
S R do
ol z—sb—ﬁ & (ereww) (23)
- o o z :
o ¥k ' - 2 ' ' |
do) Mmoo 2 2 - : .
sy = s C z!z l , - (26) o
(_.do . (2m2)2 &, Tsom ST 'y wisan Pnl - |
;

. A reduced mass is indlcated by m¥, It 1s important to note the

‘formulation (26) allows for the separation of ‘the kinematic factors = - _" i

BﬁL. from the spectrosc0pic factors. _ o
Selection rules for transfer reactions are discussed by Penny and

‘ Satchler 2l and by Glendenning.9 In order to evaluate BM the distorted f

waves w( )‘ are represented by a partial-wave expansion. Let L and

Ib‘ represent a partial wave of a and b respectively. "The following tri-

angular relationships must exist.

- )
Lg = Ly=1

-

§ -8, =8

- - -

T -T, =T

N T (27)
L +8 =4

= -
J1-5’2_J

- -'i') =

T, -T, =T

»

~ The quantum numbers L, 8, d, and T designate the physical quantities
'transferred between the system of light particles and the system of

heavy particles. . ,
_ _ The change of parity in the reaction 1s determined by the over
l'v all change of motion,p The parity will thereforevchange if the partial

‘wave of E_does_not have the parity of the partial wave of a«




‘;

, | Lk o
MMy =m om o= (1) ° b (-1 - (28)

This may also be written as
L, * L, *L=even . . o (29)

These expressions are valid in two,cases. First, they are always
true in the zero-range approximation. Sécond, they are always true if a

and b have relative S motion only (even in finite-range calculations).

va the light particles contain components of motion other than relative

S the orbital motion of these light particles must enter the first expres-
sion of (27) as well as (28) and (29).

B. Comparison of Single- and Double-Nucleon Transfer Reactions

The equations discugsed will now be speclalized to two cases;
deuteron pickup or stripping and two-nucleon transfer. Comparisons of
the two reactions will be noted.

If a represents a deuteron and the reaction involves transfer of
a single nucleon, 0 and a, are both unity, Pyrom, 1s one, and
BNLSJTY will not include a recoupling coefficient.

The sum on nuclear configurations is possible in single-nucleon
transfer if the wave functions of A and B involve mixed configurétions
such that a nucleon, bound in a single-particle state j, may be trans-
ferred between more than one combination of configurations in A and B.

An éxample of such a case would be between states of intermediate coupling
within é single shell.

If it is assumed that the single nucleon is transferred to (or
from) a shell-model, single-particle, bound state, a single value of N
and L describes the nucleon motion in that state. Thus the coherent
sum on N . 1s removed. A configuration-mixed state may have contributions
from more than one I value however.

The spin S and isospin T of a single-nucleon transfer are re-

stricted to a value of 1/2.

g e e e
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- The spectroscopic factor SI. of single-nucleon reactions is then
defined as follows.

s z[z G [ B ) (%0)
ISJT nisar Bar [ NL[ -
S, = 2 Cyrsgr . R (31)

Theoretical treatment of two-nucleon transfer reactions hasg been

1,9,10,22-31

' developed by several workers. The present work follows the

development by G_lendenning.l Consider the form of G in Eq. (20). B is -

a producet of the c.f.p. and statistical fsctor as indicated. If the

c.f.p. is given in terms of jl -and Jé, the shell-model single-particle

states for the two transferred nucleons, these two J values must be _
recoupled to an IS description by use of the 9-j coefficients since an

IS description is used for calculation of BﬁL.
efficient is a factor in B. Glendenning discusses prescriptions for

Thls spin-recoupling co-

calculation of B in several cases.

A twyo-particle configuration may be coupled to give contributions
from more than one L"and S wvalue. Multiple S values also imply ‘
nultiple T wvalues. This 1s in contrast to the single value of L; S
:and T - contributing to a configuration in single-nucleon transfer re-

_actions.

of center—of—mass motion and relative motion., If nlll and’ n2£2 are the
_‘principle and. angular-momentum quantum numbers of particles 1 and 2 re-
.spectivelysan expansion‘in terms of the center-of-mass motion, described
by quantum numbers NA., and the relative motion between 1 and 2, de- |
seribed by quantum numbers ' nf, is possible. The expansionl is a sum on

" NAnl with coefficients
(ng, WA 3 Llny2y, mytps L) = Pyroony . (32)

If the single—particle wave functions are haymonic oscillator functions
the coefficlents are-easily obtained.52 Only the relative motion with

The spatial motion of the two particles must be expressed 1n terms

V.

e S e o s St e At ¢
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I =0 1s able to overlsp with relative S motion in the light particle
a. It therefore follows that A = L. - '
Relationship (33) must be satisfled for the expansion under dis-
cussion.

2(ntN) + 241 = 2(n,* n

When £ = 0O a unigue rélationship exlsts between n and N as can be
seen in (33). The overlap integral Qy’ aependent on relative motion,
can be written Qn. A single sum on N 1s all that is now required for
the expansion.,

The sum on N 1is coherent (Eq. (26)) which may lead to an enhance-
- ment or a reduction in the cross section. The coherent effect may result
in a simple addition of terms and in favorable or unfavorable or unfavor-
able form-factor characteristics; Glendenningl has shown the sum on N
may enhance the magnitude of the form factor in the nuclear surface, a
condition favorable for a direct reaction. The opposite effect is also
possible. Single-nucleon transfer does not involve a coherent sum on N.

A second coherent effect arises from a sum over the conflgurations
of the nuclear wave function as shown in Eq. (20). In two-nucleon transfer
this sum 1s general because jl and 52 couple to a resultant I, thus
allowing various combingtions of jl and 32 to contribute to an L
value. In contrast, a sum over configurations in single-nucleon transfer
is restricted as discussed above.

' 1
The following values of bg have been given by Glendenning.

i
(
B0 8p1. , (t,p) or (3He,n)

- Bgy = 1/2(8g0 8 . &1 &) » (t,n) °r‘(5‘He:P) (34)
%1 80 , (@,a)

The factor D(S) of Eq. (17) has been discussed by Fleming et.
1
al, 2 and by Hardy and Towner.16 If the singlet and triplet nucleon=-
nucleon potentials are assumed to be equal (i.e. a‘spin-independent force)

D(S) is unity for both § = 0,1. Hardy and 'I'ownerl6 have evaluated the

\




‘, cussed by Glendenning
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ratio R(S fD(l)/D(O)[ for several spin-dependent potentials which
were used as effective interactions in nuclear structure calculations,

The ratio has been found to be about 0.5.

Selection rules for two-nucleon transfer reactions have been dis-
, 1,9,22 and Newns.23' In addition to the general se=-
: lection rules (27)-(29) the following are of importance in two-nucleon

transfer reactions. By expression (28)

(it

) My = (1) = - (55)

In the present formulation f =0 and A =L which means the
angular momentum transfer L assoclated with the center of mass of the

pair designates the parity change.
The jJj to LS transformation coefficlent vanishes unless

L =8 =J = even . : ' (36)
Now A is odd or even as L and may be substituted for L 1n (36).
AmM+S+J= even S | ” (37) o

If 8 =

AT+ J = even P (38)

va-»jl = 52 = J the parity change is even and S + J = even W

The transferred pair x must have a totally antisymmetric wave
’ fnnction. Their relative ' § motion dictates an even space ‘function.
The prodﬁct-of spin and isospin must therefore'be antiéymmetric. This

requirement is seen in the delta-function requirements of expression

" (34%). TFor (t,p) or (3He,n) reactions T = 1 and only S =0 is possible,

For (@,d) reactions only S =1 and T =0 is possible. For (5He,p) ‘
and (t,n) reactions either combination is possible and in some instances

"both contribute to a glven transition. Glendenningl tabulates these

15

allowed combinations.
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A few general remarks concerning two-nucleon transfer reactions
will help to point out the characteristics and usefulness of such re-
actions. BNLSJTY contains facﬁors which measure the extent to which
the product B can be expanded as x coupled to the parentage A. The 3
to LS coupling coefficient, also in B, measures the extent to which
9

angular momentum of the two particles can couple” to transfer angular
momentum L; Tor states where the two particles are correlated in such
a way as to give a large coupling coefficient the cross section will be
enhanced.

PNLSTJTV is a coefficient measuring the degree to which the two
particles are correlated such that their center-of-mass motion UEL(§§
allows the proper L +transfer. The proper correlation here also en-
hances the croés section. As an illustration, consider the case of
jl = je. If the two are coupled to & minimum or maximum value, both
coupling coefficients just discussed are enhanced to some degree in com-
parison to other possible couplings. Yoshida51 has shown that collective
motion enhances the two-particle correlations, thus enhancing the
trangition amplitude.

As was pointed out earlier in this sectlon, there are two co-
herent sums in £he ‘transition amplitude of two-nucleon transfer reactions.
The residual interaction acting between pairs of nucleons gives rise to
configuration-mixed wave functions. The spectroscopic factor G (Eq. (20)),
for each value of L and N transferred, 1s a ccherent sum over the con-
figurations of a wave function.

A second coherent sum, a sum on the principle guantum number N,

is introduced in order to properly describe the complicated center-of-

mass motion for two particles. The phases of the configuration mixing

coefficients, therefore, affect the transition amplitude: first by

- affecting the phase and magnitude of G and second, through G, affecting

the contribution of each UﬁL(ﬁv to the radial form factor.

The above considerations have been concerned with one value of
L only. Often eacﬁ configuration (jl,jg) contributes to more than one
value of L. The relative amplitudes of the allowed L transfers to a
product state will strongly affect both the angular distribution and the
total cross section for the state. In single-nucleon transfer, each con-

figuration can contribute to only one L value.
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‘This discussion suggests the two-nucleon transfer reaction will
be selective,'exciting predominantly states with strong two-particle (or:
two-hole) correlations.> Thisvseiectivity is in faot observed expert-
mentally. It is also clear that a comparison of two-nucleon transfer
calculations with ekperiment can be expected to be a sensitive test, in
some>ceses, of the details of the nuclear wave functions used in the o 3

_calculations.

C. Examination of Assumptions and Other Reaction Mechanisms

v Several simplifying assumptions have been made or are implied by .
. the above development. A stripping or pickup reaction proceeding by a
_simple,‘single-step,-direct mechanism has also been assumed. Some of
thée assumptions will be examined, Additional reaction meohanisms will

also be discussed.

1. Zero-Range Approximation
This approximation was introduced in Sec. II-A.in order to simplify
the integration of Eq. (21). The effects of this assumption have been : ;

discussed by .a number of workers. Two recent publications treat the _
 general subject well. One is the. presentation made by Satchler7 at the
; Boulder Conference and the other is by Hiebert, Newman, and Bassel.33
An earlier paper by Lee et al. 24 is also pertinent.

- The zero-range approx1mation generally overestimates the cross
section. As is indicated in Eg. (21) the magnitude of BNL depends on the
overlap of the two distorted waves and Phe radlal wave function UﬁL. All ) .
three of these functlons are oscillating rapidly in the nucleus. This S i
variation leeds to cancellations in the overlap. The zero-range- approxi-.
v:mation causes correlations in these varying functions which reduce can— R

cellation and hence it overestimates BNL ’v ':
A simple correction factor known as the "local energy approxima- S gt
' tion" (LEA) smoothly damps the radial form factor within the nucleus. o
Its use 1s discussed in the works noted above. Smith35 has developed an
"effective-mass approximation" (EMA). His development produced second- .
order correction terms as well as first-order terms. In the (LEA) the

cross section is shown to be a minimum when the following equality 1f
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U (r) ~ U (r) + U (r)

(40)

The U(r) are optical-model potentials, This, of course, sug-

gests Ué(r)- as a potential formed by summation of the other two po-

tentials. Such an ldea is compatible with arguments given in Sec. II-A

for use of summed potentiais.

Calculations for single-nucleon transfer using correction factors

indicate little change in angular distributions for most cases. Unpub-

lished data by Bassel has been cited,
effects of zero-range calculations on
the magnitude of the cross section is
levels are clearly affected more than
calculations may introduce some error
as in absolute magnitude.

The effects of the zero-range

less Important with increasing atomic

25 however, which shows definite

angular dilstributions. In general
changed 10 to 20 per cent. Some
others suggesting that zero-range‘

in relative cross sections as well

approximation become increasingly
number 22 in A and B. There

are at least two reasons for this. First, the radlal wave functlons of

heavy nuclei contain several nodes. The oscillating functions aid can-

cellation. Many light nuclel have only one node or two nodes. Second,

36

optical-model damping of partial waves 1s also greater in the nucleus

of a heavy element than in a light element.

Reactiong involving particles

strongly absorbed in the nuclear

surface are expected to be less affected by the approximation than particles

penetrating the nuclear interior. The authors mentioned have pointed

out that effects of the zero-range approximatlon will be more pronounced

for large angular momentum transfer. -

The effect of this approximation in two-nucleon transfer reactions

has been examined by Bencze and Zimany137‘who have proposed correctlons

ito be applled to the radial form factor. They suggest that zero-range

effects will be more important in two-nucleon transfer than for single-

nucleon transfer.
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2. L‘ocali—P'otént»ial Approximation
N The-usual optical-model potential used 1s a local potential.
'The usual shell-model potential wells used are also local potentials.
The effects of this assumption are discussed in the first three works7 55 54
mentioned in Sec. II-C-1. Schenter58’39 '
this problem. - ‘
A nonlocal potential includes exchange effects and target polari-

has also been concerned with

zation both of which are neglected in local potentials. One important

- éonsequence'of the neglect of exchange effects is the violation of the
Pauli exclusion principlé. Target polarizatidn refers to the distortion

~of- the core wave functioﬁ due to the presence of additionél nucleons
either in a bound or an unbound scattering state. The effect of a non-
local potential as compdgred to a local potential 1s to decrease nucleér
wéve_functions in the interior of the nucleué but often to increase the
bound-state wave functidn in the nuclear surface region.

Each wave fuhétion is affected by the local potential approximation‘
which means that both distorted waves and the functions for each trénsf
ferred nucleon are modified. In the scattered wave function some of the ,V',' J

"nonlocal effects are accounted for by an energy dependence in the Optical-b
model potential. A correction factor of the LEA type mentioned for zero-~
rénge cbrrections has been used to modify the radial form factor of the o
bound-state wave function thus reducing these functions 15 to 20 per cent
in the nuclear interior. The combined effect of finite-range and non-
local potentials can decrease the radial integral of the transition _

. matrix element by 50 per cent in the nuclear interior.7 '

By the arguments of this section and the previous one several

observation can be made concerning the local-energy approximation.

Various transitions will be affected differently depending upon the.

. importance of the nuclear interior vs. surface in the transition. Pehe— :
;'trating particles will bevaffected by the increased internal wave functions
while those absorbed on the surface may be affected by the decreased

surface wave function. Two (or more)-nucleon transfer reactions are ex-

‘pected to be more affected than single-nucleon transfer.

ey e e ¢
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In singleénucleon'transfer, calculations usually show little
change in angular distributions:-when corrections for nonlocal potentials
are made. However, Bass‘el35 has found modifications 1n his calculations.
In general changes in the magnitude 6f transitions on the order of 20
per cent have been found. These changes have both increased and decreased

the magnitude as might be expected from the dlscussion above.

3. Use of Radial Cutoff .
It has often been the practice to use a lower limit or cutoff

'radius in the radial integration of Eq. (21). The cutoff radius was

frequently in the region of the nuclear surface., This has been Justified
on the grounds that it helped to compensate for the over estimation due
to zero-range and local-potential approximations., A number of arguments
can be advanced, however, which show this extreme method is not justified.
Correction factors are smooth damping factors and are poorly
approximated by sharp cutoff. The increase of the bound-state wave
function in the tail region due to the nonlocal potentilal is, of course,
not reproduced by cutoff. The two approximations Just dlscussed do not
affect all transitions within a given system in the same way. This dif-

ference cannot be accounted for by cuteff. Interference effects between

- the interior and exterior regions are neglected if the integration does .

not extend intb the nuclear interior. As has been stated above interlor

T

contributions are esgpecially important in light nuclel., Satchler’ has

pointéd out that interior effects in light nuclel may lead to phenomena
such as pronounced backward peaking. Hiebert,55 as well as other workers,
have shown the use of radlal cutoff strongly affects the magnitude of

the transition matrix.

. Concerning the Radial Form Factor of the Bound State

The problem of properly representing the radial form factor
UﬁL(EB is one of major importance in nuclear-structure calculations,
Through this factor the nuclear structure and the reaction mechanism are
interdependent.7’uo The development of Sec. II-A demonstrates how thils
factor arises from the bound-state conflguration of the transferrred
particles. The strength of the transition and the nature of the angular

distributions are directly‘affected by the overlap of dlstorted waves
with the radial form factor as indicated in Eq. (21). '
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Austernl‘Ll has discussed proper characterization of the radial
-form factor.“ Pinkston and Satchler7 have shown that the exact expression
for a single—nucleon form factor based on one parent configuration of a -
state 1s related by a set of coupled equations to all other possible -
parent configurations.' A simple shell-model form factor 1s perturbed by

the residual interaction and thus related to all possible configurations. B

The form factor for a given L value should, therefore, be a sum over
. all principal quantum numbers (N) and all continuum states. '
The asymptotic shape of. the form factor should be an exponential

~with a decay constant related to the binding energy.uo The binding energy

'BE of x is defined in (41).

BE =By -E, o (1)

i

. The wave number ‘K of the bound particles x may now be defined.

p 2m¥BE I o | |
K = 25— _ .‘ - (k2)
no : :
The reduced mass of X 1s m:. Thé asymptotic shape of the form fagtqr :
of x 1is then proportional to exp(-KR). The proportionality constant is
‘not well known, '
Several methods.are used to approximate the form factor. Most
of them use an unperturbed, shell-model, single-particle potential. The
f‘:Woods-Saxon (ws) finite, spherical well is often used. The DW program
::HJULIE uées this well. 3 There are uncértainties in choosing the depth
| and radius parameter fdr the potential.8 .The tail of a WS radial wave
function is a good approximation to exponential decay, particularly for
single—particle bound states. Rost H has used a deformed WS potential
well for transfer reactions. ' |
| An infinite, spherical harmonic oscillator (HO) potential well is
often used for nuclear-structure calculations. This well has analytical -
N properties which make 1t attractive for use; however, the tail of the
| well decays much faster than the desired éxponential decay. To correct
. for this poor behavior
' :withldecay based on the BE of x, is often matched to the HO function at a

polnt where the slopes of the two functions are equal.

L,k0 in the tail region a Coulomb or Hankel functilon,

-
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latter method was earlier used by Drisko and Rybicki.
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Two methods are used to accomplish this matching. In one methodeo
a matching radius Rﬁ 1s chosen and the HO parameter Hw 1is adjusted
until the HO and tail functions have equal slopes at Rm' In a second
method the value of %w 1s set equal to the value used in the nuclear:
structure calculation relevant to the problem. Rm is then adjusted to
a value such that the slopes of the tall and HO are equal. In both
methods_the magnifude of the tail must be adjusted in order to establish
an equality between the functions at Rm, and the overall function norma-
lized to one. " One does not know "a priori" how properly to adjust R,
and the tail magnitude.

The center-of-mass motion of two nucleons in two-nucleon transfer
reacfions has been treated by the several methods dlscussed above. Cal- '
culations made by Grlendenn:tngl’u5 have employed the HO plus tall where
matching 1s accomplished according to the second method discussed.

) Broglia and Riedel 6 have compared several methods for treating
the form factor in a two-nucleon transfer reaction. They:compare WS,
HQ}_HO~plus tall, and WS plus tail. Glendenningh5 has pointed out the

WS well, when used for the center-of-mass motion of two particles, does

"not approximate the exponential decay as well as a coulomb or Hankel

function tail. This 1s shown to be the case in the comparisons of

- Broglia and Riedel. Also included in these comparisons was a form

factor obtained by taking the product of two single-particle WS form
factors. Each particle was given one half the binding energy of the
pair. A sum of such products was taken over the configurations of the
wave function. This form factor had the proper asympﬁ;tic shape. This

" Rook and_MitraBO have used a form factor based on the assumption
that x is a point particle. They use a product of two single-particie
WS form factors as described above. They, however, neglect the relative
coordinate between the two nucleons. The two WS factors have, therefore,
the game radial coordinate. Thils form factor was also examined by '
Broglla and Riedel and was shown to have two deflciencies. The factor
is almost entirely of one sign. As a result cancellations in the integfal
of Eq., (21) cannot take place as they would for the proper integral which

osclllates positive and negative., The factor is also much reduced in
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the nuclear Surfééé.region, the region Qf‘ﬁOSt importance for stripping
reactions. These Same'effécts have been observed by Glendenning.

5. Spin-Orbit Effects

Three spin-orbit effects are possible for transfer reactions:

‘ incidéht distorted wave, bound state, and exit distortéd wave. Satchler8
‘has developed a formalism for treating spin-orbit effécts which allow

'spin flip in the distorted anes, Fach of:the distorted waves is desig-
nated by wmm,(£:f6, The initial projectiﬁn1at infinity is m, and m' is

. the projection after interaction. 1In the case of no spin-orbit interaction

~a sum on m 1s purely statistical. With spin-orbit interaction a sum on
both m‘and m' is necessary and the resulting coupling 1ls correlated with

" the angular momentum of the partial‘wave.

; The'sum onb‘L and S. in expressions for the transition amplitude
ig coherent when a spin-orbit potential is included in the distorted

~ waves. Thét this. 1s reasonable can be seen as follows. Equatioﬁ (27)
’ﬂ‘indicates that the values of S and I are related to the corresponding -

-qﬁantum numbers in the distorted partial waves. Each coupling 1s welghted

by the Clebsch-Gordan coefficients relating their spin projections.
The spin-orbit force introduces a correlation between the orbital and
intrinsic angular momentum spin projections. This correlation affects
the transferred quantities L and S through coupling coefficlents.
Angular distributions are affected to a minor extent7 by the
inclﬁsion of spin-orbit effects. The distribution at large angles is
most affected. In some cases observed j dependence is qualitatively
reproduced. Cross section magnitude is changed by 5 to 20 per cent for
sincie-nucleon feactions. |
| Spin-orbit .coupling in the bound state! leads to modification
| of the wave function. The potential for the case of [ + 1/2 1s peaked
‘in the nuclear surface allowing for an enhanced wave function and in-
creased trénsition‘amplitude. For 1 ~ 1/2 the opposite is true. For
single-nucleon transfer the difference in cross section magnitude bétween
£ +1/2 and 4 - 1/2 has been found to vary from 10 to 50 per cent
depending on the value of (more effect for larger £) and the re-

" action.
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6. Multiple-Step Processes

In the formulation of Sec. II~-A the reaction was assumed to be
a single-step process between the ground state of the target and the
final state of the produét. Many other mechanisms involving more than

21,49-52 have developed

one step can be proposed. Several workers
schemes fqr calculations involving inelastic excitation in the incident
channel, transfer taking place between the excited target state and a
product state, and inelastic excitation (de-excitation) in the exit channel.
Flgure. 2 indicates the mechanisms considered. '

Foliowing the development of Penny and Satchler21 the distorted
waves must be labeled by two indices which account for possible inelastic
excita%ion. For example the entrance channel distorted wave may be
wAAﬂ(il’El)' Each of the possible reaction paths contribute coherently.

The product GB of Eq. (26) must be summed over all possible reaction
péths. G becomes the épectroscopic factor for transition between the
two relevant states Aﬂ—aB{. The amplitude for the inealstic scattering
will be determined by a coupled channel calculatlion for the corresponding
distorted wave. '

_ Additional selection rules are present in such multiple step
processes. These have been discussed in detall by Penny and Satchler.21
The general selection rules of Egs. (27), (28) and (29) are still valid L
where the quantities refer to the total transferred guantities. Let
L'l and L'2 "be the angular momentum transferrred by inelastlc scat-
tering in the entrance and and exit channels respectively. Let L' |
represent the angular momentum transferred during the transfer of x
between A' and B'.

- - - E (43)

U+ T 4T, =
L 1 L L 5

Parity changes as follows:

Ll
ﬂA 7TA| = _('l): ' *
Ty Ty = (-0
ATE . (k)

eSO St S S
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clear reaction paths from target A +to product B
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Equation (43) indidates that a total angular momentum transfer I,
which may not be allowed by a single-step process due'to nuclear~-configu-
ratlon restrictlions, may proceed through a multiple-step process. Equation
(kh) indicates that a reaction which by a single-step transition is parity

- forbidden, may proceed through multiple-step processes.

The workers noted above have calculated the effects of these pro-
cesses. The angular distribution of a multi-step reaction is similar to

the single-step but generally flatter. The“magniﬁude of such processes

 -is.rather small compared to an allowed single-step process although the

angular distribution 1s affected to some extent by addition of both
mechanisms. The calculation of multi-step processes was found to be
very sensltive to the optical-model parameters used.

Multi-step processes will, no doubt, be most important for transi-
tions of small cross section55 and transition which are forbidden for a

single-step process.

T. Other Mechanisns

In addition to the reaction mechanismg discussed above others have
been suggested which may contribute or interfere in a nuclear reaction.
Compound-nuclear contributions are often important, particularly at low
energies. Possible contributions from a compound-nuclear mechanism must,
therefore, be considered in each particular case.

Recently DW calculations of a knockout mechanism for direct re-
actlions have been made by Strobell.54 Contributions from knockout were
found to be small compared to stripping or pickup when both are allowed.
When stripping or pickup were not allowed a knockout mechanism was still

unable in most cases to account for the experimental observations. The

. calculated angulaf distributions were found to be very similar to_those

for stripping or pickup. Pehl55 considered a posslble knockout mechanism
for two-nucleon transfer. He concluded the reactions could be equally
well explained by other mechanisms.

The question of heavy-particle stripping often is raised in con-

'tnection wilth backward-peaked56 cross sections. A.ustern57 has stated his
“belief that the existence of the mechanism has a sound theoretical basis

but points out that propef treatment of the problem has not yet been

SRS
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developed.: Bécause bf;fhis,'an accurate assessment of the importance of
heavy-particle stripping has not been made. As was stated earlier, effects
v arising from the nuclear interior, especially in light nuclel, may also

account for backward peaking.

e
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III. EXPERIMENTAIL EQUIPMENT
A, Cyclotron and Beam Line

The Berkeiey 88-inch variable-energy cyclotron58

3

duce beams of “He and alpha particles for the experiments discussed in

this report.

The principal active elements of the beam-transport system,59
proceeding from the machine to the scattering chamber, were a pair of
quadrupole-magnet lenses, a switching magnet, a second set of quadrupole-
magnet lenses, the scatter chamber, and a Faraday cub. The first pair
of lenses focused the beam at a position midway to the switching magnet.

A radial and a vertlcal palr of slits located between the quadrupole

‘magnets and the focus point were used to define the beam. The circular-

pole, uniform-field, switching magnet bent the beam through 57° and
created a focus at an analyzing slit. ‘

A.quartz target could be placed at the analyzing-slit position.
The fluorescent glow of the quartz induced by the beam was observed with
a television éameré and used as an indication of beam focus. Current
adjustments in beam-transport elements were made to give a raidal focus
at the analyzing-slit position.

Beyond the analyzing slit a second pair of quadrupole-magnet
lenses focused the beam at the center of the scatter chamber. A guartz

target (see Fig. 3) with a slit cut out of the center was used to de-

' termine a proper focus in the scatter chamber. The beam current passing

through the sllt was maximized to ensure that the beam passed through

the center of rotation of the chamber.

B. 36-inch Scatter Chamber and Associated Equipment
In Figs. 3 and 4 the scatter chamber (SC) and associated equip-

ment are shown. Baslcally the SC was a cylindrical section 12 in. high

‘and 36 in. ih diameter. The chamber 1lid covered the entire cross section

of the cylinder. A table which covered the entire floor of the chamber

rotated 360 deg. The position of the table was given by digital voltmeter

readout with an error of % 0,1 deg.

was used to pro-
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Between the Faraday cup and the scatter chamber were located two
foll wheels and a plunger-type foil holder., Aluminum folls in these dé-
vices together with the range-energy tables of Williamson and Boujot62
were used to make an approximate determination of beam energy. The
wheel nearest the scatter chamber contained a blank hole and nine foils
weighing approximately 1.8 to 9.3 mg/cme. The other wheel contained a
blank hole and nine foils weilghing approximately 10 to 90 mg/cmz. The
plunger-type holder held one foil. The foil was placed in the beam for
energy measurement and then withdrawn. The foil was easily changed
through an air lpck while the scatter chamber and beam line were main-
“tained under vacuum.

On one side of the scatter chamber at an anglé of 19 deg from
the beam exit was located a port which held a monitor detector.

A gas-handling rack, used to fill or to evacuate the gas cell,
was mounted on a cart for convenient use. .The rack could be connected
externally to the hollow, target-positioning rod. The rack contained a
manometer to monitor target gas pressure. It also contained a mercﬁry

toepler pump for transfer of gasses.

The basic electronic block diagram 1s shown in Fig. 5. A detection
and identification system described by Goulding et al.63’6u
'chafged partibles‘was employed. This system employed a AE plus E solid-

for use with

state detector telescope for energy detection which also permitted use
‘of an empirical power-law range-energy relationship for particle identi-
fication. Phosphorus-diffused or lithium-drifted silicon semiconductor
detectors were used for the A E detector. The latter type were used
for the E detector. Goulding65 has described the manufacture and charac-
teristics of these devices.

The preamplifiers (P.A.) used were a charge-sensitive type de- ?
slgnated as 11 X 3391-P3. A similar but improved type designated
11 x 4831-P1 has been described by Goulding et. al.6lF The preamplifiers
were located inside the SC in order to reduce the cable capacitance be-

twéen the detector and thus to improve the signal to noise ratio.

I e i o Ao o Rl
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- The amplifiers and all other electronic equipment not discussed
above were locatea in‘a counting room area. The Linear Amplifier System
..ll X l98OP66 was used for further amplification of signals.

. A Particle Identifier 11 X 2650-P2 as described in the references:
noted above added the» AIE and E signals to glve a total energy signal.
It also generated an identification pulse with voltage magnitude propor-
tional to the product MZ - for a particle of mass M  and charge Z. |
The identification signal was fed into a 4 Channel Router and
»Mixer'Amplifier ll X 2790P-l which contained four single channel analyzers
 (sca). Each SCA could be set to select a single particle type. When a '
- particle of a type corresponding to a given SCA setting was ldentified that
SCA generated a signal to be used for routing the‘coincident total energy
signal to the proper block of storage in the multichannel pulse-height
‘ analyzer. |

_As noted earlier two detection systems were 0perated simultaneously.

. This required mixing of the two total energy signals’ in a mixer amplifier -

. memory. Ro'binson_67 has described this computer facility and its attendant

in order to facilitate input into the same pulse-height analyzer. The : ..‘ s_i

‘identification pulse was anadlyzed and stored in a RIDL 400 channel '

_analyzer in addition to its use in the routers.

_ A Nuclear Data multichannel pulse-height analyzer with a h096
 Channel Arithmetic Unit ND-160M was used for storage of total energy

s _jsignals. This analyzer was interfaced with a PDP~5 computer bullt by
~ the Digital Equipment Corporation. The PDP-5 had an 8K, 12 bit word

equipment. Some associated external devices are CAL COMP plotter, type-
': writer,v"micro" magnetic tape deck, IBM compatible tape deck, oscilloscope
yith accompanying light'pen, paper tape reader, and paper tape punch.

- Light pen techniQues_were used for partial analysis of the data during

the period of data collection.

v A monitor system with a single detector located in the SC port

) described in Sec. II1-B was used. No particle identification was made

for the monitor system. The energy signals were stored in a 400 Channel
- RIDL analyzer. The number of counts per microcoulomb of integrated

beam in a spectrum peak (usually the peak due to elastic scattering) were :

R ——
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monitored. In this way changes in target thickness could be noted. The
channel number of thevspectrum peak was also monitored. . A change in
beam angle could change both the peak channel number and the counts per

microcoulomb.



"5e of contributions to peaks that were not fully resolved from one another.
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. “IV. EXPERIMENTAL CONDITIONS AND RESULTS
A brief description of the experimental conditions and the methods
of data reduction together ‘with a presentation of the data in final form
will be found in this section., An examination of the data and comparison
to'other work will be made 1n Sec. V. A comparison of the data with
theoretical.calculetions will be made in Sec. VI.

A, Data Reductlon Procedures

Upon‘tranSfer of an energy spectrum from the Nuclear Data analyzer
to the PDP-5 computer, the spectrum data were stored on a "micro" magnetic
tape. The gpectrum wes also plotted by means of the CAL COMP plotter,

- -Strong transitions or transitions to levels of particular interest
.'were examined during the progress of the experiment. Thls was accomplished -
vbf first displaying the spectrum on an oscilloscope. A peak was selected V
and the counts in the peak integrated using light-pen controls. Tne‘
- computer was then used to calculate the differential cross section of
the peak. Tn this manner the center-of-mass angular distribution of a
: -tlevel wasiobtained during the course of the run. |
o At the conclusion of an experiment the "milcro" tapes were used L
to generate an IBM-compatible tape containing all spectra for use in |
further data analysis and for generating a numerical listing of the data,
- For final analysis the number of counts in a spectrum peak and |

the analyzer channel number of the peak were obtained by one of two
" methods: (1) by inspection of the peak on the plotted spectrum together
with a manual summation from the numerical listing of the spectrum or
" (2) by use of a computer program VFIT.68 The program VFIT fitted peaks
nith Gaussian_functions and then integrated the functions. Several

.GaussianS' conld be used simultaneously to allow the. separation

»

© VFIT also determined the peak channel number and calculated the differen-

“tail cross section and center-of-mass angle.
The following equations were used for calculation of the differen-

tial cross section in the center-of-mass system.
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4o 03(6,) Z MR" 2.660 x 107

 en” BAL mbfer - (43)
1s0lid target
as CJ(e ) 7 (T+273)R° SING; 6.530 x 10 al
@ em™ BNP WlWéHE(l+Rl/R2) mb/ s (46)
:gas target
Quantities are defined as follows:
C =‘number of counts in the peak
J(GL) = Jacobian for the transformation from laboratory to
: center-of-mass system

Z = charge of an incident particle in units of electron
charge

R = distance from the center of the target to the bark
of the detector slits

B = total uCoulombs of beam charge integrated during
measurement of the spectrum

N = number of target nuclel per molecule

M = molecular weight of the target in g/mole

t = solid target thickness in mg/cm2

Wl = wildth in incheg of the gas-target defining slit_

W2 = wldth of the detector slit

H2v = height of the detector slit

A = W X H = grea of the detector slit

Rl = dlstance from the center of the gas target to the back

of the gas-target defining slit
R - Rl

= target-gas temperature in C°

n5°
il

target~gas pressure in cm 6f Hg

= laboratory angle

O " o3
=
It

The excltation energles of levels exclted in a reaction were
determined by use of a computer program, LORNA.69 From the peak channel
numbers and the excitation energies of wellvidentified levels exclted .
in a reaction and using a polynomial of arbitrary degree, LORNA constructed

an energy gcale of excitatlon energy vs. channel number. The peak

S

L v g
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channel number of an unidentified level was then compared to this energy
scale and the excitation energy of the level determined.

Data taken at several angles could be treated simultaneously by
IORNA. The excltation energy of a level was then determined to be the
average value obtained at the several angles. In practice, two or three
»levels of low excitation energy were taken as known values. Levels of '
a few MeV higher ex01tation energy could then be accurately asslgned
an excitation energy. One or two of these latter levels could then be
| included with the known levels and another calculation made to ldentify
unknown levels at still higher excitation energy, etc. The number of
~counts in a peak could also be included as input to IORNA and then the
3 differential cross section and center—of—mess angle were also calculated.

Center-of-mass angles and the corresponding differential Cross
sections were used as input data for a program, TSECT, which calculated -

the total cross section over specified angular limits by use of the

L trapezoidal rule for numerical integration.

B. 12C(5He,p)l

The 12C(5He,p)th reaction was. studied using an evaporated self-_

.. supported l20 fbil of 280 * 25 ug/Cm thickness, A small contribution

. from the reaction O(5 ,p) F to the 1.131- and 0.9%7-MeV levels of

18F 1nd1cated 1-2% oxygen in the target. Data from 5He elastic scattering
on a similar 12 C target (see Sec. IV-C) were examined in order to

| estimate the amount of impurities in the target as evidenced by the pre-
sence of impurity peaks .In the data.” Oxygen was the most abundant
impurity observe&._ On this basis it was estimated that less than 2% of
the target mass wes due to impurities other than oxygen and hydrogen. _
An additional uncertainty in the measured cross sections arises from
.possible nonuniformity of the foil.

_ ‘_ The energy of the 3He beam, as determined by the range of the

'v-particles in Al (see Sec. III-B), was 20.3 MeV. A comparison of the

(5He,p) reaction on lH and on "¢ leading to several excited states of

"lAN, as discussed below, indicated a 5He energy of 20.1 MeV.

d

»
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Two independent detector systems éeparated-by 15° were used in
the experiment. 'Thé smaller-angle system contained a 0.0043" thick
phosphorus-diffused silicon A E detector and a 0.125" thick 1ithium-
drifted silicon E detector with the latter placed at an angle of 40°
to the scattered particle direction. The larger-angle system was similar,
with 0.00%2" and 0.125" AE and E detectors respectively. The solid
angles subtended by the smaller~ and larger-angle systems were 6.67 X
lO'~5 steradians and 7.25 X 10_5 steradiansfrespectively.

An energy spectrum taken at elab = 30.4° 4is shown in Fig. 6.
The full-width at half maximum (FWHM) of a spectrum peak for a "sharp"
level appeared to vary with proton energy (i.e. with analyzer channel
number). The FWHM ranged from about 80 keV at channel number 300 to
~ 150 keV at channel humber 600. This may have been due to the increasing
rise time of the enérgy pulse as protons penetrated deeper into the E
detector.

The 12C(3He,p)luN reaction Q-value is'u.7786‘i 0.0003 MeV.

Background counts were arbitrarily subtracted from each spectrum

70

" as follows. No subtraction was made below an excitation of approxi-
mately 8 MeV. By inspection a line was drawn from zero counts at 8 MeV
with a slope increasing in counts with excltation energy. The line was.
drawn below the valleys of the spectrum., A second line was similarly
“drawn with a sharper rise.vs. excltation energy and intersecting the
first at about 10.5 MeV.. All counts below these two lines were sub-
tracted as background.

The program IORNA was used to assign excitation energy values
>to the observed levels of th. These experimentally determined values
are listed in Table I. In addition to a few levels of luN which were
assumed to be known, the reaction lH(5He,p)5He was also assumed known.
A peak corresponding to this latter reaction is shown in Fig. 6. The
uge of this impurity reéction in the determination of the energy scale
had two valuable consequences: (1) confidence was placed in the energy
assignment of levels in the region og 12 MeV excitation energy and (2)

an independent determination of the “He beam energy was made (see Sec.

IV-A).
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Fig. 6. "Proton energy spectrum for the 12 (3He,p) N reaction at
E(’He) = 20.1 MeV.
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Angular distributions: for a number of th levels are shown in
Figs. 15 to 19. Differential cross sections are tabulated in the Appendix.
Errorsubn the experimental points represent statistical error only.

Total cross sectlions calculated between lOb and 70° center of
mass are listed in Table I. The following estimated errors affect the
relative cross sectlons: statistical error 5-10%, background subtraction

'1-10% (for the states above 9 MeV). The errors for the strong states

are the low limits. In addifion to these.érrors the following would
affect the absolute cross section: beam integration 3%, dead time and
other electronic errors 2%, uncertainty in target thickness, 10%. From
these estimateé relative total cross sections are estimated to agree with
5% - 15%, depending on the strength of the state. The absolute cross
sections are expected to vary from 15% -~ 20% for levels below 9 MeV and
due to errors in background subtraction, from.20% - 30% for higher ex-

cited levels.

c. 12c(5He,5He)l2c
12,3 3. .12
The ¢( He, He) "C reaction was studied using an evaporated,
self-supporting 120 foil of 280 * 25 ug/cm2 thickness. Target impurities

were estimated as discussed in Sec. IV-B.
The energy of the 3
particles in Al (see Sec. III-B), was 20.1 MeV. _
The detector system contained a 0.0035" thick phorphorus-diffused
silicon A E detector and a 0.040" thick-lithium drifted silicon E
detector. A solld angle of T7.19 X l'O—5
system. The FWHM of the elastic-scattering peak was approximately 160
~ keV, Angular distribution for 3He particles scattered from the ground
- gtate (g.s.) and 4.433-MeV level of 120 are shown in Fig. 13. Differen-
tall cross ections are tabulated in the Appendix. Errors represent
statistiCal error only. The following are estimated errors: beam
integration 3%, uncertainty in the target thickness 10%, dead time and

He beam, as determined by the range of the

-steradians was subtended by the

e e ) e sy

other electronic errors 2%, statistical and impurity'peaks.B%. The
absolute cross section of the g.s. is expected to be accurate within v
: 15%. The cross sections of the two levels are expected to be within , 5

- 5% relative accuracy.
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- 160(5He,p)

8 ‘ .
,p) F reaction was studied using 0, gas and the

| l6o<5H
gas target described in Sec III-B. A gas pressure of 15 4O em of
Hg at 21,5;0 was used " The gas was 99. 7% 0. The addiational 0.5%

: was due to inpuritieS'and other oxygen isotopes. The purlty was de-
termined using the suppliers analysls and the natural isotopic abundance:
16O. The energy of the 5He beam, as determined by the range of the

: particles in Al (see Sec. III-B) was 19.8 MeV at the center of the gas
cell. . | o

Two independent detector systems separated by 20° were used in
. the experiment. The smaller-angle system contained a 0.0098" thick phos+
phorus~diffused.silicon AE detector and a 0.120" thick 1ithium-
 drifted silicon E detector with the latter placed at an agle of 40° to |

the scattered particle direction. The larger-angle system was similar;-

- with 0.0010" and O. 120" - AE &and E detectors respectively. The solid

‘..}angles subtended by the smaller :and larger-angle systems were 7.19 X .
'i.lO 2 steradians and 6.75 x 10 =2 steradians respectively. ‘
An energy spectrum taken at -elab =v25.l° is shown in Fig. 7.
- The FWHM of a spectrum peak»for a. "sharp" level was approximately 14O
keV. o ' )
| The O(BHe,p) E reaction Q-value is 2. 033u 0.0009 Mev.7°
Background counts were subtracted from each spectrum as follows.

= No'subtraction was made below an exciltation of approximately 6.5 MeV.

'*_ By inspection;‘a line was drawn from zero'counts at 6.5 MeV with a slope’

increasing in counts with excitation energy. The line was drawn below_
the valleys of the spectrum. All counts below this line were subtracted
as background.

The program IORNA.was used to assign excitation energy values to
'the observed levels of l8F, These experimentally determined values are
listed in Table II. | |
' . Angular distributions for a number of l8F levels are shown in
Figs;IQl to 24, Differential cross sections are tabulated in the Appendix.
" Errors on the experimental points represents statistical error only.
Total cross sections calculated between 10° and 82° center of

mass are listed in Table II. The following estimated errors affect the:
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Fig. 7. Proton energy spectrum for the 160(3He,p)18F reaction at
E(p) = 19.8 MeV.
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L Cross sectidnsfh_beam integration 3%, dead time and other electronic
errors 2%, target thickness 1%, stetistical'and peak separation 5-30%,
beckground_snhtractiOn 1410%;v Relati?e:total cross sections are esti- .
mated from these to agree within 5% - 30% depending on the strength of
the state. The absolnte cross sectlons are expected to vary from 10%

to 40% depending on the strength of the state and the background sub-

traction
E. l6o§a!d§18F
16, 18 ' '
The ~-0(a,d)  F reaction was studied using O2 gas and the gas

target described in Sec. III-B. -Gas with 99.44 16O and a pressure of -
17.85 cm of Hg at 23.4°C vas used. The additional 0.6% of the gas was
due to 1mpurities and other oxygen isotOpes. The purity'was determined
u51ng the suppliers analysis and the natural isotopic abundance of 16O
The energy of the a-particle beam, as determined by the range of

‘tthe particles in Al (see Sec. III-B), was 40.3 MeV at the center of the

_gas cell. -
‘ The 31ngle detecting system subtended an angle of 7. 17 X 10 =2 >
steradians. . _

An energy spectrum taken at O = 20.4° 1is shown in Fig. 8.

lab
The FWHM of a spectrum peak for a sharp" level was approximately 135

"keV.
l60(a,d)l F.feaction Q-value is -16.3201 * 0.0009 Mev. 1°
Background was subtracted from each spectrum as follows, No
" subtraction was made below an excitation of approximately 6 MeV. By
‘inspection, a line was drawn from zero counts at 6.5 MeV with a slope
increasing in counts with excltgtion enefgy. The line was drawn belown'
" the valleys of the spectrum. All counts below this line were subtracted“
as background. ' v N '
_ The program LORNA was used to assign excitation energy Values
: )}to the observed levels of 18F. These experimentaliy determined values
. are listed in Table II. Total cross sections calculated between 10° and

- 82° center of mass are also listed in Table II. Differential cross v

- gectlons are tabulated in the Appendix. ZError on the experimental points
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Fig. 8. Deuteron energy spectrum for the l6Q(a,d)l8F reactlion at
E(@) = 40.3 MeV.
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.‘, représents statistiéal'érror,only; _The following estimated errors

affect the cross-séctiongz beam integratibn’B%, dead time and other

electronic errors 24, target thickness 1%, background subtraction 1-5%,
statistical and peak separation 5-15%. Relative total cross sections .

are estimated from these to agree within 5% - 10% depending on the

. strength of the state. The absolute cross sections are expected to

vary from 10% to 20% depending on the strength of the state and this

amount of background subtraction.
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V. GSPECTROSCOPY AND MECHANISM BY EXAMINATION OF
DATA AND COMPARISON TO OTHER WORK

A. Discussion of Mechanism

The:lEC(BHe,p)luN reaction has been studied by .several workers.
Holbrow et al.71 and Priest et al.l® studied this reaction at a 5He
energy of 14 MeV. The latter obtained angular distributions to the
ground state and first two excited states of luN (see Figs. 9-11).
RivetLF obtained angular distributions to the ground state and first two

5He energy of 31 MeV.

excited states of luN at a
Hinds and Middleton73 obtained excitation functions at 10°
laboratory for the ground state and six excited states of luN from the %
(BHe,p) reaction at ~He energies of 5.7 to 10.23 MeV. All excitation ‘
functions show strong fluctuations over this energy range. Angular dis-
tributions for these levels were taken at several energies. Angular
distributions for the ground state of luN all peak at zero degrees ex-
'cept the angular distribution at E(BHe) = 10.14 MeV (see Fig. 9). At
thils energy the angular distribution has a maximum at approximately 30°
cm and then decreases at smaller angles.
At 5He energies higher than 10 MeV the transition to the luN , ;
ground state continues to show an angular distribution decreasing at
. zero degrees with a first maximum moving from about 25°%.m. to 15°.m. as
the energy is increased from 14 MeV72 to 31 MeV.u Tt will be shown in
Sec. VI that the transition 12C(3He,p)l)+N to the luN ground state, if

a direction two-nucleon stripping transition, should proceed predominantly

by an L = 2 transfer. The angular distributlon shape just discussed
isan L = 2 shape (see Fig. 17). The change in the form of the ground
state angular distribution in the energy region of 5 to 10 MeV suggests
a changing reaction mechanism in this region. v

Angular distributions for lLLN states at 2.311 MeV (Fig. 10) and
the 3.945 MeV (Fig. 11) also show a change in character between 5.98-
and 10.14-MeV incident 5He energles, although the change 1sn't as pro-.
nounced as in the case of the ground-state transition. It is also
interesting to note that the envelope of the angular distributions for
all energles is nearly flat for angles larger than 60° or T0° center

of mass;"If a constant cross section magnitude atvback angles was due
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entirely to compound-nuclear effects, the cross section envelope might
be expected to decrease with increasing angle for the reaction at higher.
5He energies. The fact that this trend is not observed suggests that
effects other than compound-nuclear effects also influence the back-
angle cross sections.

Fulbright et .al.’_ﬂ1L have measured, simultaneously, excitation
functions of the differentiél cross sections at 10° laboratory for the
reactions 12C(BHe,p)luN and 12C(5He,n)lu0 to the ground state of luO
- and the luN ~analog state at 2.311-MeV ekcitation energy. 3He energiés
ranged from 65 MeV to 11 MeV. The excitation functions showed a strong
energy dependence and neutron and proton angular distributions showed a
forward peaking characteristic of direct reactions. Total and differen-
tial reaction cross sections for the reactlion 12C(BHe,n)luO havesalso
H

been measured by Osgood et al.75 and by Deshpande et 81;76 for “He

eﬁergies below 11 MeV. These workers also found strong energy dependénce
in the cross sectlionsg for this reaction in this energy region. These
data suggest that 12C(BHe,n or p) reactions proceed in large measure by
compound~nucleus mechanism below an energy of at least 12 MeV.

‘Manley77 has obtained angular distributions for neutrons from
the resction “20(%He,n) "0 to the grownd state of 'O at JHe
energies of’ 19; 22, and 25\MeV{ The differentiasl cross section at 0°
andil9 MeV 3He is about 3.4 mb/sr. This value is in good agreement
with a value of 2 x 1.8 = 3.6 mb/sr obtained by extrapolating to 0°
data reported herein for the reaction 12C(5He,p)lu1\1 to the 2.311-MeV
analog state. 'The factor of 2 1s necessary to correct for the different
STE'in the two reactions (see Sec. II-B), Bryant et al.78
have measured the differential cross section at 0° for the (BHe,n)
reaction on l20 at 25 MeV 3He and dbtéined a value of 4.3 % 0.6 mb/sr
which is in reasonable agreement with these data and the 31 MeV data '
of Rivet.' , '

* Eccleshall and Yates79 have measured excltation functions of the

value of b

' . 18

differential cross section for the reaction 16O(BHe,p) F to the ground
state and first excited state of l8F at angles of 15° and 60° between
5He energles of 4 and 8.5 MeV. Resonant structure was observed in all

four  excitation functions, Hinds and HindsBO extended these excitatlon
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functionsito 11 hhMeV:BHe'particles. No resonance structure was observed '

above 8.5 MeVL Hinds and Middleton8l have measured the angular distri-
" bution to the ground state and four excited state of 18F at E(BHe)

and 9. 16 MeV (see Fig. l2) Angular distributions are: similar at both-
energies. S .

| Hinds and’ Hinds80" also studied the reaction _16 (3He,p'y) F at
10 MeV 3He_. They measured the angular correlation of the 0. 957-MeV
gamma‘rays from the first exc1ted state of,;8F in coincidence with pro-

~ tons detected at angles of 36° and 7l° They concludedifrom their study

that a dlrect two-nucleon stripping process is the predominant reaction

He energy near- 12 MeV a direct reaction mechanism contributes more to
the (5He,p) reaction on 16O than_on 2. ;v-v ' .
Aguilar et al.82 have studied the O(3H ,p) 8F reaction at
(BHe) = 29 MeV. Puhlhofer and Bock5 83 have studied this reaction at
-ifl8 MeV 5He energy. These latter workers obtain angular distributions

"fto the ground state (Fig.-lQ) and nine. exc1ted states of 18F; In general L

. our values’ for’ the cross sections taken at . E(BHe) = 20 MeV are ho%

- lower than the l8 MeV values. An error of 30% in the cross section

v magnitude is reported for the 18 MeV data. With this uncertainty in the'

- . cross section, the 20 MeV and 18 MeV data cannot be said to disagree.

Figure 12 shows that the shape of the proton angular distributions

~for the O(BHe,p) B ground state transition at 3He energies from 6 to
' QO'MeV are s1milar. “This is in contrast to the observations on the 120-
uN system which showed a change ‘in the proton angular distribution -

‘character over this energy range.

Bryant et al.78 have’ measured the differential cross section at ']

0° for the O(3He n) Ne reaction at. E(BHe) = 25 MeV and found a value

- of 2. O 0.k mb/sr.- This is ‘lower than.might be expected in comparison _ :
" to the data ‘of Pihlhofer and Bock5 and this’ work.-

Manley and Stein81’L studied the (5He n) reaction at l9, 22 and 25

o MeV 5He on a number of nuclei from Be to Ag with oxygen included as one

of-thevtargets.s These data together with data taken by Manley77

carbon at the same energies were analyzed to determlne the proportion of

'~ direct mechanism and compouhd—nuclear mechanism contributing.to'the

':mechanism for. this reaction at 10 MeV. These studies suggest that at a t»vf-"
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’reactions'at:the energies Studied Data were taken suchzthat a total
neutron spectrum at. a given angle was separated into three groups de-
vpending upon the neutron energy: A El from 1 to 4 5 MeV, A E from 4.5
to 12 MeV, and A E3 from 12 MeV to the maximum energy neutron Angular
c‘distributions for each of the three energy regions were obtained v
The cross sections expected for each energy region from a compound-
-'nucleus mechanism,vbased upon a.simple model giving isotropic, center- -
of -mass angular distributions, were calculated and arbitrarily normalized
- to the. experimental angular distributions. The experimental angular
‘distributions were similar to those calculated at angles larger than
' approximately 60° laboratory angle. 4
The O differential cross sections were also compared to the cal-
| culation The cross- section for energy groups A E, and A E, (E <12 MeV)
:'agreed within a factor of two with the ‘calculated values for compound - w"
A nucleus mechanism, but the high neutron energy group. AE3 was approxi- v.b‘
. mately & factor of ten greater ‘than the calculation Neutrons from group o
rA E5 correspond to formation of states near the g. s.'while the other two
groups correspond to higher excited states. The results of this work e

- indicate, as is to be expected, that inasmuch as the emission of a neutron o
from a compound-nuclear system becomes less probable with 1ncreasing '
kemission energy, a ‘direct reaction mechanism will dominate for the for-
'mation of states with the highest energy scattered neutrons. '
_ . The work of Manley and Steln&L then suggests that for the two-
" nucleon transfer reaction studied the excitation of low-lying states,
'particularly for small scattering angle, is predominantly by a direct
reaction mechanism. lt also»suggests'that back-angle cross sections in-
clude contributions from compoundenucleus mechanisms. .

In summary the following can be noted The model used by Manley:

-and Stein8u was very simple and their application of it gave only quali- - . e

,tative information. - The excitation functions discussed were taken at

'”l-; energies about one half of that used in the experiments reported herein.n

Comparison of a few data in the energy region of these experiments sug-
gests a smoothly varylng excitation function. From these conslderations

.a quantitative determination of the amount of compound-nuclear contribution -
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to reactions studied cannot be made. It is,’however, safe to conclude
that compound-nuclear contributions are significant 1n the differential
cross sectlons at angles.greater than about 90°’center of mass. There

1s some suggestion that compound-nuclear effects are smaller in the

l60 system than in the 120 system.

Possible multi-step mechanisms involving inelastic excitations
in the entrance and exit channels of direct reactions were discussed in
Sec. II-C. 1In 12c the B(E2) for the quadrupole transition between the
O+ ground state and the 2+, 4h.43-MeV excited state 1s 5 - 8 times the

single-particle B(EQ).61’85 This strong coupling suggests the possi-

bility of a two-step mechanism in the (BHe,p) reaction under consideration.

+
The spectroscopic factors for two-nucleon transfer between the 120 2

state and states of 1l'LN must, however, be compared to spectroscopilc
factors for the direct, single-step process before an estimate of the
mdgnitude'bf multi-step processes can be made.

For 16O the B(E2) between the ground state and the first 2" 1evel
is 2 - 3 times the single-particle value. This would suggest less multi-
step contribution to reaction cross sections than through the 2+ level-
in the case of a 120 target. The first 3~ level of 16O may be more
strongly excited than the 2+ level6l and, therefore, may make a contri-
bution to a multi-step process. As statéd above, however, the spectro-
scopilc factors for transfer between states of l8F and 16O must be known
before an estimate of multi-step contributions can be made.

The l60(06,(1)18F reaction has previously been studied by Harvey

et al.e’5 at alpha particle energies of 47 MeV and 52 MeV. A compari-

son of these data to the data reported in this work taken at an alpha
enérgy of 40 MeV shows that general characteristics of the data are the

same at all three energies. Compound-nuclear effects are expected to

" be negligible at these alpha particle energies.

e e e e g A
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—'tbass1gned. The mixing coefficients given are taken from the calculations

n.h transferrediquantities' J and T. For‘final-states of isospin one,j

. as the parity of the final state i1s odd or even as L 1s odd or even,

| fi single value of L transferred as in the case of T = 1 states; how-

L -5T-

- Spectroscony of Nitrogen lh

Table I contains a listing of all the known levels of uN below
. an excitation energy of 15 2 MeV and a few additional levels above this
energy which are applicable to the two—nucleon transfer reaction under - ’ .
discussion. The energles listed in column one and the spin, parlty and'“'
isospin ass1gnments are those in the compilation of Ajzenberg-Selove and '
Lauritsen86 or are taken from the references listed. The third column
»contains the experimentally determined exc1tation energies and errors.
obtained in this work.. , :
The fourth column contains the integrated cross sections between

o 10° and 70° center of mass from the present experiment. These limits

_ were chosen to give a constant range of integration for all levels and
" in addition, this is the region of best agreement between the experi-

mental and theoretical angular distributions. The dominant conflgura-
";:tions of the energy levels are given in cases where they have been - o !

T 88.

“of True8» and Cohen and Kurath.

Selection rules for (5He,p) reactions have been discussed in
Sec, lI-A.and II-B. For this reaction on a target of spin zero, the».
'1spin FJé hand 1sospin YTQ of the final state are just equal to the -

the'intrinsic spin S transferred must be zero; therefore, the final

© state spin J2 equals L, the transferred angular momentum. Inasmuch

T =1 states of unnatural parity are forbidden in the reaction.
~ For final states of isospin zero the intrinisic spin transfer

e ot A e Aot S

" is one. In this case

[

Tyl L'z la, =1 o | (47)

e v e e A o ey

and L must be odd or even as the parity of the final state is odd or -

. even, All T =0 natural~parity states are, therefore, restricted to a

.

ever,_for T = 0 unnatural-parity states, two values of I are allowed
by the selection rules. The proper mixing of the two allowed L values
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in a transition can be a sensitive measure of the correctness of a
theorétical calculation as will be seen in Sec. VI.

By the selection'rules, as just discussed, transitions to a
number of levels iﬁ l&N via the 12C(BHe;p)lLLN reaction are restricted

to a single L value. These restricted transitions were used to

identify the angular distribution shape peculiar to a given L transfer.

Figures 15 to 17 contain angular distributions for transitions proceeding

via L =0, 1 and 2 respectively. Figure 18 contains L = 3 angular

distributions.

Note that the 8.71l- and 9.508-MeV levels are unnatural-parity
gstates of T = 1 and are, therefore, not allowed. Neither of these
levels 1s observed above the tall of the neighbor level peak.

The 8.489-MeV level has been assigned J = U4 Dby Detenbeck et
al.89 who suggest a (p3/2)_l(pl/2)2(d5/2) configuration for this state.
The observation9o’9l of this level in the reaction lEC(a,d)luN confirms
the T = 0 assignment., By spin selection rules both L =3 and 5
tranéitions are allowed for this state. The above proposed configuration

would, however, restrict the L +to a value of 3 only. As can be seen

in Fig. 18, this transition does proceed by an. L = 3 transition which

confirms the negative-parity assignment and 1s consistent with the

’ suggested configuration.

All of the known energy levels of th below 8.7 MeV excitation
energy are fesolved by this work. Three levels near 9 MeV are, however,
not resolved. The level of lowest energy in this group is e known 3-,
T'= 1" level., The next level is the glant level seen by Harvey et al.2
in the'l2C(a,d)luN reaction, and assigned by them to be J = 5+.

Dentenbeck et al.89 have also measured the excitation energy of this

level and confirmed the 5+ assignment.

The third level of the group has been studied by Latorre and
Armstrong.92 They have assigned a spin and parity of 2+ and a configu-
ration of (2s,1d) to this level. In the calculations by True87 for
levels of lMI\T a 2+ T = 0 state of (2s,1d) configuration 1s predicted at

~an excitation.energy of 8.8 MeV. This level was associated with the

known level of lMN at 10.09 MeV. Kashy et .a1.95 have shown a pre-
+ +
ference for a 1 assignment for the 10.09 MeV level although the 2



‘jvﬂneof2,

. has a peak at this excitation energy.)

+.9.3 MeV was a55001ated by him with the 9.702-MeV l T = 0 level of
‘This level is observed in both the (a,d) and (5He,p) reactions. Tt
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: value could not be eliminated as a possibility. On the basis of these

data, the 2" T=0 level predicted by True87 to be at 8.8 MeV is as-
14

. signed to the known 2 T = 0 level of =N at 8.979 MeV.

The 9. 588-MeV level has also been studied by atorre and

-,Armstrong92 and they restrict the spin and parity assignment of this
- level to 27 .Qr Bf’, By the spin and parity selection rules only an I =
-3 transition is possible for a 3 spin and parity assignment. Both

=1 and 3 are allowed for a 2~ assignment. A compgrison of the

-angular distribution of this level with other L = 1 transitions (Fig.
16) indicates that the transition to the 9.388-MeV level of th 1s pre-

dominantly L = 1 which restricts the spin and parity of this level to a

Rose et al.:LOl have shown the lO .215-MeV level to be of spin

and parity l and, . further, that the level is most likely T = 0. This

'.level is not dbserved by Pehl et | al.91 and Zafiratos et al.
, C(a d) N reaction. As indicated in Table I this level was not ob- < .
. served in the (BHe,p) reaction either. (In Fig. 6 the position of this.e

P in the

level is indicated and a small peak is apparent at this excitation

_energy; however, this is the only spectrum, among all those taken, which

87

at a calculated energy of

+
Al T =0 level predicted by True
th

. +
will be shown in Seca'VI-that True's 1 T = 0 level is not expected to.

" be observed. For this reason the predicted level is tentatively re-

assigned to the lO.Qlj—Merlevel of luN, which, as is mentioned above,

< was not observed. .

The 10.85-MeV level of luN is strongly excited in the lec(a,d)

: reactions.9o??l This suggests that the level has a high spin and T = O,

. _ heth
The angular distribution of protons from the 12C(BHe,p)l N reaction

v.“exciting this level, as shown in Fig. 18, indicates a transition of

= 3 or greater. The calculations by True87 indicate that transitions

" in this region should involve L = b4 or less. The spin and parity of
" this level are then restricted to values of 2, 5 ’ 4 s 5 The strong
’c'pOpulation of this level suggest that it has a simple, 2-particle

o .



";60-

- e mm . . - B 5 5 Buie wivit sty e drr A vmm s~ i L e i

90T GOT 66

‘C6 6 26-06°Lg (3/¢p 2/1d)2CT 0 + (g/Ts‘8/Td)Lg6 0~  OL*0 ¢ - co'g T _T 0%0°g
76 T6°06°Lg (2/Lx‘zg/cp)ogt 0 - (g/¢pf2/Td)og6 0~ 1670 e 6L 0.2 16°L
HOT ‘0T 8696 . .
-6 160688 H-Am\ﬁmﬂm\mmvooo.ﬂ £8°0 2h TO*L 0.2 620" L
GO HET6 06°¢LY mﬁm\mUVOJJ.o + (g/¢re/1s)0Tg 0 0g°' 0T 8T 99 0 +m 9
g6 S(@/sp)gne-o -
‘6 T606°1L8 +(e/cpie/ep)coc o + o (3/18)Heg o ¢g e o2 T2°9 0,1 12°9
TOT 00T 8666 .
“H6T6 06 L8 TL (e/Lx‘e/¢p)oet 0 - (g/dp‘e/1d)6g6°0 8¢ T o< #3°¢ 0 _¢ 28 ¢
TOT“00T g64¢6 o _ _
“H6 606 L8 TL “(e/epie/td)onT 0 + (2/T15‘2/Td)¢g6 0 78T 0  G9°¢ 0_T ¢g9° S
20T-00T ‘g6 ‘<6 . - . ,
“H6CT6 06 L8 TL (2/Lx‘e/¢p)oze 0 ~ (2/¢pfe/1d)0%" 0 ¢ce 0 9¢  32TUs 0.2 £0T° <
20T-00T g6 %6 .
“Ho“T6 06°Lg TL - (efts‘e/1d) oot 76T ¢C by 0_0  0I6°f
 00T‘g69%6 . .
-6 T6°06 89 TL m-Am\mmv@Hm.o - H-Am\ﬁmnm\mgvmmm.o ™HT 2 - ¢ 0,1 e ¢
Lg mAm\m@vwmm.o + mAm\Hgvam,o,
Q0T-16 _ , _
‘T6°06°g8°cg Tl m-Am\mmvaJ.o - mAm\Hgvdﬁm.o LL*0 22 e T L0 T¢ 2
18 S(e/ep)itero - (2/1d)T¢6 0 - .
96-46 ‘16 ‘06 ‘gg H-Am\ﬁm«m\mngom.o - mAm\amvam.o 90 . 6T 0°0 o,+w 0°0
' (qu) (A9 M“.wmzv _ (A9W)
N mb A3xsuqd E.Fh bty
@wmoqwhwkmm SUOTIRINITIUOY FUBUTWOQT HIOM STUT, TBIUSWIISAXE
*ASH Q2 = Awmmvm qe ZJHAQW®MMVUNH J0J SUOTROSS SSOJO PUB STOAST ABI9uUd T USBOIYTN *I STABL



[P ESED R SRS

Table I.. (continued)

Experimental " fmis Work  °  Dominant cénfiquAtions References®
Energy S Energy - h ' »
(Mev) =~ - . (Mev % kev) (mb) _ L , | : _ _
8.489 - 4 0 8.47 30. . 1.82 . (p5/2) (yl/e) (d5/2) ....;'" - 89-01,94;107- e
8.617 o 1 8.61 34 0.68 -0.907(s1/2) - o. 308(&5/2) . 87,90,%2,%, 95,
_ o , o ' : N B ;'99,105 - :
8.70. - 0o 1" - o T, ooo(p1/2 51/2) R  87,92,94,95,99,
: R T S - 105,106, 108" o
8.006 31 | | -0.9%4(p1/2, d5/2) - 0. 086(d5/2 £7/2) 87,92,9%,95;99, -
_ ' B N ’ - 105,106 _
8.9%3 5 0 8.96 19 15.88 ~0.995(a5/2)° + o.098(f7/2) o 2,3,87,89-91,
R . R . o L . 107,109 . -
8.979 2o 4 , ' -0.850(s1/2, d5/2) + o 420(51/2,d5/2)_ 87,92,
$9.129 270 9.15 18 - 3.6k (p3/2) Hp1/2)%(s30) _‘ 189,90 o
9.17 21 4 | m0(sy/2,85/2), ~o. 7(p5/2,p1/2) . 87,88,90,9%%,9,
R - ‘ « | g - 99,106,107,110
9.388 27 0° 9.39 26 2.71 - o - 90-92,k
9.508 2”1 o -0.999(p1/2,d5/2) + 0.026(p1/2,d3/2). 87,90-92,%4,95,
o . T ' : . : ’ : 99,105,106
s.t2 1" o0 9.70 22 156 | oGk
10.09 (1o 10.08 - 18 1.63 SR ' 90-9%
10213 17(0)° | 0.695(a5/2)° - 0.532(s1/2)® 87,92,9%,101
10450 271 103 20 276 =0.7(sl/2,d5/2), ~0.7(p3/2,p1/2)% - 87,88,90-%2,0-
' - o o . 96,99,106,110
10.55 (1) 10.56 28 0.56 S R 90,9
1085 ()0 1081 23 1.01  0.770(da3/2,d5/2) + 0.6k0(p1/2,£7/2) - 87,90,91

-T9-




Table I. (continued)

'ExpéfimEhtal This Work ..Dominaﬁt éonfigurations Referencesb
Energy _J7r T . Energy o '
(MeV) (MeV % keV) (mb)

11.06 17 o 11.06 50 0.98 90,91

11.23 (37)1 '11.27 -~ 50, 90,93

11.299 270 ] ‘ o 90,92

11.39  (1)o 11.39 Lo 93

1150 30 11.51 30 . %0

11.66 11.66 4o

11.7% 17 11.79 110

11.80 (2) ]

11.97 (2+) 11.95 - 30

12.05 ’

12.21 3

12.29

12.41 4”0 12.40 30 3,41 90,91

12.52 12.50 20 2.18

12.61 3 12.65 25 1.51

12.69 3

12.80 y" ‘]12.7u 30 8.90

12.83 4”0 90,91,109

12.95 (u+) 12.90 25 5.7k

05) (0) 0

(

13.

-9~



Table .I.

(continued) =

g

- Exp'er‘iideh"éal . This Work X Doininan’ﬁ ‘ Cénfigurations B _ Réfei‘ehcesb
- Energy J Energy o ’ '

(MeV) o (Mev % keV) = (mb)

1317 0 07,170 13.15- k4o _ R , % -
12 a0 T (p3/2,p1/2) 7 %

W8 . 0 W 60 R T m .
15.5 0 (67)0  15.8 . 200 (a5/2,57/2) 87,91,109,111
17.3 0 17.% 200 91,109,111

8Total cross section integrated between lO° and 70°.center of mass.

bRe:f‘erences used other than 86. _ ' |

€™ and/or configuration pfOposed by this work.

- -¢o-
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configuration. All of the energy levels of llLN predicted by True87

below an exeitation energy of 10 MeV have been uniquely associated with

L
known levels of 1 N. It is, therefore, reasonable to attempt to associate

a level predicted by True with this 14N level. By the spin and parity

restrictions discussed above only two predicted levels can be considered;
+ ' +

a3 T=0at1l1l.0MeV and a 4 T =0 at 10.8 MeV. As will be shown in

+ .
Sec. VI a transition to the 3 would be very weak while a transition to

+ :. |
the 4 would be very strong. On this basis the 10.85-MeV level of th is

tentatively assigned h+ T = 0. The configuration predicted by True is
indicated in Table.I. ' ’

A region of levels between 12.4 MeV and 13.2 MeV is strongly popu-
lated by the reaction under discussion. A strong population of levels in

. this regionlhas also been o‘bsérved%’?:L in the 12C(Ot,d)ll’LN reaction and

in the reaction lzc(llB,gBe)luN carried out by Sachs, Chasman and Bromley.lo9

" ‘ _ .

AL T =1 state of (d5/2)2 configuration is predicted by True
to be at an energy of 12.0 MeV. A comparison between the (X,d) reaction,
which could not excite a T = 1 state, and the (5He,p) reaction, which

could excite the T = 1 state, should allow identification of T = 1 levels

in this region. Two levels in this region are proposed to be h+. One
of these may be the T = 1 (d5/2)2 level. As is shown in Table I, five
© levels can be individually resolved in the data from the 12C(5He,p)luN
reéction{‘ A composite peak containing three levels is also observed.
The (x,d) data of Pehl et al.?" nas insufficient energy reso-
lution for cdmparative purposes. The (@,d) data of Zafiratos et al.”
has better‘énergy resolution and should be useful for comparison. These
workers report a very strong peak at an excitation energy of 135.05 MéV.
An examinatidn of Flg. 6 reveals that an excitation of 13.05 MeV In "~ N
is in the region of a sharp minimum between the 12.95- and 13.17-MeV
levels indicating very little excitation of a level at this excitation
energy. It.seems gquite unreasonable to suppose a level so strongly
populated in an (0,d) reaction would not be excited at all in a'(5He,p)
reaction. Data from both reactions have been carefully checked90 in
an effort to solve this apparent discrepance in excitation energy assign-
ments, nevertheless the discrepancy still remains. It is, ‘therefore,
not possible to assign the 4+ T = 1 state by a comparison of the results

from the two reactions with these data.

L vt s
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Fig. 17 contains a group of L = 2 ahgular distributions. There

" 1s a distinct difference between the angular distributions for the ground. .

state and the T. 029—MeV levels in comparison with that for the 6.44-MeV

level. The two former levels are of (p) configuration whlle the latter

is of an (s, d) configuratlon These data suggest angular dlstributlons-

may be dependent, to some degree, upon nuclear shell effects

' C. Spectroscopy - of Fluorine 18

The low- lying energy levels of nuclel in the mass 18 isobar

" arise from three basic configurations. First positive-parity states are

expected to arise: from two particles in the (s,d) shell coupled to a

16 112,113 Second, 11k

0 core. as pointed out by Brown and Green,

three observations lead to the postulation of a two-hole-four-particle

. (éhhp) deformed configuration in mass 18 nuclei: (1) alpha scattering

16O excites levels which can be fit into a rotational band, (2)

16 18

'strong B2 trans1t10ns were observed in T 0 and "0, and (3) a ot and

18

'2 level in 0 at excitation energies of about 5.5 MeV can not be ex-

lplalned by the simple shell model. There also exlsts invl8F a l+ at
_5',_1 7 MeV excitation and a 2 at 2.5 MeV which are not accounted for by o
t: the shell model. '

116,117 have shown, that, in-

_ ‘Engeland;ls and Federman and Talmi
deed, the extra states of l80 are described by mixing 2hlip deformed
states with the shell model states. A deformed state with a (pl/e)_'2

(s, d)lL configuration is assumed by these workers. Their calculations

'suggest that the shell-model states contain lO% to 20% deformed character.
‘Calculations by Brown and Green118 indicate an even larger contribution

-of deformed character.

Arima et al. ‘9, on the basis of a weak-~ coupling model, have

_f;“pr0posed a (pl/2); _l(s d)J_O configuration for the 1t level of 8F at
iVaEx = 1.7 MeV." Kuo and Brown?C have shown that the 2hlp states in l8F
» should lie at approximately 2.5 MeV excitation. This configuration

would account for the positive-parity levels in this region.

- e gve-n.
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The thlrd type of levels to be found in these nuclei are negative-
parity levels. Harveyl?l has proposed that these levels arise from a
(p)-l(s,d)B,'lth configuration,

If 16O is predominantly a closed shell 1t follows that only the.
simple (s;d)e, shell-model states would be populated in a two-nucleon

stripping reaction on an l6O target. States with 1h3p or 2hlp character

are expected to proceed through small components of 160 or through
‘more complicated hechanisms.. - h

A comparison betwéen known levels of l8F'and levels excited
strongly enough for'positive identification in the l6O(Oc,d)l8
p)l8F reactions is made in Tgble II. In accordance wilth the selection
rules discussed in Sec. V-B the {®,d) reaction is expected to strongly
ex01te only T = O states of l . On this basis a number of states are
deflnitely or tentatively assigned T = O as indicated in Table II. Other
T = 0 assignments are confirmed by this work.

Ollerhead et al.lee have made tentative assignments for 18F

levels corresponding to the T = 1 levels of 18O. The levels at 1.042
and 3.060 MeV excitation energy are well established as indicated in the v
references of Table II. Note the‘5.06-MeV level is not éxcited in the
(a,d)vreaction. It is, however, excited in the (BHe,p) reaction and,
although not resolved from the 3.134-MeV level is dominant over it as
indicated by the excitation energy of the spectral peak corresponding
to these two levels. | |

Assignment of the 4.651-, 4.741- and 4.964-MeV levels as h+, 0
and 2+ T = 1 levels respectively 1s consistent with the_decay-schemé
- work referred to in Table II. It is also consistent with the level
spacing in 18O as is shown in Fig. 20. The decay-scheme work, however,
could not rule against the possibility that the 4.400-MeV state could
be the bW T = 1 state, As is shown in Table II, the 4.400-MeV level is
excited in the (0,d) reaction and therefore must be assigned T =0. On
the other hand .the ﬁ.65l-, 4?7&1-, and the 4,96k-MeV levels are not
excited by the (@,d) reaction and are excited by the (BHe,p) reaction.

These observations confirm the T = 1 assignments to the three levels

under consideration.

F and 16O(BHe,



 Table fIr 7Fluorihe 18: energy levels and cross sections at E(BHe) = 19.8 MeV and E(a) = L0.3 MeV.

122,124 ,126,128,131

ad!

Experimental _ This Work - Dominant References®
. 166(a,a) %F 10030e,0)°F  configuration
'Energy® - J" TP:' Energy 6 Energy - cq S 7
(MeV) o (MeV * keV) (mb)  (MeV % keV) - (mb) @ |
0.0 n_:”lf 0 0.0 - 17 0.85 0.0 - T 2.4k2. (s,d)g 79,123-126 - . L -
0.9371 3" 0 S 0.93% -1k 1.89  0.937 8 6.10 C(s,d)% 79,123,125-127 . .
10617 o1 L S T (s,a)? o 79,123-128° |
fi,oéd? 0" 0. SRR L ) Ms,a)° 79,121,123, 125-127,129-151
1310 5o ] 1.119 16 8.k6 1111 7 ko6 - (s,d)2 79,123,125-127 ' s
1.7005 170 1.716 18 0.13 1.680 2k 045 () 2(s,a)*  119,120,123,125-127,132 |
2,1008 27 0 2.100 11 0.27 2.0 13 .1.05 . (p)i(s,d)°  121,125-127,129,130
2.52%5  2' 0% 2.541 19 0.10  2.509 18 0.46 <p>“2<s,a)”, 120,123,125-127,132
. 3.0603 271 - 13.062 15  3.04 (s,d)2 122-128,132 _
3.1539 17 0 322 1+ 013§ M) 121,125,125-;27,132-
53581 2,(3)7 0°  3.363 20 0.22  3.3%2 16 0.70 (s,d)° 193,125-127,131,132
3.7248 1 0 . ] ‘ | x SR | _(s,d)g__ 126,127,131
3,790 '1;2,(3’) o ' L ' (p)'l(s,d)5 - 121,126,127,131
3.8385 2 o° ] 3808 12 089 fi e 1 g (s,d)° 126,127,131
1,108 1,2,(3) 057 k.1b0 12 O.Mh Jh.IZh. 11 1.02 | 131 -
k218 1,(2) i I o 126,131
4.350° 2,3 i , , 7 . , 126,131
bhoo 2 o o s 9 o5 |39 190 126,131
TS R | 0 qhesr 12 245 (s,4)f 122,124 -126,128,131
Lo o 2® | ] e (s,)2



Table IT. (continued) -

Experimental This Work ‘Dominant References.
l60(06,(1)18F l60(3He,p)l8F Configuration
Energya J7T Tb Energy | cc Energy o
(MeV) (MeV % keV) (mb) (MeV % keV) (mb)
.84y 1 of 4:852 10 0.55  L.843 12 1.36 : 131
hooh 2t 1° ‘ 4,967 21 0.61  (s,d)? 122,128,131
5.295 o® 5.266 3% 1 ©  5.297 25 0.48 131
5.502 | I » - .
5.50h  (41)0° 5.50 27 ]0.37 5.601 12 2.71  (s,d)°
5.662  (1,27)(1) :] | ] ' 122
5.786 = 0% 5.785 311 - 4
6.092 _ 6.105 8  5.62
6.139 o 6.139° 12 168 |
6.233 2( ) (1) , o 1e2
6.247 (1) ]6.265 13 3.38
6.376
6.2
6.556  (3,4,5)0%°  6.548 18  0.60
6.634
6.63%6 17
- 6.765 ' -
6.800 2~ 0° 6.807 10 1.17 :]6'779 o6t
6.859 |

- 89-



Table II. . (continued)

Experimental

a
Energy .
(Mev)

jﬂ‘Tb

This Work

160(a,d)18F

160(5He,p)l8F

Dominant

Energy e

(MeV * keV)  (mb)

Fnergy o

Configuration

(MeV * kev) (mo) -

a
References

7.185 -
7.26.
7.315
7.493

T+60
7.69
7.72

7.88

7.2
8.07 -
8'20,
8.22

8.8
9.17
9.35

8.36

UL

oy

(372
(37)(0)°

(0)°
(0)°.

(27) o®
%)

(0)°

J7.190 8 - 1.02

7781 11 0.2

7.658 12 0.50

]

1206 9 sos T

-

8.5% 19 0.37

]8'861 190 0.43

]

|7a 23 o

6 B w8

.87 22 k.06

9.45 32 3.38

. 3
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Table II. (continued)

Experimental

Energya J7T Tb

(MeV)

a
References

This Work ' Dominant
l60(g)d)18F 160(5He,p)18; . Configuration
Energy o] Energy o
(Mev * kev) (mb) (Mev * kxev) (mb)

9.k .

9.49 0
9.60 _
9.67 - 2,3
9.79 .
9.% o

10.11

10.27

10.38 _

10.51 (0)¢
(10.57)

10.76

(10.85)

10.9%

11.02

11.07 0o
- 11.16

11.3%9 -0

11.78 -
- 12.03 0

-] 9.hgk 15  1.62

:] 9.96 120

10.268

i]lo.5u1‘

rd

.]11.075~

11.384 .

12.055

12

10

37

18

16

9.82
0.45
10.06
0.56
10.352
1.11 ’
110.9
0.51 -
: 111213
0.46
0.30

Lo

25

60

50

_J 9.h0k 31 5.69

3.58

L2

L.9%6
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« o . ~Table II. (continued)

Experimental ' .  This Work T Dominant - References®
' l6O(a,d)18F o 160(5He,p)l8F . Configuration )
Energy Jr fb _ _Energy " ‘ Energy - cdi o T”' ' '_jr o e
(Mev) ' (MeV * kev)  (mb)  (MeV % keV) (mb) I ’ A
12,51 - o . _
1266 0 0% 12.67 60

12.9%

References 86, 133 and 134 were used in addltlon to those in the reference column}},,‘ 

A parenthesis ( ) indicates a preference or tentatlve a531gnment.,-
Cross sections are integrated from approx1mately 12° to 80° center of mass.
'dCross sections are integrated from approximately 11° to 82° center of mass.

eAssignment of 37 and/or T and/or configuration made or confirmed by this work.

, -'[L'-_ :

©
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A J = l_,155' level of ;80 at,Ex‘= h.bh5 MeV was prOposed122 as
correspohding to one of two levels at 5.59- and 5.66-MeV excitation in
l8F. As 1s seen in Table'II. the 5.59-MeV level 1s excited in both the
(a,d) and (3He,p) reactions, which restricts this level to T = 0, The
angular distribution of this level is characteristic of L = 4 as shown
in Fig. 23. Arguments will.be presented in Sec. VI for the assignment
 of this level as J'T = ut 0. The 5.66-MeV level is not resolved from
‘the 5.59-MeV level just discussed and 1t ié.not cerrtain that this level
is excited in the (Q,d) reaction. It may, therefore, be the J" = 17,

T =1 level, '

The 2(') level in 18F at Ex = 6.23 MeV was prOpOSed122 as corre- -
spohding to the 5.09-MeV level of l80. The 5.09-MeV level is now known136
to.be a 3  level which casts doubt on this proposed correspondence unless
the 6.2%-MeV level of l8F has been assigned the wrong spin.

: The 6.556-MeV level was also suggested122 asa T =1 level. The
observation of this level in the (a,d) reaction indicates a T = O assign-
‘ment. The l8F energy levels in the region of 6.5 MeV are closely spaced
and generally of unknown spins. The éssignment of T = 1 levels in this
region, therefore, seems unjustified. u

Ollerhead et al.122 also suggested that the 6.19-MeV level of
l8F (now knovn™ ! to be J7 = 2,3") corresponds to either the 7.315- or
the 7.499-MeV level.in l8F. Both arevtentétively assigned 3 spin and.
parity. Thev7.h99—MeV level 1s seen to be T = 0 by its observation in
the (@,d) reaction. The 7.315-MeV level may, therefore, be the T = 1
level.

Angular distributions for L = 0, 2, and L transitions in the re-
action 160(3He,p)l8F are shown in Figs. 21 to 23. Angular distributions’
' for the 2.101- and 2.524-MeV levels are shown in Fig. 24. As discussed
above these two levels and the 1.700-MeV level are considered to be
particle-hole states. The angular distributions to the two states firstj
mentioned do not show a direct-stripping pattern. This observation helps
to confirm their particle-hole character. All three states have a rather

small cross section which is to be expected for states of strong collective

character. The relative strengths of these states will be further examined -

" 4in Sec. VI.
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_ The L 0 stripping-like angular distribution for the 1.700-MeV

_ state is unexpected if the state is of predominantly particle-hole char—.
~acter, and if the angular - distribution of the 2. 524-MeV level is teken |

as typical for a state of particle—hole configuration. As vas discussed S

in Sec. II-C, however, calculations suggest multi- step processes should be

‘_ given angular distributions $imilar to those for single- step processes.

Perhaps the two transitions proceed by different mechanisms, or the inter-..

ference between contributing mechanisms 1is different in the two states.
'f:The 1. 700—MeV state may also contain significant amounts of two particle
‘configurations.' ' '

o Pihlhofer and Bock,5 in their study of the 6O(5He,p
at E(BHe) = 18 MeV, were able to resolve the four Tevels of “OF near 1
MeV excitation. Their work shows the 1.042- and 1.081-MeV levels to have .
. cross sections about 1/4 and '1/20 that of the ground state respectively

)18

F reaction

”:'In the work ‘of this paper two distinct, but only partially resolved

"-ipeaks near 1 Mev were observed, It is assumed that the lowest- energy

.peak contains contributions from the 0.937-MeV level only and that the
~other peak contains contributions from the 1.042-, 1.081- and 1.131-MeV = -
levels. A comparison of cross sections for the reaction at 18 and 20
: MeV substantiates these assumptions.

In several cases an experimental peak in the spectrum is too

" broad to resolve individual levels but nevertheless a careful determinationt_

hvof the excitation energy of the peak shows the predominant contribution
comes from only one level. If the (3He,p) reaction is considered, several
such cases are observed. The 3.062-MeV peak has already been discussed.-
. A peak at 3.830 MeV must arise predominantly from the proposed 2 T = O '
state at this energy. The 3 T = O state nearby thus has a small cross
section which is consistent with small cross sections to the other two
negative parity levels discussed.

The observed peak at 4,651 MeV must arise predominantly from the

_ known level at that energy. The cross section to the O , T = l»companionA's

:vlevel must, therefore,’be small. - The 5.601-MeV peak has been discussed_-f

"~ above.
' A new 8F level at an excitation energy of 8.596 * 0.019 MeV

‘was observed in the (a,d) reaction.




: -

One further observation is of interest. OFf the large number of
known energy levels in l8F below an excitation energy of 13 MeV only a
relatively few are strongly or moderately exclted in these two-nucleon
stripping reactions. - This observation points up one of the advantages
of two-nucleon. transfer reactions; that is the preferential population of

specific types of states.

D cnim s e A g Swor ¢
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-VI. THEORETICAL CALCULATIONS: COMPARISON WITH EXPERIMENT : DISCUSSION
Two computer programs were used for evaluation of the kinematic

factors Bh of Bg. (26). The program REACTION 6, written by Dr. Norman

NL
K. Glendeﬁning, was used for most of the calculations. . The program 7!
JULIE,20 3 was used for a few model calculations as discussed in Sec.

VI-D. _ _ . _ :

v The program REACTION 6 employs the zeroerange approximation andh.
the local-potential approximation. The funCtion UﬁL(Is describing the 5

. center of -mass motion of the captured pair, is & harmonic oscillator w1th

an exponential tail function matched as described in Sec. II-C-k. Inf '

..the present calculations the harmonic- osc1allator parameter defined by

| (48) was usually fixed at the value used in the nuclear structure

calculations.

‘m_HAw
>

- 2 (v8)

(c)” |
The mass of the transferred peir m. is in units of MeV..

' The program carries out the coherent sum on N and the incoherent
sum on M,L and J indicated in Eq. (26). This summing requires that the
Tstructure factors.'vGNL'SJT be input parameters for the program. The pro—‘

gram contains no spin-orbit coupling.

' ’  The program JULIE also employs the zero-range approximation and -
the localapotential approximation. It includes spin-orbit coupling. A,f7
Woods-Saxon function may be used for the bound-state function o (R)
Calculations can be made for only one N wvalue at a time.

' Optical-model parameters were obtained from elastic scattering
data by use of & modified version of the computer program SEEK. 128 The
T0ptical potential employed is defined as follows.

U(r) =V (x) - VE(r) - W' (x) - 1Wse(r) - (k9)
on 22 | |
v (r) = ZgRe (3- =) , r <R |
e R : |
¢ . (50)

ey
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o) = |1+ e — L — ; | (51)

£'(r) = |1 + exp Bi . (52)
y g;fvm
gr) o - (53)
r - RiA;/§ 2
= exp - ———___B.._-__

The program also includes a spin-orbit potential which’was,not used in
this work. Vc, V, Wand Wa are the Coulomb, real, imaginary-volume and:
imaginary-surface potentials respectively.

A. Optical-Model Parameters for 12C(5He,5He)lEC'Elastic Scattering

Several families of potentials were found in the optical-model
analysis of ;He scattering on 20 at E(BHe) = 20 MeV. Representative
sets of parameters are given in Table III. The sdlid line curve in Fig.
13 is calculated using the optical potential with V = 220 MeV. It was
found, as had been observed earlier,159’luo that inclusion of spin-orbit
parameters in the potentlal did not alter the angular distributilon
significantly

Baugh et aal.,ll‘Ll who studied leC and 3He elastic scattering at

30 MeV 3He, found that Optical-model'calculations did not fit experimental -

values at angles larger than 70°c.m. Kellogg and ZurmuhleM2 have studied
5He elastic scattering on 120 and on 150 at 12, 15 and 18 MeV 3He. The
angular distributions at 15 and 18 MeV for 30 are similar while angular
distributions at these two energies for C are not similar. The obser-

vatlions that 5He elastic scattering from 12 C does not show the smooth

. trend with incident energy seen in He elastic scattering on 13C and

differs from the optical-model predictions at large angles may be due to
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Table-iII_ Optical parameters for 3He elastic scattering on leC at

E( He) = 20 MeV.

v Ry A v R, . B R, Chi
(Mev)  (F) () (® (F) (® (@
220 1.6 0.597 12+ 1.55 1.0 1.3 b7 &
200 1.26  © 0.578 6.4 1.25 1.1 1.3 2.7
190 1.3 0.555 - 2l.k 0.96 . 1.2%0 1.3 2.k
180 1.37. . 0.531 b2.2  0.30 . 1.380- 1.3 2.5
210 0.81 . 0.730 5.6 2.19  0.837 L.k k.
180 . 0.93 . 0.703 6.2 . 2.1k 0.8% 1k 6.3
10 116 0.650 . 7.5 1.9% 0.890 1.k b1
125 1.26 - 0.626 . 8.9 . 1.76 . 0.952 1k 2.7
a0 139 00,579 1340 13k hlaes 1 1,7
'1lo_¥' 1 0.79 - 0.830 | 3.9 2.54 T 0.611 1.4 1.7 ;
9 .. 0.97  0.788 kA" 2k2- 0709 14 2.1 - §
S0 0 1.2l 0.734 -~ 5.2 2.29  0.729 1.k 1.2 5
50 - 1.57 . 0.61h4 9.7 1.5k 1.050 1.h 1.k
o
B
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Fig. 13. e angular distributions for the 12C(BHe,3He)lec reaction at
E(BHe) = 20.1 MeV. The solid-line curve was calculated using the
V.= 220 MeV optical-model potential in Table IIT.
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o o AT St -
the strong coupling between the l?C g.s. and first 2 state.” Harvey et
al.6l obtained‘a'valuetof l3»e2(fmu) for the B(E2) in l?C compared. to

a B(EQ) of»approximateiy 6 s?(fm ) for a similar transition in 15C.

B. Calculations for the Reaction lgC(BHe,p)lLLN at E(5He) = 20 MeV

12 ko SNV
1. 1 C andrl N Wave Functions and Calculation of Structure Factors

Energy levels_of th may be Classifisd into three groups accordingv.
to the ma jor configufation of each level. The energy levels below 9 MeV
excitation energy are shown in Fig. 14 and are grouped according to
class1fication One group of four positive-parity levels are predominantly
- of a (p) configuration.‘ The ground state and 2. 311-MeV state are pre-.
dominantly (pr/2)" 2.  The other two states of this group have a (p3/2
pl/e) configuration (see Table I). -

Another group of positive-parity levels arilse from an (s, d)2 con- it'

‘ figuration Some mixing between these two types of positive—parity levels
'},is expected. ‘ ' ' |
A third group. of levels are of. negative parity and arise from a -
(p) 3 (s;,d) configuration. '
Two sats of wave functions for'luN states have been used in the

calculations to be discussed. Cohen and Kurath88 have made an intermidiaté-

‘ coupling calculation for nuclei in the p shell They therefore calcu-
lated wave. functions only for the four (p) ~states of th shown in Fig.
1. The ground-state wave function for 2 C is also taken from this
- calculation.
_ihe (p3/2) ™ character of the 20 ana th wave functions will be

shown by this work to be important. In addition to th states with this

“major configuration, the 120 gfound state, in theFCohen and Kurath ,
" calculations, has a 60% admixture of (p3/2) ™ configuration (see Table |
- yIII footnote). Of course the Cohen and Kurath calculation neglects any -
(s,d)2 components in the wave functions.

,' Tr.ue87 has calculated the levels of lLLN based upon a model which
‘assumed that uN consisted of a closed p3/2 core (i.e. 120 as (pl/2)

"with two particles in the following single-particle states: pl/2, d5/2,




-80-

8.979 e 2+,0
8.906 3.1 5963" 5+,0
8:489 4_-‘0 8.617 O+,1
8.060 ——onuu!-,!
- 7.97 2-,0
7.029 24,0
6.44 3+.,0
6.21 t+,0
5.83 3-,0 2
5.69 [-.0 (s,d)
5.10 2-,0
4.9| ——3—0-,0
(p) (s,d)
3,945 I +,0
14
Energy levels below
2.311 0+,1 9.0 MeV
0.0 i+,0 -

(p72

XBL671-401-A

Fig. 1h. th ehergy levels below 9-MeV excitation grouped according to
major configuration. References are listed in Table I.
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- beta decay. Warburton
. True's

- agreements.
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' 2sl/2 d5/2 and f7/2 True;'therefore, does not describe states with

ma jor components of p3/2 ,conflguratlons, neither do these configura- v:

tions mix into’ other states. The two lovest (p) states, the negative-
parity states except forvthe 8.&89-MeV level, and the (s, d) states all

below 9 Merexcitation energy in. AN are some of the states predicted by
True. s '

These two sets of wave functions have been found to predict physi-

cal guantities in agreement with experimental quantities. Both are in

good agreement with the measured energies of energy levels described be-

low 10 MeV of excitation energy. _Cohen and Kurath88 have calculated a

_number of magnetic dipolevmoments, Ganmow-Teller beta decays and M1l gamma -
transitions.' These show reasonable agreement with experiment. They point .
- out that use of an lMN wave function with 0.988 overlap with the calcu—. ‘

- lated th ground state would produce the observed log ft value for ll'LC

143

and co-workers have compared experimental gammé

- transitions for the positive-parity states of ;uN to calculated values

" obtained from the following 14N wave functions. They have taken from

87

calculation the coefficients for conflguration mixing and the

(s,d)2 configurations. They have replaced all (p)2 components by the

wave functions of Cohen and Kurath. These comparisons show excellent’

Morrison et al.lML have studied the (d,p) reaction at E(d) =

_”MeV on all stable targets from 6Li to 14N and have compared the experi-
“mentally determined spectroscopic factors with calculations based upon

' Cohen and Kurath = wave functions. Excellent agreement has been found

except for the'lQC(d,p)laC ground-state transition. Ball and'Cernyllij

have studied the-(5He,a) reaction at E(5He) ~ 1O MeV on a several p-shell’

vnuciei. Relative spectroscopic factors extracted are in good agreement
" with Cohen and Kurath predictions; and specifically the
-ground-state transition is in good agreement with the predicted strength t

'150(5H a)12

relative to other transitions

1 W
Holbrow, Middleton and Rosner 0 have studied the 5c(5He,d) N

reaction at E(jHe) = 15 MeV. Relative spectroscoplc factors for the

four (p’)-2 states are in good agreement with predicted values. from Cohen

and Kurath .wave-functions. Spectroscoplc factors to the first four,

LT
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négativeﬁparity_levels of-th'were also obtained. These factors were in
good agfeement with predicted values from the ‘I‘rue87 wave functions with
the exception of the 5.83¢MeV state which is only 60% as large as the
predicted value. | |

Alburgér et al.loi have compafed total radiafive widths and

branching ratios for five of the Ffirst six excited states of luC to pre-

dicted values for ﬁhese'quantities based uponTrue's,7 lMC wave functions.

One radiative width is known and the prediéted value is in agreement with
this known value. Lower-limits are placed on radiative widths for three
other levels and the predictions are above these limits. One upper limit
is placed on a radiative width and the prediction is just larger than
the limit. Branching ratios from four levels are in good agreement, but
the branching ratios from one level are very poor--the ground-state
branch being predicted too strong. This fallure is though to be due to
the fact that True does not inlude the (p5/2) % character of the lh
ground state. '

Lieb and Hartmannlu6 have studied transitions from several nega-
tive—parity‘levels of 14N ang7compared the transition strengths to the

predicted values from True's ' wave functions. Four predicted values are
in essential agreement with the known data. One transition is abouﬁ a
factor of three.larger than the experimental value. v

In order to evaluate. G (Eqg. (20)) from the wave functions
of Cohen and Kurath, the two-particle c.f.p. values were needed.
Kurath88 kindly provided these coefficients in an LS coupling scheme.

vIn”the notation of Sec. IT-A these coefficients may be designated by

2”‘71 P I

J T indicate the state of LFN, J.T

Jg indicate the two transferred piriicles with thelr LS coupled to.J.
Inherent in the coefficient above is a sum over the various configura-
tions in the th state and the 12C ground state. BNLSJT is then equal
to évétatistical factor ( ) times the above coefficient. The factor

L 1k
indicates two particles taken from the ten p particles in = N.

indicate the ground state of 12C and

i b e <4 S ek st . 5 1

L i AT e AT
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The radial wave functions of the bound pair of transferrred par- l
ticles were assumed to be harmonic -oscillators which meant the PNLSJT
factor was Just the Moshinsky3 bracket for coupling two p particles to
center-of-mass motion deSignated by N and L and relative motion designated
by princ1ple quantum number'n and angular moment [ = O Qn was evaluated
according to the method of Glendenningl which assumes a Gaussian wave -
function for 5He with a size parameter of 0.206. A.harmonic-oscillatorf
parameter = 0.32 was used. and Qn‘were evaluated in this manner

, _ NLSJT
for all calculations to be performed and will not be further discussed

in other sections;

Values of GNLSJT calculated as outlined above are listed in

Table IV. The structure factor for the 8. 489-MeV state was calculated o
using the Cohen and Kurath 26 ground state and a (p3/2)'l(p1/2) (a5/2)

‘ configuration89 for this th state.
87

The wave functions of True are two—particle wave functions

and, therefore, the twoaparticle c.f.p. is 1dentically one. In this case‘r

1/2 31 , ‘ o
Buisgr T O [t M2 o O B, (%
S L s 4

'Qy is the mixing c0efficient for the configuiation [,jl,je]J2 in a'miXed}
configuration wave function for the state of © N. The bracket is a _jj
~to Ls transformation bracket. Structure factors calculated from True's
.vwave functions us1ng a harmonic os01llator parameter v. equal to 0.3%2
are. shown in Table IV.
Both Cohen and Kurath88 and True87 predict a 2 T 1 state near _
9.5 MeV excitation with a (@)'2 and an (s, d) configuration respectively. - o
As discussed in the references of Table I, the 9 17- and 10, h5l-MeV states
' 'are proposed each to contailn approx1mately a 50% admixture of these two
_configurations. Assuming the wave function shown in Table I for these
‘twostates,structure factors have been calculated. _ _
As was mentioned in Sec. V-B a l T = O state predicted by True o

.had been assoclated with the 9. 702—MeV level of this spin parity assignment.
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Table IV', Structure facto?s GNLSJT for the C(BH.e_.,p)me.reaction.a
‘ Levelb Truec Cohen and KurathC
(Mev) J Tx L - N=l N=2  N=3 Neb Nl N-2
0.0 17 0a 0 0.016° 0.112 -0.113  0.007 -0.012 -0.085
: 2 -0.560 0.112 -0.00k - 0.417 ,
2.311 " 1a 0 -0.049 -0.348 0.189 -0.013 0.075 0.54%1
3.045 10 0b 0O 0.057 . 0.k10
_ 2 0.017
h,o1 " Oa 1 -0.023 0.639
5.10 " Oa 1 0.065 0.349 -~0.077
3 0.216 =-0.001 ‘
5.69 " Oa 1, -0.013 0.542 -0.017
5.83 " Oa 3 . 0.557 -o.o&8
6.21 1fob o 0.01% 0.057 0.574 -0.011
- ‘ 2 -0.113 '0.013 0.006
6.4k 3T 0a - 2 0.060 0.653 -0.009
S 1 0.022  0.005 :
C7.029 2708 2 | 5 0.218
7.97 2~ Ob 1 0.018 0.097 -0.0%2
-3 =0.712 0.01k
8.060 17 1a 1 -0.006 0.k01 -0.021 .
g.x89 4~ ot 3 - -0.381
8.617 0" 1 0 -0.024 -0.115 -0.525 0.012
8.71 0 la forbidden
'8.006 3" 1la 3  0.488 -0.030
8.96% 5+ Oa 4  20.599 0.016
6 -0.006 ,
8,979 2 0a 2. 0.033 0.550
9.17 2"1° -2 -0.10k 0.388 -0.00k
9.508 2~ la | forbidden
10.213 17 0c 0  0.004 0.109 -0.05  -0.011
‘ 2  -0.102 -0.069 0.006
10430 271° 2 0117 0.388 -0.00k
Toa k. 0,756

[RTIPTEu—
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"f5Tab1e~1v-t,(Coﬁﬁiﬁﬁéd>"

c

' Levelb i-f.h?“'f;‘“ Trie’ 3 fCohen and Kurathcf

(MeV) I ox 'ﬁfL?f“; M=l - N=2  N=3  N=b o . Nl N=2

U T T T R
111,000 3 Ob. . 2 ..-0,047 0.031 0,006
S _ 1.4 - 0.0hT f-o.oo5 '

5He size parameter of 0.206 was used. 1. A.harmonic—oecillator’para- »
meter v of 0.32 was used. :

bThe a b, etc, refer to the first, secondi etc. theoretical level of J
given in the relevant calculation. The uN energy level associated
with a JMrx theoretical level is ‘given.

87

CReferences for th§8wave functions used are as follows True, and

Cohen and Kurath

dwave functions were the 1 g.s. by Cohen and Kurath and the ll‘LI\I con-
flguratlon of (p5/2)‘l(p1/2 (a5/2) . '

€The 2 T = 1 states in this region from both calculations were mixed as

dlscussed in the text.

Thls is the energy value predicted by True. 87.
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The 10,096~ and 10.213-MeV levels have also been tentatively assigned
l+ T = O.. The structure factors for the state in question (listed in
Table IV under the 10.213-MeV state) are much smaller than those for
other (s,d)2 states and on this basis it is not'éxpected that the state -
should be observed. Of the three levels under discussion only the
10.213-MeV level 1s not observed and the predicted state i1s tentatively
assigned to this level..

The lO.85—MeV level wasvalso‘discuésed in Sec. V-B. Two states

+
87 may possibly be assigned to this level; a & T =0

predicted by True
andva 5+ T:.= 0. The spectroscopic factors for these two states are the
last two entries in Table IV. The factors are vanishingly small for

the 5+ state leaving only the h+ state for tentative assignment to the
10.85-MeV level of 1
Jarger than the.factor for the 5+ T = O glant state seen in (a,d) re-

- : +
actions.90’9l If the 10.85-MeV level is to be assoclated with the 4

+
N. The spectroscopic factor for the 4 state is

state prediéted by True the strength of this cbnfiguration must be mixed
into other 4+ states. Two states near 12.5 MeV excitation are tentatively
assigned 4¥. If one of these is a T =1 state, as discussed in Sec. V-B,
the other could contain part of the strength of the M+ state under con-

sideration.

2. Optical-Model Parameters

Optical-model parameters used in distorted wave (DW) calculations

for the 120(5He,p)luN reaction are shown in Table V. Several sets of
parameters obtained from the elastic scattering of 5He on 120 were used,
without success, in DW calculations. Parameter set 2 yielded a fit to
positive=parity states up to about 7.5 MeV excitation energy. It did
not, however, yiéld a fit for odd-parity states.

Potential set 1 was constructed by swumming the potentials of
_ Single nucleons and was found to give reasonable fits to the data. -
" Bjorklund and Fernbzazchl)1L7 obtained a single set of optical potentials
for the scattering of T MeV neutrons on targets of mass 27 to 209. '
PereyllL8 has obtalned a systematic set of parameters for_proﬁon scattering
at energies of 9 to 22 MeV and for targets of mass 27 to 197. It was

assumed these systematics would extend to mass 12 and 7 MeV energy.



c e

Table V.- OptiCal—ihodel 'parameters .‘for the 12(VJ(BHe,I')):LL,'l\T reaction. |

| — —
v Ry s . W Wy R B R

Particle  Target  Set (uev)  (F) (8 o (ev)  (ev) (M (@ ®

5He(eo Mev) Pc 1  _146:5‘ 4‘1525 65 _ 56;5 125 T Co1e5 .

R R T 220.0 1,16 597 1ok s . i,046'5;;113'] e

p(2omev) " b k7.0 125 .65 . 6.0 125 - .50 125

C-lge
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These proton and neutron potentials both used the same radius and dif-
fusness parameters and were, therefore, used in set l.‘ The potential
well depths of set 1 were obtained by summing the single-nucleon po-
tential depths discussed above. B

Proton parameters for the exit éhannel were obtained by fitting
data for proton elastic scaftering on luN. Proton data at 31 MeV taken
by Kim et al.lu9 and at 20 MeV taken by Chow and wrightlSO were fitted
using a fixed set of parameters aé shown iﬁ Table V.. Only the real
well depth was adjusted as a function of energy. A;straight—line inter-
polation or exirapolation from these two potentials was taken to obtain
a potential set for the energy of the outgoing proton. The systematic
gproton potentials of Perey148 were also used in a few calculations and
were found to give a 1% to 4% change in cross section magnetidue and no
cbservable change in calculated ahgular distribution in comparison to

the use of potentials % and L4 as discussed.

3. Distorted—wave Calculation
A DW calculation for the reactiontlgc(t,p)luc at B(t) = 10 MeV
has beén made by Glover and Jones56 for the ground state and first three

excited states of lLLC. The general character of the experimental
angular digtributions are reproduced. However, the theoretical curves
begin to deviate from éxperiment for center-of-mass angles of 50° and
greater. Relative total cross sectlons were not reproduced without
using a radial cutoff of 4f. . _
10 . 12,3 1k
Henley and Yu  have made DW calculations for the c( He,n) 0
reaction at E(BHe) = 20 MeV. Their calculation for the llLO ground- state
angular distribution fits our data for the analog state at 2.311 MeV
.1
in = N.
are much too large. This may be due to the fact that they used an un-
realistically small harmonic-oscillator parameter in order to fit the
luO g.s. transition. This was necessary because they used a pure har-
monic oscillatbr'withQut'correcting for the exponential decay in the

nuclear surface region.

i
§

Their pfedicted relative cross sections for other T = 1 states
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tCohenvand Kurath88 evaluated nuclear‘interaction matrix elementsﬁ’

vand did not employ single-particle wave functions in their nuclear-
structure'calculatiOn. For this reason no harmonic oscillator parameter
‘~is suggested for the reaction calculation.

: True,87 however, did nuse harmonic-oscillator functions in his |

vcalculations with an oscillator parameter of O. 32 for pl/2 particles and -

of 0.27 for other particles. The value of v = 0.32 for (p)" states
 was used in calculations of both True and Cohen and Kurath (p) 2 states;

The value . of v = 0.27 was used for True (s,d) states and an average

" value of v = 0.295 was used for-negabiveaparity'states.f Structure ‘”o

factors calculated using the respective values of v were used in the
calculations, The dominant factors for each level given in Table IV

are very ‘nearly equal to the factors actually used.

- The curves in Figs. 15 to 19 were obtained by using the Optical-f}
‘ model parameter set 1 for the incident 3He and sets 3 and h as discussed v
f above, for the scattered proton, curves were indiv1dually normalized to ‘i
- the data. The calculations did not involve a cutoff radius. Several:

V'{ attempts were made to use a cutoff radius but fits obtained in such

attempts were inferior to those shown in the figures. Calculated angular .g

distributions are shown for luN energy levels up to an ex¢itation energy
"of 9 MeV. The wave functions of levels at higher excitatlon energy are’
uncertain as discussed above, and the binding energy 1s so small that -
.calculated angular distributions are not meaningful. ‘ | '

v ’ Data.and calculations for several L = 0 transitions are shown

in.Fig.'l5; The general features of the transitions are reproducedlal->§

.through the first maximum beyond zero degrees is at too large an angle - -

. in general. The -1t to the'8.617-MeV level is the worst obtained. In

" this case the'first experimental maximum 1s entirely out of phase with "_' L

the calculated curve.

- A group of L 1 transitions 1is shown in Fig. 16' .These transi- -

tions are reasonably well fit to an angle of about 70° center of mass,

. beyond which the calculations fall below the experimental values.
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i | ! i {
0'00'0 30 60 90 120 150 180

wu S 44087

Fig. 15. Proton angular distributions for the 120(5Hé,p)th reactlon at
E(PHe) = 20.1 MeV; transitions of predominant L = O character. The
solid-line curves are DW calculations. Statistical errors are in-
dicated by error bars or are smaller than the point symbols.
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Fig. 16 Proton angular distributions for transitions of predominant
: =1 character. See caption of Fig 15,
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- Fig. 17. Proton angular distributions for transitions of predominant
" L = 2 character. The solid-line curvg of the g.s. transition is
calculated using the Cohen and Kurath 8 wave functions--the broken-
line segment is calculated using True87 wave functions. See
caption of Fig. 15.
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Fig; 18.' Proton angular distributions. The first three distributions
are of predominant L = 3 character. The fourth distribution may be
an L =4 transition. See caption of Fig. 15. - :
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Fié. 19. Proton angular distribution for a composité peek con&gining
transitions to the 8,906-, 8.963- and 8.979-MeV levels of .
See caption of Fig. 15. ' :
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VA group of i 2 transitions is shown in Fig.,l7 Note again
“the coritrast between the transitions to two (p) type states and the
_ 6.hh-MeV:state. The-calculated curves agree quite well with the g.s.
and 7.019-MerState angular distributions but tne'calculation for thelj's'
6.4k Mev state‘does'not reproduce its more forward peaking. This may ;;
,suggest7thatlcorrections must be made in the calculations for shell
effects. | . | B '
The ground state transition is allowed, by selection ‘rules, to'
'have both an L = 0O and an L = 2 component; however, an examination of
the angular distribution indicates that very little L = O component is s
present The solid-line curve is a calculation based upon the wave _
»functions of Cohen and Durath.88 This calculation reproduces the data
very well, The dashed line segment is a calculation based upon-the
wave functions of True.87 The forward-rising nature of this latter
"ﬁcalculation indicates tooblarge an L‘— 0. component in the True wave ‘
: function; The source of this error will be further discussed in con-v fﬁ“
" nection w1th other calculations. .
A group of L = 5 transitions is shown with DW calculations inlf“_i
Fig. 18. Note the 8. 489-MeV level is wellbfit with an L = 3 type angular-:
distribution which helps to confirm its ass1gned configuration
The angular distribution of Fig. 19 ariseg from three unresolvedA{,
Elevels near 9 MeV excitation in th. Calculations for all three of '
:_these levels have been made, the contributions of each level have been
weighted by (2J2 + 1) as indicated by Eq. (Qh)? and the values summed .:5‘
to give the DW fit to the data. The 3 level gave the smallest contri+}* N

Before a, comparison of the relative cross sections can be made, .l

" each transition must be properly weighted by factors not considered.

- (2J2 + 1) value as_lndicated in Eq. (24). The factor’ CST of Eq. (18);5
~ must also be evaluated. The value of the coupling coefficient_ as - '
”V;writtenvin'Eq. (18), has a value of one for all states in reactions re-

kAported in this work. Likewise the value of bST‘is l/-Jé for all transi- .

tions. A value of unity for D(S) was found to be necessary. Furtheru' FEE

- discussion of D(8) will follow in Sec. VI-D-l. . I
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Experimental and theoretical relagtive cross sections integrated
between 10° and T0° center of mass are shown in Table VI. The factor F
at the bottom of Table VI is a measure of the goodness of fit and?is
defined as the average value of the greater ratio between experimental
relative cross section and calculated relaﬁive cross sectlon minus one.
For a perfect fit F would be zero. '

The calculated relative cross section for four states predicted
by Cg?en and Kurath88 and the four values for (s,d)2 states predicted by

are in good égreement with experiment.

87

True

Those states in the True calculation which have p character
are not in good relative agreement with the experiment. Two cases of-
disagreement are particularly striking. The experimental ratio of the
first excited state to the ground state is 0.8. This ratio is predicted
to be 0.7 by the wave functions of Cohen and Kurath.88 The wave functions
of True,87 on the other hand, predict a ratio 0.2. The disagreement in
the calculated relative cross section of the 4.91- and 5.10-MeV ievels is
also striking. | |

It seems reasonable to postualte that the failure of the calcu-
lations based upon True wave functions of p character is due to the fact
- that these functions do not account for the (p5/2)_n character of these
levels. To test this idea further, several model calculations were
carried out for the ground state and the 2.311-MeV state of lI*N.
Structure factors for these calculations are listed in Table VII. The
results of the calculations are shown in Table VIII.

- Two expefimentally-observable quantities were examined in the
model calcuiations. One is the ratio between the cross sections to the
two states and the other 1g the ratio of the L =0 to L = 2 amplitudes
in the ground-state transition. The ground-state angular distribution
is sharply falling at small angles. As seen in the case of the 2.211
MeV transition, an L = O angular distribution is strongly forward
peaked. From these two observations it 1s concluded that the L =0
~ conttribution to the ground-state transition is small.

It is noted that the Cohen and Kurath wave functlons properly
“account for both of these observables. The calculation in the Jj limit

gives a poor value for the relative strength of the states. It is



- Table VI. 3 Cr0ss section ratios for the reaction 20(5He,p)luN at
- E(: He) =20 MeV+ experiment and theory compared.

Relative Level Cross Sectionsa

Level E Major o Experiment' Cohen % Trueb<Relative to 6.U4h
S (Mev) - LT : Kurath : MeV State)
| | ) (5,a) ()*)(s,q)
0.0 o 1.0 1.0 -_' 0.7
2311 . 0 0.8  0.7. 0.2
3.945 0. 15 1.2 | |
hool 1 e I 0.5
©5.10 T 3.5 T o
5.69 1 190
583 30 w6 . . Ls
gl 0 3.0 2.5
- :6;uu . _;2 v i3 Vf  B ““, ;;11'3 v
S 79 .2 o9 o
B 0= SRR 100 6
. 8.06 1 0.7 o0
- 8.489 3 1.9 - . . 0.7%"
o 8.617 o < o o+ . 05
© 8.71  forbidden. ' EETE |
8.906 371 .
863 . k|l e . 105
8.919 2 - i o , |
- 7% 2 0.3 0.3 1.8

aCross sections’integrated from 10° to T0° center of massé
bReferences for wave functions used are as follows: True 7
and Kurath ' '

°These three states are unresolved by the experiment.

VdThlS level was.assumed to be (p3/2” d5/2)u coupled to:Cohen and:.
Kurath wave function for 12¢, _

" SGoodness of fit parameter defined in the téxt.

and Cbhen




Table VII. Structure factors GN

— for the

N ey ewe

12C(BHe,p)th model calculations.®

LSJT _
Wave Functionb IMN g.s. Level 14N 2.311-MeV Level
l1*1\1 124 L N=1 N=2 N=3 N=b T N=l N=2 N=3 N=b -
C&XK  C&K 0 -0.012 -0.085 C0.075 0.541
. 2 0.k17 - : - . - .
True (p1/2° o 0.016 0.112 -0.113 0.007 -0.049 -0.348 0.189 -0.013
. 2 -0.560  0.112  -0.00% - ‘
(pl/e)2 (p1/2_)O 0 -0.019 .-0.1%5 0.056 - ~0.hok
2 0.602 ,
(p1/2)2 C&K 0 -0.019 -0.1h7 0.063 0.453
2 0.397
True C &K 0 -0.016 0.123  -0.113 0.007 -0.056 -0.39% 0.189 -0.013
, 2 -0.35  0.112 -0.004 - :
Combined® C &K 0O  0.009 0.065 -0.113 0.007 -0.066 -0.475 0.189 -0.013
2 -0.38%  0.112  -0.004%
aA.5He size pérameter of 0.206 was used.l A harmonic-~ogscillator parameter of 6.52 was used.

bC & K designates Cohen and Kurath.

Crrue wave function with the C & K

88

True designates True.

wave function replacing the (pl/2)2 configuration.




Table VIII. Model calculations for g.s. (17,0) and 2.311-MeV (0%,1) states of lhm.

th Wave Fuhctiona‘ o Experimenf C&K 'Tfue (pl/2)2 (pi/2)2 True Cbmbinédc

¢ yave Function . o cex (p/2)° (/2% cak c&K C&K
Cross Section (2.311)° - 0.8 . . 0 . 02 . 02 05 ob .06
Cross Section (g.s.) - ‘-_.' _ o L it+¢; L e o 7 ”,f"’;; - "‘_ )
Cross Section (1=0,g.s.) small ~  0.06 0.3 007 o2 . ok 0.3
Cross Section (L=2,g.s.) . L T UL A .;v"V' D
Cross Section (Relative,g.s.) - -7.2'” ‘2.0 1.8 7.1 22.6 18.8
%y (ik,g.s.) = -0.951 (p1/2)2 - 0.217 (d5/2) _____ Lo L o ' ' (True)87_
‘ ' - 0.975 (p1/2)2-; 0.208 (p1/2)3 -0.076 (pl/2) o - (COhen & Kurath)88
y(1h,2.311)= -0.951 (pl/2)® + 0.299 (d5/2) e o (True)

o . = 0.91h4 (pl/g)? - 0.405 (p1/2) ' - ' , (Cohen & Kurath) ,
y(12,g.5.) = 0.612 (p1/2)° + 0.261 (pl/2) +0.625 (p1/2) + 0.255 (pl/e)3 +0.319 (pl/2) (Cohen &

. . Kurath)
Cross sections integrated over 10° to T70°. ) R

Crrue wave functions with the C & K wave functlons replac1ng the pl/2)2 configurationsQ

66—
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important to note that the introduction of the Cbhen and Kurath 12C wave
function makes a blg improvement in the relative‘étrengths of the two
states althOugh.égreement with experiment is still poor. This improve-
ment is not too surprising when 1t is noted that thé intermediate-coupling
wave function88 of *°¢ 1s only 40% closed p3/2 core.

It is seen in Table VIII that only 10% of the g.s. and 15% of the
first excited state are of components other than (pl/2)2 and yet the
consideration of this small admixture'makeéxthe pronounced change seen
between using the Cohen and Kurath (pl/2)2 wave functions for lul\T with
the Cohen and Kurath wave function for 12C. These calculations‘entirely

‘within the p. shell are to be considered quite reliable. This is a case
where the coherent and enhancing effects of two-hucleon transfer make the
transitions sensiﬁive to the minor‘components of the wave function.

) In all cases were thé True wave functions are introduced no
agreement with experiment is found.v It will be shown in Sec. VI—D that
in this particular instance, calculations‘in two different shells are
not properly treated. It cannot, therefore, be concluded that the (s,d)2
admixtures predicted by True are too large. It can be said that the p5/2
hole character in these wave functions is very important and may account
for some of the failure in the case of True's p-type states.

Two other‘important observations should be made concerning the
groups of levels which are in good relative agreement; First, as the
excitation energy increases the relative agreement becomes poorer in
both groups. Second, there is a large discrepancy in the relative cross
éection betWeen the group of states calculated by Cohen and Kurath88 and
the group of (s',d)2 states calculated by True.87 The ratio of the &6.4k-
MeV state to the ground state is T77.2 nearly a factor 7 too high. These

problems are most interesting and will be treated in Sec. VI-D-2.
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C. Calculations for»the'Reaction 16, (BHe,p) 8F at E(éHe = 20 MeV '
1. 8F wave Functions and Calculation of Structure Factors

Four sets of wave functions for the energy levels of 18F were
used for calculations and compared to the experiment. A1l four sets assume.
a closed l6O core with two particlee in shell-model states. One set was
calculated by'Kuo and Brown.120 These workers used the Hamada-Johnston‘
(HJ)l5l.potential to construct an effective two-nucleon interaction.

This botential has been used successfully to fit free nucleon-nucleon

scattering up to about 350 MeV and the deuteron properties. The effective_j

.interaction was constructed'by'allowing the two particles to 1nteract
via the HJ potentiai and by adding an additional‘interection of one
particle upon the other through polarization of the core. Only single-
_particle states of the (s,d) shell were included in the calculation.
Arima et al. 192,155 have constructed an effective interaction
~which includes central, tensor and spin-orbit potentials.  Their calcu- 3
~ lation includes (s,d) shell, single-particle states only.

| Redlichlsu-has kindly made available two sets of calculations.
based upon a simple, central potential. The methods used for the cal-
culation are similar to those reported
set of calculations (Redlich), using a triplet-even force 1.5 times the
" singlet-even force,~inc1uded only (s,d) shell, single-particle states.

The other set (Redlich (E)), using a triplet-even force 1.25 times the
singlet-even force, included all possible delta=two excitations from

the (s,d) shell as well (Aidelta-two excitation is the excitation oquhe-,
particle by 2t energy units or the excitationiof two particles, each *C
by 1fw energy unit). | | i |
Each of these calculations employed harmonic-oscillator radial .

wave functions. The oscillator parameters used in these nuclear structure

calculations were also used in the reaction calculations under discussion. -

The respective oscillator’ parameters are indicated in Table IX.

- The energy levels of l8F and l80 together with the four sets of

" calculated energy levels are shown in Fig. 20. The ground state of O
+- ,
has been normalized to the 0 T = 1 state of l8F and the ground state of

' . 18 g
. the two Redlich calculations have been normalized.to the F ground state.

155 for 210 Pb calculations. One . = .

Rat aron e

v e o et g o e
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Fig, 20. .Energy level dlagram of 18F with a comparison to 1evels of
0 and to calculations by Arimza,:ljg’155 and Kuo and Brown.l20
See also references of Table II. '




.;105_

The pOSitions of the ground states for- the other two calculations, relative

- to the l8F ground state, reflect their calculated binding energy relative

to the experimental binding energy of l8F

Note that for three of the sets no predicted levels tall between

l 5 to 2. 5 MeV excitation Arima,152 by means of the tensor force, haS"

,lowered a 2 and a l level into this region.

156

Zamick using matrix elements evaluated w1th the HJ potential

has been able to account for the very long. life time of ll*C. Using the ,f

" Kuo and Brown120 matrix elements and wave functions for ,8Ne and 18Fihe

has also accounted for the fast beta transition between_lBNe and

~ Brown and'Greenl‘l8 have been able to predict the known transitions‘in 1 Cv‘°

by using the HJ potential for mixing deformed states with the Kuo and .
Brownlgo-single-particle states. It is pleasing to see'that a free
nucleon nucleon potential can. be s0 successfully used for calculationsv
in finite nuclei. o _ ) _
The four. sets of calculations discussed above prOVide two-particle
v fwave functions. The calculation of two-nucleon transfer structure:factors
~for- such wave functions was discussed in connection with True87 wave
functions for';uN and ‘need not be further.discusSed here. Table IX
.n;contains structure factors'for a number of the states of 18F.

An examination of the factors of Table IX reveals several inter-

. esting facts. For'each l8F level one value of G is much larger

than the rest. In cases where there are two staﬁgiJEf the same’ Jml,

. the dominant structure factor of the second state 1s considerably smaller
than the factor of the state of lowest excitation. These phenomena

l arise from the correlations introduced in configuration mixing?by the

.- reslidual interaction.' Tt is further noted that although these sets of

vave functions have been calculated'using very different interaction

'potentials, the dominant structure”factors are nearly identical.; Redlich_

has pointed out that this-similarity in the wave functions is_to be

- expected when working entirely within the (s,d) shell. He further states,

' however, that admixtures of higher order components into the wave functions

may be quite different for different potentials and that these admixtures

“.. may be important in obtaining calculated quantities that are in agreément

. with experimental quantities.

R




Table IX. Structure factors G

16,3 18 . a
NISgp for the o( He,p) F reaction.

Levelb - Arimac Kuo and Brownc
JTrx L 4 ' v = 0.362 v = 0.339
N=1 B V=3 n=1 N=2 N=
1* 0a 0’ -0.023 -0.108 -0.556 01015 0.090 - 0.556
) -0.000 -0.020 a 0.008 0.097
b 0 -0.008 0.087 -0.199 -0.005 0.081 S -0.179
2 -0.024 - -0.012 -0.018 " -0.119
2" 0a 2 0.066 0.560 0.056 0.563
 0a 2 0.072 0.583 ' 0.058 0.59
b 0.005 0.016
b 2 -0.052 0.108 o
4 0.00k.
" 0a b 0.598
" 0a b 0.598 I 0:603 |
0" 1a 0 0;023 0.113 0.544 0.014 0.105 0.499
RS 0 0.009 - -0.099 0.218 . 0.009 -0.063 ©0.310
2" 1a 2 0.076 0.518 0.060 0.484 |
b 2 '~0.030 0.219 -0.019 0.238
n' 1a 4 ~0.bkk 0.419

- ﬁo‘[-




" Table IX. (contiﬁued)   L

®References for the wave functions used are as follows: Arima,

a,b refer to first and second JmTvtheoretical level respectively.

152,153

Kuo and Brown,

Tevel? " Redlich® ' Redlich(E)®
JTox L v =0.350 v = 0.339
" ; N=1 N=2 N=3 N=l . N2 N3 N=lt N=5
1702 o0 . _0.019  -0.095  -0.548  -0.01¥ - -0.081 . -0.502  0.068 . -0.0I0
2 ©.0.012 0.056 . 70.009 0.05  -0.006  -0.001 .
b 0 - -0.008  0.07k  -0.225  -0.006 . 0.062  -0.217 . 0.015  -0.000
2 -0.027 | -0.157 . . .-0.025  -0.160 . 0.022  -0.001 - "
Toa 2. 1 0.050  0.548 ©-0.043  -0.511  0.078  -0.008
* oa 2 -0.066 -0.583 0.055  0.535 | -0.086 0.015 -
L. 0.027 . ' -0.02%  0.004 = 0.000" '
b2 -0.043 0.127 0.057  -0.127  0.01%  -0.003
b 0.090 = ‘0.086..- 0.007- =~ -0.000 B T
1 oa b 0.601 0.56% - -0.086  0.0I0 g
Toa b 0.601 - _0.563 - 0.082  -0.016 _ | |
0 1a 0 ©0.017  0.105 0.499 -0.013  -0.089  -0.480 0,050  -0.005
v 0. ©-0.010 0.073  -0.292°  0.007 . -0.067 0.266  -0.017. 0.000
2" 1a o | -0.065 - -0.508 1 0.056 0.493 -0.057 0.007 =
v 2 -0.:028 0.190 0.027 - -0.166 0.015 = -0.002 °
P PR —o.410 0.413 - -0.039  0.005 -
a.A;He size parameter of 0.206 was'used.l
on

120 Redlich.l5l+’155
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2. Optical-Model Paraméters

Optical-model parameters used in calculations for the l60(3He,p)

18F

reaction are shown in Table X. Sets 5 and 7 were taken from the paper of
Hiebert et al.BB who used them successfully for (d,BHe) calculations.

Set 6 is an averagé of these two: Sets 8 and 10 were obtained by fitfing
the data of Artemov et al.157
of sets 8 and 10.

Set 9 was obtained by taking the average

Potential set 11 for proton séattefing on mass 18 was calculated
from the systematic potentials of PereylLL8 and is typical of potentials
used in the exit channel. '

A potential constructed from single-nucleon potentials as was
done for the 12C system discussed was used unsuccessfully in an attempt
to fit the data of the 160(3He,p)l817‘ reaction.

3. Distorted-Wave Calculation
Distorted-wave calculations for the reaction l6O(t,p)lBO have

been made by Glover et al.37’158 at E(t) = 10 MeV. Angular distributions

for the ground state and first two excited states were calculated. Total

cross sections for the ground state and the first excited state were '

in good relative agreement with experimental values. Henley and Yu

have made calculations for the l60(5He,n)18Ne reaction at E(BHe) = 20

 MeV for the ground state and two excited states of * Ne. These calcu- | .

lations are not in agreement with experimental values.
Plhlhofer and Bock5’85

. reaction at E(5He) = 18 MeV. They calculated angular distributions and

260 (3te,p) %

have made calculations for the

total relative cross sections to the ground state and six excited states
l8F below 4 MeV excitation. They used the wave functions of Inoue

et al.159 and Ariﬁa 192,153 Their results are in agreement with those
reportéd here.

The curves in Figs. 21-23 are DW fits to the 16O(BHe,p)l8F data
for E(5He) = 20 MeV; curves are individually normalized to the data.
The solid curves use optical potential set 9 for the 5He particle and
the dashed curves use set 6. As can be observed the angular distributions

are best fit by using parameter set 9.



- Table X. Optical«-model parameters for the 160(5He’,p)18F reaction.

v R - A W W 'R, B R

i » T _ » o o : . .d i c
‘Particle ‘Target Set  (Mev) (F) (F)  (Mev) (Mev).  (F) (F)  (F)
JHe(10.5 MeV) _ ;60 5 170 1.03 6»893 :_20;0 'W- N 2.06 Ot5ld _ 1;40
SHe(eo ﬁe#) - (average) 6 180 1.08_'0,78ﬁ’f-15;61._4:1 1_1?:2.12  0.168  1.46 
- He(29 wev) - %o 7 ialgo»filth'-0.675";11}2: | ; f _vA‘2}i7, 0426 1ho
JHe(16.6 Mev) o 8. 220 1.01 0.663 Y‘5.3".2 ? ~ 2.21 0.803 . 1,46' :’
.3He(20 MeV) | (aver;ge) 9 o0 i.ll' 0.655 7.1 ';'- S oeu1l C.Sié'-'l.ﬁdm
BHe(25.8 Mev) 16 10 220 . 1.29 0.633 | 0.4 f_l'- 1.95 0.837  1.h0 -
'§ (22 MeV) ; l8x'.' ou  42.6 1.25 0.65 B 8;h  1;25 0.47 : 1.25

=0T~
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21. Proton angular distributions for the 16O(BHe,p) F reaction at
E(CHe) = 19.8 MeV. The g.s. transition is of predominant L = O
character and the 1.704 transition may have %ﬁ= O character. The

gsolid-line curves are DW calculations using ~“He optical-model po-
tential set 9 and the dashed-line curve is a DW calculation using

set 6. Statistical errors are indicated by error bers or are smaller
than the point symbols.:
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Experimental and calculated relative cross sections are listed in

Table XI. In general, good agreement with experiment i1s found. If the

+ . .
level 1 Ob is assumed to be the 1.7-MeV level the calculated cross section

and angulér distribution both appear to be in agreement. However, it
should be noted that the cross section is small and this is also to be
expected for a particle-hole configuratioﬂ. In Sec. V it was suggested
that the level could be mixed in configuration with both particle-hole
and (s,d)eicharacter. The 170b level could also be associated with the
3.725-MeV state. A small cross section for this state is in agreement
with the experiment. This excitation energy is in better agreement with
the predicted energy of the l+Ob state.

For purposes of comparison, calculations were made for the 2+Oa
‘state at both 2.524- and 3.838-MeV excitation. The 2%0a must ve asigned
to the 3.838-MeV level on the basis of relative cross section and on the
baéis of angular distribution. _

. The relafive cross section and L = 2 angular distribution of the
5+Ob-agree well with experimental observations for the 3.358-MeV state.
The 4.108-MeV state is also a possible choice for the 5+Ob assignment
even though its cross section is nearly twice the predicted value, as
the 4.218-MeV may be making a contribution to the cross section reported.
The L4.108-MeV level does not have an L = 2 angular distribution, but
this may also be affected by the 4.218-MeV level.

The excellent agreement in the relative cross sections of the
4+a, O+b, and 2+b T = 1 states and the agreement in the angular distri-
bution for the 4+é and O+b states confirms the suggested assignmen‘t122
of these levels. '

The predicted cross gection to the 5.5% -MeV state is not in as
good agreement with experiment as predictions to other levels, neverthe-
iess, a relatively strong level 1s predicted which agrees qualitatively
with the observation. This faét, together with the very characteristic
L-4 angular distribution, make an argument for a oo assignment to
this level. _
' The relative cross sections of two levels seem to deviate from |
the experimental values by more than would be expected on the basis of

the relative errors in the experimental cross sections. The composite

¢ ammmm—— e A
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Table XI. Comparison of relative cross sections for -the reaction 160(3He,p)l8F at.E(BHe) = 20 MeV.
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Table XI. :(éontinued)

Levels ) ‘ Relative Level Cross Sectionsa
Experiment - Theoryb Experiment Arima _ primad  Kuo & Redlichq Redlich(E)d
. o : o _ : Brownd ' ’

(MeV) J7 I mx v¢ - 180 220 220 220 - 220
L8 1 0 | ~ 0.6 -
hoogh 21 2" 1p ~ 0.5 "ol 05 0.5 0.4 0.2
5.295 0 0.2 " " '
5.502 , | ,
5.5 (D)o 4" 0a 1.1 1.6 1.8 1.8 2.0
5.662 (1,27)(1) | o

- 0.32 0.6 0.27 0.3  0.25

- -’T‘[‘c_

4Cross sections integrated from 10° to 82° center of mass. The theoretical cross sections in each
column are in proper relative proportion to each other, but have been arbitrarily normalized.

ba,b refer to thé 1st and 2nd Jﬂf theoretical level respectively.

¢y = reél well depfh of the 3He optical model potential.

dwave function references.are as follows: Arimal52’153 Kuo and Brownlzo and Redlich.l5h’155

®Goodness of fit parameter defined in text. Calculations for 2.52&—MeV Jevel not included.
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”peak at about 1 MeV excitation energy has a low predicted value for three
of the wave function sets, The predicted crOss section of the 3. O60-MeV
“level is too large in all four cases.vv 1 o

A poss1ble explanation for these observed errors may be .that.no :fw
account has been taken of the particle-hole character of either 16O or :" DR
fl8 . In the case of th 120 - lLLN system such configurations were found -u';;'f
to be very'important In Sec.vV C it was pointed out that the states of
:: mass 18 nuclei have significant amounts of particle-hole components

Brown and Greenl 2 have predicted 229 2h- -2p and 2% 4h- Mp character in

~'the 16O ground state.- The . 16O(d 3He)l5N data of Hiebert et al.”” 1s in '

"fs.agreement With these predictions.

A few comments concerning the wave functions used in these calcu- - :
-lations are 1n order. Tt appears “that the: calculations of Arima et al. 152 153
153

,lpredict the 2 aT=0 level at too low an exc1tation energy Arima

"xhas suggested that this may mean. the tensor force, which lowers this it.r;'v';’, ;

o state, is too strong or that a stronger spin —orbit force may be needed

4o raise the state to higher excitation In this connection, it is ln—:y”‘

;-,teresting to note that the. potential used by Kuo and Brown also included ‘:f - {

,:2 tensor and spin-orbit forces but gives a better excitation energy for = : |
f.; the 2%a T = 0 level. N ‘ , ,

. The higher configurations included in the wave functions of the
“Redlich(E) ealculation do not, improve the fit in general This may in-
'idicate that such higher configurations do not contribute to low-1lying

d:'levels of 8F or as Redlichl5h has suggested that the simple potential
E used does not properly mix these configurations. '

- Itvappears s1gnif1cant that the Kuo and Brown120 calculations,
"vfusing the HJ free—nucleon potential, compare so favorably with other shell
~ .model calculations. . . v - : : : o

. It should also be pointed out that the relative cross sections | i

't‘do not show an increasing disagreement with increasing excitation energy

' as was seen in the. C - luN system. : _ | .

gt A~ mRee T & e s
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D. Spin-Dependent Two-Nucleon Force and Model Calculations

1. Spin-Dependent Two-Nucleon Force

If the interaction potential Vbx(p) (Eq._(8))'is a central force
a factor D(S) (Eq. (17)), which accounts for the difference in the singlet
and triplet nucleon-nucleon interaction, appeérs in the cross section
expression. If the singlet and triplet interactions are assumed equal,
D(S) is unity for both § = 0 and S = 1 (S is the intrinsic spin trans-
ferred by the pair of nucleons). Considerétion'of the free nucleon-
nucleon interaction and of effective interactidns used in nuclear structure
calculations, however, shows that the singlet aﬁd.triplet forces are not
| the same. It is to be expected, then, that a spin dependent interaction
should be used in reaction calculations

>

have made calculations for the (p,t) and

16

Fleming et al.l
)

“He) reactions on 15N and on ~0. They have found that a spin depen—

(b,
dent force can be used to obtain an improvement in calculated relative
cross sections in comparison to experimental relative cross sections.

Let R(S) be defined as follows:
R(S) = P/ 7 | (k)

If these workers use an R(S) = 0.33 they obtain agreement for the relafive
cross sections in the reactions on l60 and an improved agreement in the
reactions on.l5N. in'the latter case, howéver,.some large discrepancies
still exist.A ‘ '

As mentioned in Sec. II-B, Hardy and Townerl6 have evaluated R(S)

for several potentials used as effective interactions in nuclear-structure

calculations. They obtain values ranging from 0.4 to 0.6.

Furthermore, they evaluate R(S) experimentally for the reaction -
12C(jHe,p)lLLN using the ground state and first two excited states of lLLN.
The cross'section data shown in Table I were used in their evaluation.
They assumed that only one value of BﬁL -contributed to the cross section
for each L value. They assumed the C ground state to be a pure wave
- function in the L-S limit, that is a llS[uu]stéte.' They used lMN wave
functions from four different calculations and found R(S) to vary from
0.38 to 0.56. In particular,-they used the Cohen and Kurath88 lAN wave

functions and found R(S) to be 0.52.



Us1ng the method of Hardy and Towner16 for finding R(S) and
using the Cohen and Kurath88 structure factors ‘of Table IV.R(S) was
 found to be l,lh. The only difference between this and the calculation

‘above was infthe'lgc ground state wave function. This determination

used the Cohen and Kurath88 vave function for 120. Using the data of':?;m"ﬁ

RivetlL at E(BHe) .30 MeV the value of R(S) vas found to be 0.78.
Tt should further be noted that no Spln dependent force was found
>

necessary 1n the : O(5 e,p) 8F calculations Puhlhofer and Bock inde— S
pendently made calculations for this same system and likewise found no h,l'
need for a spin—dependent force.'

Several observations may be made concerning the above calcula— |

tions. Cons1deration of the calculations of Hardy and Towner16 and of those”v
_-of this work Show that a determination of the strength of the soin dependent’

’Qforceis dependent uponthe assumed wave functions for'&e states 1nvolved Since=

invoking a spin—dependent force is not able to bring complete agreement
in the ° N(p,t and 5He) work of Fleming et al. = other ‘effects that they
' enumerate must also be significant and must be cons1dered in order to

‘-evaluate the strength of the spin- dependent force

Glendenninguv8 has pointed out that the variation in R(S) between .

 the calculations for»lEC(5 He,p) AN at 20 MeV and 30 MeV 3He may be due

8 to the use'of improper'nuclear wave - functions'orvto the use of an improper’7

bound'state wave function. This latter: effect may be due to the method
:-; of calculation which neglects the. contributions of the Bﬁé terms. -

In summary, although s sPin depdnent force is to be expected the
+i_contribution of the force cannot be determined with. certainty until wave'!
li'functions, known to be correct, . are used and until other contributing

effects are understood

2. Model Calculations

- Model calculations in this section'will demonstrate a strong

ifrelationship between the Optical-model distorted waves and the bound- state o

- wave function and will show the total cross- section trends for the cal-

" cultions used in this work.
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Tn their calculations on the 16 (3 e,p) 8F reaction. Plhlhofer
and Bocks’83 used a WS potential well for the bound-state wave function
with parameters of RO = 1.25F and A.; O:65F which are the real-well,
single-nucleon parameters of Perey.lu8 They use the following set of
optical-model parameters for generation of the 3 |
= 140.9 MeV, Wy - 6.5 MeV, R, = 1.22F, A = 0.731F, R, = 1.24 F,

= 0.814F, and R, = 1.3F where W, is the potential for the surface

He distorted wave:

derivative term (see Egs. (49) to (53)). As mentioned before, calcula-
tions in this work)were made using HO (with matched tail) wave functions -
for the bound state. ' '

Three bound-state radial wave functions are compared in Fig. 25;
A quantity proportional to [u(r)] is plotted vs. radius. Each function
is arbitrerily normalized. The two functions Jjust discussed are shown.
Aa WS ..function with RO = 0,9F and A = 0.9F is also shown.l6ghese values
are the real well geometry parameters obtained by Satchler for
deuteron elastic scattering on 120. It is interesting to note that this
latter function is nearly identical to the HO inside the nucleus and to
the other WS outside the nucleus. The decay of the WS and the HO beyond
the nuclear surface differ in relative magnitude but are equal in slope.
Broglia and Riedelu6 found that the WS function decayed faster than the
HO function in a Pb nucleus and criticized the WS for this behavior.

_ Model calculations were made for an L = O transition at E =0
using the 5He potential of Puhlhofer and Bock glven above. Thelr proton
potential was also used but the calculations were not significantly
.changed if the Pereylu8 potential was nsed. Calculations were made for
‘the three bound-state wave functions discussed. The results are shown

in Fig. 26. The -calculation using the’RO = 1.25F WS well gives 8 rea-
sonable fit to the lSF ground state angular distribution at both 18 and
20 MeV 3H . The other two calculations give no fit at all. These cal-
culations demonstrate the sensitive relatlonshlp whlch can exist between
the distorted waves and the bound-state wave function. '

Model calculations for L = 0 and L = 2 transitions to 18F at
E# = 0, made with potentials 9 and 11 from Table X, are shown in Fig. 27.
The R, = 0.9F WS function was used in the calculations but it was found

that very little change was made if the Ro = 1.25F WS function was used.
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The set of functions used for the HO calculations were those used to fit

l8F data- in Figs. 21-23. It is seen that potential 9 is much less
sens1t1ve to the bound—state‘wave function than the Pihlhofer potential.
Nevertheless, the L ; 2 WS calculation could not be considered as a fit
to the data. '

Several'calculations, using unit spectroscopic factors, were made
to compare the change of total cross section with excitation energy (or
binding energy of the transferred pair) fof'several sets of functions.
The results of these.calculations are shown in Fig. 28. The cross
section for L = 0 and L = 2 are nearly equal and are increasing with
excitation energy. The trends are nearly the same for three sets of
functions. The calculation using the Puhlhofer 3

to deviate from the trend, perhaps because of the hypersensitivity seen

He distorted wave appears

earlier. It should be'noted_that the relative cross sections in the
16O(BHe,p)lSF reactibn are well accounted for over the range ofbexcifa-v’
tion studied which suggest that the trends seen for the calculated.tctal.
cross section are correct C v ~

Calculations for 0(3 p) uN were made. Results for L = 2 and

= 0 transitions at Ex = 0 are shown in Pig. 29. In this case the re-
sults for WS and HO are nearly equal. The agreement for the L = 0O
transition becomes even better with increasing excitation energy.

Model calculations, using unit spectroscopic factors, were made
for a number of sets of funcﬁions in the th system to show the trends.
of total cross section vs. excitation energy and shell-model state. A
Results of these calculations are shown in Figs. 30 and 31.

Configurations of (p)e require L,N combinations of 0,2 and 2,1
while (s,d)2 configurations require 0,3 and 2,2 combinations. The (p)-B-
(s,d) configurationé require 1,2 and 3,1 bound-state wave functions. In
vFig. 30(a) are seen the trends for functicn sets used in the th calcu-
lations. _

In Sec. VI—B-}-it was pointed out that lb'l\T calculated Cross

| :sectlons became relatively smaller with increasing excitation energy and
that & factor of 7 discrepancy existed between the (p) type transitions

and (s,d)2 type transitions.
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The cause of both of these discrepancies is easily seen by com-i, ;'”

parison” of Fig 30( ) and Fig. 8. Cross sections for the (s, d) type
transitions. are much larger than for (p) type which would account for

the discrepancy mentioned The cross section is sharply drOpping as a ?

function of excitation energy for (s d) tranSitions and remains constant 3j1f% '

for (p) transitions, which is in contrast to an increasing cross section T

18

”5-in the calculations for

Calculations us1ng a Ws function aré shown in Fig 31. The (p)?i-:

type transitions show a- small increase in cross section vs. excitation‘

. energy.. This small increase ‘is the amount needed to give good agreement '{,.:if

"in the reaction calculations. The (s, d) type transitions are much

'_finearer the (p)2 type in magnitude and have constant or slightly 1ncreasing'ff-'
":ukcrOss section Vs, excitation energy. This behavior would bring down the

”i;discrepancy between the (p)2 and (s, d) tranSitions by a factor of 2 and :5

'would give better relative agreement Within the (s, d) transitions.

Figure 30(b) shows the change in cross section trends. for a change“lw

nt?in the HO bound-state fUnction A o
: . In this section the interdd.pendence7 0. of nuclear structure,

Efthrough the bound-state. wave function, with. the resction mechanism,

,V:'-through the distorted waves, has been strikingly 1llustrated. The pro- . _
h[_blem of properly -choosing the bound- state wave function and ‘the potential:'i,T"'

Vifor distorting the scattering waves remains 1mportant and’ challenging.‘”;;Tl’;ﬁ

o
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VII. SUMMARY _

Informatlon in three categories has been obtalned from this work:
(1) spectroscopy of th and 18 (2) wave functions of th and 8F and
(3) stripping reaction mechanism in light nuclei. '

The follow1ng spectroscopic 1nformat10n has been obtained for
levels of th. An L = 3 angular dlstrlbutlon has been cbserved for the
transition to the 8.489-MeV level which was consistent with its 470
spectroscopic as51gnment and suggested p3/2) pl/2)2(d5/2) configu-
tatlon.89 The 2 O 8. 979-MeV level9% was assoclated with the 2 Oa state
calculated by True87 and the observed cross section was consistent with
this assignment. The 9.388-MeV level was restricted to a unigue spin and
parity of 2°. The 10.213-MeV level was associated with the l+Oc state
calculated by ’I‘rue87 on the basis of its suggested spin and parity and
the fact that the level was not observed in either the (a,d)9o’9l or the
(5He,p) reaction. The 10.85-MeV level9q was tentatively assigned 470
with a partial amplitude of the h Oa state predicted by True 81 This
suggestion was made on the basis of its observed angular distribution in
the (BHe,p) reaction and its large cross section in the (,d) reaction.90’9;

The following spectroscopic information for 1 F was obtained in
‘this work. ~The 2.52&-MeV,2+O level126 was shown to have little (s,d)2
configuration. This conclusion was based on the.nature of its angular
. distribution and the magnitude of its cross section. On similar evidence
‘the 3.838-MeV 270 level126 was associated with the 27 0a (s,d)2 state.
Although a particle-hole configuration has been suggested for the 1.700-
MeV state,ll9 these experimenﬁs were unable to eliminate an (s,d)2 configu-
ration for this state. The 3.358-MeV levellg6 was tentatively assoclated
with the 3+Ob (s'd)2 state. These conclusions are snpported by the recent
work of Plhlhofer and Bock. 0 _

' By comparison of the reactions (@,d) and (3He,p) and by use of a
pure‘l60 target the following observations, not made by the above men-
 tioned workers, were made in this work. The 4.4L00-MeV level126 wa
excited in the (d,d) reaction and is, therefore, a8 T = O level. A
comparison of the two reactions indicated that the 4.651-, 4.741- and
-M.96H-MeV leVelslee are not T = 0. These levels were confirmed as the

+ + +
4'a, Oband 2 b T = 1 levels respectively by the agreement of their



‘_jﬁdicted by True.

::1 by True
;7~together With model calculations for the ground state and 2. 311-MeV state d
N indicated tha+ the p5/2 hole character of wave functions with p e

18-

_relative cross: sections to predicted values. The 5 59&—MeV level was f»fte-‘:rb

' ass001ated With the h Oa (s, d) state... It was excited in both reactions

and had an L = h angular distribution. Its cross section was in quali— --:lef.

tative agreement With calculated values - In addition to these levels,

'_22 other levels were either assigned or confirmed as T = 0 states. A

l8F level at an excitation energy of 8 596 MeV was identified.

The above spectroscopic assignments were ‘based in’ part upon re—-"'

action calculations for the (BHe,p) reactions which employed two sets
of wave. functions for th and four sets of ‘wave functions for l8F. The‘
th wave functions and the necessary 120 ground state wave function were

"dtaken from the work of Cohen ‘and Kurath88 and of True.s7 Using these

" wave functions, relative cross sections to predicted levels were calcu-‘fi
"lated and compared to experimental relative cross sections. Such com-

parisons were satisfactory for the four (p) states predicted by Cohenv;hf

© and Kurath88 and for the states of dominant (s,d) configurationvpre-

87

Calculated cr0ss sections for states with P character predicted
87~

14

"t-;character must be included.

The model calculations Just noted were sensitive to 10 or 15 perx_“

.+ cent admixtures in the wave functions which demonstrated that the two-
“t,nucleon transfer reaction can be sensitive to the details of the wave

”.function

‘Calculations for. thevl8F system were based on ;SF wave functionsfw~

”of Arima et al. 152 153 Redlich, 154 155 and Kuo and Brown.120 Relative

cross sections calculated using four sets of wave functions from these

v 152,1
- workers are all ‘in good agreement with the data. Arima et al. 22,153

" predict the 2 Oa at, about 2.5 MeV excitation. As mentioned above, thisl

shell model level . is found experimentall at 3.838 MeV excitation, It

- -, must, therefore, be concluded that in the limited, shell-model space of. .
% the (s, a) shell, Arima et al.™>o? 153 have chosen the wrong effective . = -~

interaction. A comparison of the two Redli(h15 »155

based on.(s,d) configurations and the other including, in addition,

a1d not agree with experimental. values This last: observation,: RO

calculations, one . -
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higher configurations;:indicates, that fof‘the simple effective inter-
action used, the higher configurations make no significant changes in
the wave functions. It is most satisfying to note that the calculations
of Kuo and BroWn,lg? which are based on a free nucleon-nucleon inter-
action potential, are good as calculations based on an impirical effécti?e
interaction. _ |
in the system involving 1uN, it was shown that the particle-hole
character of the wave functions had a significant effect upon the reaction
calculations. It is, therefore, to be expected that accounting for the ‘
particle-hole chafacter of 16O and 18F would further improve calculations
in this system.

This work has indicated that the two-nucleon transfer mechanism
is basically understood and applicable’in the region of light nuclei. In-
geheral, calculated differential and total cross'sections are in satis-
féctory égfeement with experimeﬂtal values. It has been possible, on the
basis of calculationsg, to make some spectroscoplc assignments and to -
vconfirm'a number of other suggested assignmeﬁts.

Two problems concefning‘the reaction mechanism have been empha-
sized by the results of this work. It has been found necessary to use
a spin-independent potential for the interaction in the distorted—wa#e
theory which is responsible for the nuclear rearrangement. Other data15
suggest the neéd for a spin-dependent potentizal and indeed from basic
considerationsl6 one expects it. Thils important problem, therefdre, re-
mains for future solution.' | |

The interdependence between the bound-state wave function of the
transferred pair and the distorted waves as generated from the opticai- _
model potential was seen in the cross-section calculations. It was ob~
servéd that a set of these functions which account of the experimental
. Cross sectiéns is not unique. A more complete understanding of the
bound-state wave function and of fhe distorted waves, is therefore, still

t0 be sought. ' N
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. . spPEDIX

'T‘abl"ev-s ofvv centei'-zof-zrlass différentiél.crOSs sections are given
i'n‘ this sectionb. . Errors listed, are the staﬁdard deviation aris.ing from -
statiéti"cs‘only'. The tables. are labeled by reaction and excitation a
(Ex) of..the_prbduct'nﬁcleus. Tables ALl and A2 are for the reaction
120(%He,  He) 120 at E(7He) = 20.1 MeV. Teables A3 £07A25 are for the
' reaétion 120(5He,p)luN atvE-(jHe) = 20.1 MeV. Tables A26 to ALO are for N
the reaction léO(BHe,’p)IBF at E(BHe) = 19.8 MeV. _Tab._leS 29 to .AYO are

for the reaction l6o(d,d)18F at E(@) = 40.3 MeV.
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Table Al. l~‘2<3(3He,3H<3)120 Table A2-'-120(5He,5He)120,

= 0.00 MeV E, = kb33 MeV
6 cm, do/dq Error Ocm, ds/d?  Error
(deg) (mb/sr)  (mb/sr) - (deg) (mb/sr)  (mb/sr)
10.6 6387 12 ' 11.0 2.3 0.2
13.1 3453 8 13.6 2.h 0.2
15.6 2050 5 16.2 ‘ 3.4 0.2
18.1 1272 4 18.8 5.1 0.2
20.6 681 2 21.3% 5.0 0.1
23.1 368 1 23.9 b7 0.1
25,3 17k 0.5 26.2 .6 0.1
26.8 10k 0.5 27.7 h.7 0.1
26.8 108 0.7 27.7 k.9 0.1
28.0 6h.1 0.3 1 29.0 b7 0.1

' 30.5 2%l - 0.2 31.6 4,3 0.05
33.0 1.5 0.1 34,1 3.9  0.05
35.4 16.6 0.1 36.6 3.2 0.05

©37.9. 19.5 0.1 39.2 2.6 0.05
40.3 19.9 0.1 h1.7 2.2 0.05 .
42.8 17.k 0.1 2 2.2 0.05
45.1 12.9 0.1 6.7 2.0 0.05
L7.6 8.26' 0.08 k9,1 2.0 0.05
49.9 -~ h,o5 0.05 51.6 2.0 0.05
52.9 2.85 0.06 - 5h.T 1.9 0.01
55.9 2.8 0.05 57.7 1.7 0.01
58.8 3.95 0.05 60.7 1.5 0.05 -
61.7 . 5.09 . 0.06 637 1.5 0.05
65.8 547 0.05 67.9 1.6 0.05
704 3.99 0.05 2.6 1.8 0.05
5.4 1.80 0.03 77.8 . 2.5 - 0.05
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171.9

.0.023

Table A3. 12c( He,p) "N Table Ak 120(%e,p) 'y
.Ex = 0.00 T Mev - Ex = 2,31 "-’-"0.022 MeV

Oem, - do/dn Error Ocm, - dg/an Error

(deg) (mb/sr)  (mb/sr) (deg) - {mb/sr)  (mb/sr)’
9.4 0.13 0.021 = 9.5 0.85 0.054
11.6 0.18 0.025 . 11.7 0.62 0.046
13.9 0.23 0.024 14.0 0.48 0.034
17.2 0.32 0.032 14.0 0.46 0.041
22.8 0.41 0.019 17.3 0.24 0.027
26.1 0.35 0.033 - 22.9 0.03 0.005
28.3 0.31 ° . 0.032 26.3 © 0.08 0.016
30.5 0.29 0.026 28.5 0.14 0.021
30.5 0.33 0.034 - 30.7 0.16 0.019
33.9 0.27 0.029 3047 0.20 0.026
39.4 0.18 . 0.012 34.1 0.25 0.027
44.8 0.17 0.015 39.6 0.38 0.018
45.3 0.15 0.017 45.1 034 0.021
45.3 " 0.17 - . 0.010 . 45.5 0.36 0.027
S 9567 0.23 -~ 0.018 50.6 0.21 0.017
. 6140 0.21 0.017 56.0 0.12 0.013
6l.4 0.18 0.019 C 6led 0.06 0.009
6l.4 . 0.21 0.011 . 61.8 - 0.06 0.011

. 66.3 0.20 ° 0.016 61.8 0.07 0.006 -

. 7la6 . 0.l4- 0.014 667 0.05 0.009
76.8 0.07 0.008 72.0 . - 0.07 0.010
8445 . 0.03 0.005 77.2 0.12 0.010
92.1 1 0.08 0.009 84.9 0.12 0.0C9
109.5 0.19 . 0.026 '92.5 0.12 0.010
114.3 0.24 . 0.017 12442 0402 0.010
123.8 0.12  0.020 128.9 0.03 0.006
128.5 0.13 0.012 158.8 0.04 '0.005
15846 0.54 0.018 1172.0 0.08 0.007

0.92 :
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Table AbSe 120(3He,p)1uN Table A6, ’120(3He.p)1uN
E = 3.9 ¥ 0,032 Mev E = 493 % 0,033
Bem, do/dn Error Ocm, do /a0 Error
(deg) (mb/sr)  (mb/sr) (deg) (mb/sr)  (mb/sr)
S.5- 1.79 0.077 - 9.5 1.38 0.068
11.8 1.93 . 0.080 11.8 1.03 0.058
14.0 1.37 0.057 14.1 1.05 0.050
17.4 0.74 0.048 14.1 1.11 0.035
23.0 0.31 0.016 17.5 0.87 0.052
26.4 0.32 0.032 23.1 0.71 0.024
28.6 0.31 0.031 26.5 0.57 0.042
30.9 "0.38 0.029 28.7 0.55 0.042
30.9 0.35 0.035 " 31.0 0.47 0.033
34.2 0.42 0.035 31.0 0.46 0.040
39.8 - 0.46 0.019 34.3 0.45 0.036
45.3 0.38 0.023 39.9 0.32 0.016
50.8 0.26 0.019 45.5 0.31 0.021
56.2 -0.23 0.018 51.0 0.24 0.018
62.1 0.18 0.019 61.8  0.14 0.014
L 62.1 0.18 0.010. 62.3 0.11 0.015
67.0 0.15 0.014 62.3 0.15 0.009
72.3 0.16 0.015 67.2 0.11 0.013
77.5 0.18 0.013 72.5 0.09 0.011
85.2 0.14 0.010 77.8 0.09 0.010
52.8 0.19 0.013 85.4 0.10 0.008
110.2 0.15 0.023 3.1 0.06 0.008
115.0 0.21 0.016 110.4 0.03 0.010
124.5  0.14 0.022 115.2 0.04 0.006
129.2 0.18 1 0.014 124.7 0.09 0.018
- 158.9 0.29 0.013 129.4 0.13 0.012
172.0 0.26 0.012 159.0 0.03 0.004
' 172.0 0.07 0.006
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Table A7, 1.2(;(33e,p)1u1\1 ; Table A8, C(BHepp)mN
EX = 5.12 i- 0‘036 MeV . EX = 5.65 - 00030 MeV
fem ~  do/dQ - Error Bcm, dg /a0 Error

(deg) _ (mb/sr) (mb/sr) (deg) (mb/sr)

9.5 3.19 0.103 9.6 '1.99 0.083
11.8 1.70 0.075 11.8 1.97 0.081
14.1 N A 0.059 14.1 - 1.43 0.058
14.1 1.61 . 0.070 v l4.1 1.40 0.062
17.5 1.35 - 0.065 . 175 1.08  0.057
23.1 0.98 0.029 . L2302 0.85  0.027
2645 0.91 0.053 2626 - 0.67 0.046
28.8 " 1.01 0.056 28.8 0.55 0.041
31.0 098 0.047 31.1 0«52 0.035
31.0 " 0.94 0.057 31.1 0.59 0.045
34.4 0.99 0.054 34.4 0.50 0.041
39.9 0.95 0.027 40.0 - 0.39 0.018
45.5 "0.92 0.035 - 45.6 0.38 0.020
51.0 - 0.78 0.032 Sl.1 0.35 . 0.025
564 0.73 . 0.032 5646 029 0.020
61.9 - 0.54 0.026 - 62.0 . 0.25 0.018
62.3 0.56 0.033 - 62.4 - 0.28 0.023
62.3 - 0e.61. 0.018 L 6Te% 0.21 0.017
67.2 0.42 0.023 12.7 0.20 0.017 "
72.5 0.35 - 0.022 77.9 0.21 0.015
77.8 0.29 0.017 85.6 0.17 0.011
85.5 0.25" 0.013 93.3 " 0.14 0.012

. 93.2 " 0.24 0.016 110.6 0417 0.025
110.5 0.31 0.033 115.4 0.24 0.017
115.3 0.38 0.021 124.9 0.22 0.028

S 1247 0.37 0.036 129.5 0.24 0.017

T 1294 0.40 0.022 159.1 0.14 0.009
. 159.0 0u46 . 0.017 172.1 0.18 0.010
172.1 0.48 . 0.017 =

-
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Table A9, 12C(BHe.p)mN Table A10. 1?’C(BHe.p)mN
E, = 5.84 £ 0,030 MeV E, = 6.21 % 0,020 MeV
Bcm. do /a0 Error ' Ocm, do/dn Error
(deg) (mb/sr)  (mb/sr) (deg) (mb/sr)  (mb/sr)
9.6 - 0.68 0.047 - 9.6 3.38 0.106
11.8 0.81 0.052 11.9 .  2.92 0.097
14.1 0.52  0.035 14.1 2.26 0.073
14.1 047 . 0.041 14.1 - 2417 0.089
17.5 0.50 = 0.039 . 17.6 1.51 0.068
23.2 0.45 0.019 : 232 071 0.024
26.6 0.46 0.042 26.6 0.54 0.041
28.8 0.38 0.038 28.9 0.50 0.039
31.1 0.42 04031 31l.1 0.55 0.034
31.1 0.38 . 0.036 31l.1 0.59 0.045
34.5  0.40 0.034% 34.5 0.55 0.040
40.1 036 0.017 40.1 0.61 0.022
45,6 0.40 0.024 45,7 o 0671 . 0.031
46.0 0.40 ° " 0.023 51.2 0.71 0.031
51.1 - (.38 0.021 56.7 . 0.63 0.029
56.6 = 0.32 0.021 62.1 0.53 0.026
62.0 0.37 . 0.022 - 62.5 0.51 0.031
624 034 0.025 .. 62.5 0.59 0.018
62.4 "~ 0.33 " 0.013 67.5 " 0.42 0.023
674 0.38 0.023 - 72.8 0.28 0.020
72.7 0.32 0.021 . 78.1 0.25 0.016
. 78.0 0.30 0.017 85.8 0.18 0.011
85.7 = 0.25 = 0.013 93.4 0.26 0.016
$3.3 022 0.015 - 110.7 " 0.46 0.040
. 110.6 0«24 0.029 115.6 0.57 0.026
S 115.5 ' 0.35 0.020 - - 125.0 = 0.42 0.038
" 124.9 - 0.33 © 0.034 ~129.6 044 0.023
129.5 0.46  0.023 '159.1 0.17 0.010
159.1 0.40 0.016 172.1 0ul4 0.009
f

172.1  © 0.29  0.013
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Teble At1e  20Cme,p)™N  mable Af2. 126(%He.p)™m
E = 6.46 ¥ 0,018 Mev - E = 7,01 = 0,042 MeV
Becm, " do/an Error ‘ - Bem, . do/dQ - Error
(deg)  (mb/sr) (mb/sr) . - (deg) (mb/sr) - (mb/sr)
9.6 8.51 0.169 , 9.6 0.37 0.035
11.9  9.35 0.177 - 11.9 0.38 0.035
14.2 9.03  0.l46 . L1422 0.37 0.035
14.2 - 8.71 .- 0.178 C17.6. 0.27 0.030
. 1746 8.28 - 0.160 23.3 0.34 0.017
23.3 6445 0.073 26.7 0.41 0.040
26.7 ©  5.37  0.128 29.0 0.28 0.030
28.9  4.59 0.114 31.2  0.29 0.030
31.2 4.00  0.094 31.2 0.37 0.025
31.2 3.90 - 0.115 - 34,6 . 0.26 0.025
34.5 . . 3.17. 0.094 40.2 . 0.19 0.012
40.1 . 1.95 0.039 . 45.8 . 0.18 0.010
45.7 1.52 0.045 . 51l.4 0.l4 0.014
46.2 - 1l.36 . 0.051 .. . 56,9 0.13 0.014
L 46.2 . 0 l.64. 0030 - o 62.3 - ‘0.16 0.011
51.2 - li44 | 0.044 62.7 0.15 0.017
5647 . le43 | 0.045 - 62.7T  0.l4 0.009
62.2 1.29  0.041 = 67.7 0.17 0.015
62.6 1.23  0.048 Y 73.0 - 0.16-  0.015
62.6 . 1.43 0.034 -+ 78.3 0.14 0.012
© 67.5  1.12 .- 0.038 . 93.7 . 0.10 0.010
©72.9° . 0.88 - 0.035 ©111.0 0.16 0.024
78.1 0.76 0.028 115.8 . 0.16 0.014 .
85.8 050 0.018 125.2 . 0.15 0.023
. 93.5 0.51  0.023 ©129.8 . 0.18 0.015
110.8 © 0464 0.047 159.2 - 0.37 0.015
115.6 0.77 0.030 172.1 0.51 0.017
125.1 0.66 . 0.048 e o
129.7 0.85 - 0.032
159.2 . 0.80 0.022
172.1  0.60 1 0.019
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Table A13. +120(3He.p)14N Table Atk C(BHe.p) N
B, = 7.95 = 0,026 MeV E, = 8.05 = 0,035  Mev
Oem. do/a . Error 6cm. do/an Error
(deg) (mb/sr)  (mb/sr) (deg) (mb/sr)  (mb/sr)
9.7 0.29 0.031 9.7 0.60 0.044
12.0 0.30 0.031 12.0 0.66 0.046
14.3 0.37 0.029 14.3 0.63 0.038
14.3 0.37 0.037 14.3 0.61 0.047
17.7 0.40 0.035 17.7 0.44 0.036
23.4 0.42  0.019 23.4 0.38 0.018
26.8 0.37 0.033 26.9 0.25 0.028
29.1 027 0.029 29.1 0.22 0.026
31.4 0.39 0.029 31.4 0.17 0.019
31.4 0.36 '0.035 34.8 © 0.13 0.019
34.8 0.30 0.029 40.4 0.14 0.010
. 40.4 0.27 0.014 46.0 0.15 0.014
. 46.0 0.21. 0.017 46.5 0.14 0.016
" 46.5 0.22 0.021 51.6 0.10 0.012
46.5 0.23 0.011 57.1 - 0.13 0.013
51.6 0.17 0.015 63.0 0.10 0.013
571 0.13 0.013 63.0 0.10 0.007
62.5 0.14 0.014 - 73.3 0.08 0.010
63.0 0.14 0.016 7846 0.06 0.008
63.0 0.13 0.008 86.3 0.03 0.005
67.9 0.12 0.013 94.0 0.05 0.007
- 73.3 0.18 0.016 111.3 1 0.10 0.019
78.6 0.19 0.014 116.1 0.11 0.012
86.3 0.17  0.011 125.5 0.06 0.015
93.9  0.15 0.013 130.1 0.06 0.009
11641 0.12 0.012 159.3 0.03 0.004
125.5 0.13 0.022 S
130.1 0.17 0.014
0.29 0.013

15G9.3
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‘I‘a'b_le A15o +12C(3H3’p)1l+N Table : A160 1ZC<3He,p)14N
E, = 8,47 = 0,030 MeV E = 8,61 % 0,03 MeV
fcm,  do/d? Error Ocm. ds/d2 . Error -
(deg)  (mb/sr) (mb/sr) (deg) (mb/sr) ~ (mb/sr)
12.0 0.95 - 0.055 12.0 0.77 0.050
14.3 0.82  0.044 14.3 0.37 0.029
14.3 0.85  0.055 14.3 0.35 0.035
21747 0.82 .. 0.049 17.8 0.30 0.030
23.5 0.73  0.024 23.5 0.26 0.015
26.9 .0.69 - . 0.046 26.9 0:26 0.028
29.2 0.78  0.049 29.2 . 0.37 0.033
31.5 0.73 ~ 0.040 31.5 0.34 0.027
31.5 0a.65 0.046 31.5 . 0.37 0.035
" 34.5 0.68 “0.044 34.9 0.39 0.033
-~ 40.5 0455 0.021 4046 0.27 0.014.
4641  0u44 . 04024 46.2 0.18 . 0.016
4646 “0.46 . 0.030 4646, 0.15  0.017
. 4646 0.48 . 0.016 51.7 0.09. 0.011
51.7 0.31 - 0.020 . 57.3 0.03 0.007 .
. 57.2 0.24 . 0.018 ' 62.7 . 0.03 0.006
6247 . - 0.26, -0.018 68.1 - 0.03 0.006
1 63.1 . - 0.24 . 0.021 73.5 - 0.03 0.007 -
63.1 - 0.28 < 0.012 78.8 0.08 0.009
68.1.7 0.26 0.018 86.5 0.09 0.008
73.5 . 0.30 ~ 0.020 - 94.2 0.08 0.009
78.7 0.30  0.017 111.5 0.06 0.014
86.5 1 0.33 0.015 116.3 0.05 0.0C8
94,1 0.33 0.019 125.7. 0.06 0.014
111.4 0.25 0.030 130.3 0.06 0.009
116.2 . 0433 - 0.020 159.4 0.08 0.007
125.6 © - 0.32 0.034 '
130.2 0.51 0.025
159.4 0.54 0.019



Teable A17. 120(3Re,p) "N

E, = 8496 % 0,019 Mev

Bem. do/an Error
(deg) (mb/sr)  (mb/sr)
12.0 - Babb 0.165
14.3 877 0.l44
14.3 8.95 0.178
17.8 8.46 0.160
23.5 71.28 0.077
27.0 6.63 0.141

w 293 6.00 0.135
31i.5 5«68 0.110
31.5 5.93 0.140
35.0 5.13 0.121
40.6  4.13  0.057

. 4642 3.43 0.068 .
L 467 3.27 0.078
46.7 3.75 0.044
51.8 2.94 0.062
57«4 L 2446 0.058 "
62.8 223 . 0.052
63.3 ~1.90 " 0.059
63.3 2.29 0.034
68a.2 - 2«00 0.050
73.6 2.07 0.053
78.9 1.99 0.045
86.6 1.75 0.035
94.3 1.82  0.044
111.6 2.06 0.086
116.4 255 0.055
125.8 2.10  0.086

- 130.4  0.053

2.42

‘
{
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Table A18, +12C(3He,p)1uN

B - 9415 % 0,018 lev
Ocm. do /an Error
(deg) (mb/sr)  (mb/sr)

Sa7 4,79 0.124
17.8 2.58  0.088
23.6 l1.97 0.040
27.0 1.77  0.073
29.3 1.54 0.068
3146 1.18 0.050
31l.6 1.34 . 0.067
35.0 l1.01 0.053
4047 0.64 - 0.022

463 0.54  0.027
46.7 0.55 0.032
51.9 043 0.024
574 043 0.024
62.9 0.38 0.022
63.3 0.33 0.025
63.3 0.40 0.014
68.3 0.34 0.021
T 13a7 Ce27 0.019
79.0 0.27 0.016
86.7 0.23 0.013
G4 .4 0.29 0.017
111.7 0.28 0.032
116.5 0.37 0.021
125.9 026" 0.030
130.5 0.30 " 0.019
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130.5
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Table A19. +1ZC(BHe,p)14N Table . A20, +1zc(3‘ae.p)1 N
Ex = 9,39 = 0,026 MeV. Ex = 9,70 - 0,022 MeV
" Bom. do /a0 Error - Bem. dg /dn Error .
(deg) . (mb/sr) (mb/sr) - (deg) (mb/sr)  (mb/sr)
9.7 2.50 . 0.089 9.8 1.16 0.061
S12.1 2.03 - 0.080 12.1 117 0.061
"17.8 la41 0.065 l4.4 1.11 0.050
1 23.6 1.31 '0.033 l4..4 1.04 0.061
27.0 .. l1.27  -0.062 23.6 . 0.82 0.026
2G.3 - 1al3 0.058 27.1 . 0.74 0.047
S 31.6 0491 0.044 29.4 0.66 0.045
. 31.6 1.19 0.063 31.7 0.50 0.033
35.0 0.93 0.051 31.7 0.59 0.044
40.7 . 0.68 0.023 35.1 0.59  0.041
46.4 - 0.56 0.027 40.8 0.45 - 0.019
' 51.9 - 0e4l 0.023  46.4 0.37 0.022
57.5 0.32 0.021 '52.0 0.30 0.020
" 63.0 . 0.32 0.020 57.6 . 0.26 0.019
S 63.4 . 0.27 . 0.022 63.1" 0.21 0.016
63.4 0.23 0.011 63.5 0.18 0.018
 68.4 0.26 . 0.018 : 63.5 S 0.24  0.011
73.8 - 0.30 - 0.020 .. 6845 "~ 0.17  0.015
79.1 " 0426 0.016 73.9 . 0.1l4 0.014
86.8 0.22 0.012 79.2 . 0.13 0.012
94.5 0.19 0.014 . . 869 . 0.14% 0.010
111.8 °  0.16 0.024 94,6 0.18 0.014
116.6 - 0.32  0.020 111.9 0.18 0.025
1125.9 0.41 0.038 116.7 0.32 0.020

W
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Teble A21, 1ZC(BHe,p)mN Table A22, 120( He,p)1uN
E = 10.08 ¥ 0.018Mev . E, = 10,43 ¥ 0,020 Mev
O cm, do/dn Error Ocm. do/an Error
(deg) (mb/sr)  (mb/sr) - " (deg) (mb/sr)  (mb/sr)
9.8 . 1.02 . 0.057 5.8 2.19 0.083
12.1 0.76 0.049 12.1 1.98 . 0.079
l4.4  0.85 0.044 14.5 2.16 . 0.070
14.4 0.85 - 0.054 14.5 2.11 0.085
17-.9 0.61 0.042 18.0  1.97 0.076
27.2 0.53 0.040 23.7 1.80 0.038
29.5 044 0.036 27.2 1.29 0.062
31.8 0.38 0.028 29.5 0.97 0.054
31.8 0.43 0.037 ' 31.8 0.91 0.044
35.2 - Q.44 0.035 35.32 0.68 0.043
40.9 0.38 0.017 41.0 0.52 0.020
4645 0.40 0.023 46.6 0.48 0.025
52.1 0.38 ' 0.022 47.1 0.43 0.029
57.7 . 0.34 . 0.021 ' 52.3 0.42 0.023
63.2 0.30 0.019 57.8 0.38 0.023
63.7 0.31 0.013 63.3 0.31 0.020
6846 0.24 0.018 63.8 0.27 0.022
74.0 - 0.26 0.019 63.8 0.34  0.013
79.3 0.22 0.015 68.8 0.26 0.018
87.1 0.20 0.012 7442 0.21 0.017
94.7.° = 0.26 0.017 ‘ 79.5 0.16 0.013
112.1 0.30 0.033 87.2 0.13 0.009
116.8 0.42 0.023 94.9 0.15 0.012

112.2 0.14 0.023
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Tebie 423. 2o(3re,p)y . zable ash. 2o(3me,p)m

E, = 10.81 * 0.023MeV © E_= 12.50%0.030 MeV.
Ocm, do/an - Error ' Ocm. do /a0 Error
(deg)  (mb/sr) (mb/sr) (deg) .- (mb/sr) (mb/sr)
9.8 - 0.27 - 0.029 ° | 10.0 - 2.55 0.088
12.2  0.27 0.029 . 1243 . 2.04 0.079
18.0 0.31  0.030 . - 14.7 . 2.31 0.071
23.8 0.30 ~ 0.015 - 14.7 2.58 0.093
31.9 "0.25 0.023 - 18.2 ©  1.90 0.073
31.9 0.29  0.031 ' 2441 1.27 0.031
35.4 - 0.32 . 0.030. 2746 . 1.17 0.058
41.1 0.28 0.015 30.0 " 1.00 0.058
46.8 - 0.31 ° 0.020 - 32.3 - 0.89 0.043
T 4742 0.29 -  0.023 35.8 0.83 0.047
52.4 - 0.25. 0.018 . 41.6 0.62  0.021
58.0 . 0.22 0.017 47.3° - 0.50 0.025
63.9  0.16 0.017 | 47.8 0.57 °~ 0.032
63.9. . 0.20  0.010 - i 53.0 . 0.68 0.030
68.9 . 0.15 . 0.01l4 S 58.6° . - 0.66 0.030
74.3 0.16 - 0.015 . 64.2 0.58 0.027
79.7 S 0.17 0.013 - . - 64.7 - - 0.72 0.036 .
87-4  0.19 0.011 64.7 . 0.70 0.019 -
. 95.1 0.18 °  0.014 69.7  0.65  0.029
~112.4  0.10 - 0.019 . | 75.1 = 0.54. 0.027°

80.5 0.39  0.020




Table A25. 12C(3He,p)l)+N

B, = 12.50 £ 0.020MeV

Table 426, 2o(3me,p)Yw
12.7% % 0.030 MeV

Bcm, do/an Error .
(deg) (mb/sr)  (mb/sr)
'10.0 le4d 0.065
12.3 1.56 0.069
1447 1.56 . 0.058
14.7 1.36 - 0.068
18.2 1.27 0.060
24.1 1.80 0.029
277 0.84 " 0.049 .
30.0 0.65 0.038
32.3 0«61 - . 0.035
32.3 0.73 0.048
35.8 0.50 0.037
47.8 0.31 0.024
64.7 0.30 - 0.023
75.2 0.23

0.017

Bcm, do/an Error
(deg) (mb/sr)  (mb/sr)
10.0 4,79 0.120
12.4 4,86 0.121
l4a7 4496 0.104
14e7 5.14 0.132
18.3 4,80 0.116
2442 . 4,06 0.056
277 3.97 0.1C6
30.1 3.64 0.101
32.4 " 3.47 0.084
32.4 3.57 0.106
35.9 2.88 0.088
475 1.80 0.048
48.0 1.84 0.058
48.0 2.06 0.032
53.2 1.49 0.044
58.8 1.06 0.037
64.0 0.83 0.032
64.9 0.96 0.042
64.9 0.82 0.020
69.9 0.79 0.032
80.7 053 0.023
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Table A27. 120(3}{8 ,p_)wN . Table A28, 160( He op)18F :
E_ = 12,90 = 0,025 MeV E_ = 0,00 - Mev
Oem. do /a0 Error Ocm. do /a0 Error
(deg) (mb/sr)  (mb/sr) (deg) (mb/sr)  (mb/sr)
10.0 3.27  0.099 8.8 2.86 0.058
12.4 "3.37 0.101 11.1 2.72 0.110
14.8 3.23 0.084 14.4 1.58 . 0.029
14.8 3.44 0.107 16.6 S l.14 0.029
18.3 3.05 0.093" 18.8 0.67 0.029
24,2 2.57 0.044 1 22.0 0.48 0.053
27.8 2.64 0.087 27.5 0.81 0.032
30.1 2.19 0.08€0 29.6 0.78 0.057
32.5 " 1 2.16 - 0.067 31.8 1.05 0.115
32.5 2.15, 0.082 32.9 1.05 0.040
36.0 = 1.94 0.072 35.1 1.04 0.075
47.5 " 1.10 0.037 37.3 0.97 0.042
48.0" 1.08 " 0.044 39%.4 0.79 0.045
48.0 1.26 0.025 42.7 0.58 0.083
53.3 0.98 0.035 43.7 0.61 0.028
~ 58.9 " 0.63 0.029 48.0 " 0.46 0.033
65.0 0.60 0.017 53.4 - 0.26 0.026
70.0  0.47 0.024 59.7 0.23 0.017
' 64.0 - 0.21 0.020
70.2 0.18 0.014
75.4 0.17 0.015
79.5 0.17 - 0.017
85.7 0.16 0.015
94.8 0.11 0.013
104.7 0.20 0.017
110.6 0.14 0.014
125.0. 0.10 0.012
128.8 0.08 0.010
132.5- 0.12 0.013
142.8 © 0.10 0.011
150.2 + 012 0.011
152.9 0.12
170.2 0420

O.OQ9_V' '5-
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Table A29, 160(3He.p)18F ~ Table A30. léo(BHe.p) F

E, = 0,937 = 0,008 MeV Ex = 1e111 = 0,007 Mev
Bcm. do/dQ = Error - Bam. do/dq Error

(deg) (rb/sr)  (mb/sr) (deg) . (mb/sr) (mb/sr)

. 8.8 3.41 0.062 8.8 0.68 " 0.027
11.1 3.91 0.130 11.1 1.09 0.066
lbdat 3.94 . 0.054 la.s 1.03 0.049
16.6 4.17  0.056 16.6 U.86 0026
18.8 3.70 0.067 : 18.8 1.04 0.036
22.1 3.92 0.152 22.1 1.02 0.076
2746 2.79 0.060 27.6 1.36 0.042
29.6 2.04 0.050 29.6 1.44 0.078
31.9 1.56 0.138 31.9 - 117 0.121
33.0 1.77 0.051 = 33.0 1.67  0.050
-35.2 1.35 0.086 35.2 1.68 0.0G8
374 1.12 T 0.046 374 1.65 0.055
39.5 . 1.04 0.053 39.5 1.49 0.063
4248 1.04 0.114 . 42.8 1.55 0.130
43.8 0.92 0.034 43.8 1.33 " 0.042
48.1 0.90 0.046 4 8a2 1.06 0.049
53.5 . 085 0.046 53.5 0.90 0.048
59.8 0.83 0.033 ' 59.9 0.66 0.029
641 0.63 0.036 64.1 0.61 0.034
70.4 053 = 0.025 . ' 70.2% 0.61 0.028
75.6 0.40 0.023 . . 75.6 0.63 0.028
79.7 © 0.35 0.625 79.7 0.60 0.033
&5.8 0.30 0.021 ' £5.8 0.58 0.029
94.9 0.19 . 0.017 S4.9 0.52 0.028
104.8 - 0a24 0.019 104.8 0.46 0.027
©110.7 0.26 0.019 ©110.7 0.52 0.028
12541 0.46 0.025 125.1 0.58 0.028
128.9 0.50 0.027 128.9 0.67 0.027
142.9 0.46 0.024 142.9 0.92 0.033
150.2 0.57 0.024 - 150.2 0.91 0.030
'153.0 0.50 0.024 153.0 1.07 0.034

170.2 0456 0.016 170.2 1.13 0.022
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Table A31. O( He,p)18 Table A32 ' 16O( He,p)
E = 1o 680 £ o 024 MeV. Ex 2:096 t 0,013 MeV
fem, do/dﬂ Error Ocm. do/aQ Error
(deg) (mb/sr) (mb/sr) (deg) (mb/sr)  (mb/sr)
8.8 O 32 0.020 8.8 0.12 0.012
1i.1 0.29 . 0.034 11.2 0.08 0.018
14.4 0.20 0.021 14.5 0.10 - 0.015
16.6 0.17 0.012 16.7 . 0.09 0.008
18.8 0.17 0.014 . 18.9 0.11 0.012 .
27.6 0.10 0.011" 22.2 0.08 0.021
29.7 0.09 0.019 - 27.6 "0.19 0.015
32.0 . 0.08 0.031 29.7 017 0.027
33.1 0.09 0.012 32.0 0.20 0.050
.35.2 0.12 0.026 - 33.1 0.22 0.018
37.4 0.10 0.C13 35.3 0429  0.041
39.6 0.11 0.017 37.5 0.26 0.022
42.8 0.13  0.039 . 39.6 0.26 0.026
43.9 0.09  0.011 42.9 ©0.28 0.058 -
4842 0.10 . 0.015 44 .0 0.26 0.018
53.6 0.07 0.013 48.3 0.20 0.021
60.0 0.07 0.010 ' 53.6 0.27 0.025
6442 0.06 -~ 0.011 60.0 0.22 " 0.017
70.5 0.06 0.009 6442 0.18 0.019
75.7 0.06 0.009 - 70.5 0.18 0.014"
79.8 0.05 0.009 757 0.15 0.014
§5.9 0.05 0.008 79.9 0.17 0.018
.. S95.0 0.05 " 0.008 8640 0.16 0.015
© 104.9 0.03 0.006 95.1 0.13 0.014
" 110.8 0.03 0.007 105.0 0.09 .0.012
125.2 - 0.05 0.009 110.9 0.07 0.010.
129.0 0.05 0.009 125.3 0.09 0.011
132.8  © 0.05 0.008 129.0 - 0.11 0.012
143.0 0.06 0.008 132.8 0.13 0.012
150.3 0.05  0.007 143.0 0.11 0.011
15340 0.05 0.007 150.3 0.15 0.012
170.2 - 0.03 - 0.004 153.1 0.18 0.014
170.2 - 0417 0.009

[T ———e)
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Table A33 160(3He,p)18F o Table A34. léO(BHe.p)18F
E, = 24509 = 0,018 MeV E, = 34062 = 0,015 MeV

B cm. do/an Error Ocm. do/an Error
(deg) (mb/sr)  (mb/sr) (deg) (mb/sr)  (mb/sr)

8.8 0.13 0.013 8.9 1.94 0.046
11.2 O-l_? 0.027 11.2 2.79 0110
14.5 0.18 0.020 . 14.5 2.36 0.073
16.7 0.17  0.011 16.7 2211 0.040
18.9 0.19 0.015 18.9 1.86 0.047
222 0.12 0.026 22.2 1.55 0.063
277 0.10C 0.011 277 1.01 0.035
29.8 0.08 0.019 29.8 072 0.052
32.0 0.08 . 0.031 ‘ 32.1 0.51 0.080
33.1 0.10 0.012 . 33.2 0.60 0.030
35.3 0.09 0.023 ‘ 35.4 0.51 0.054
37.5 - 0.12 0.015 3746 042 0.027
3.7 013" 0.019 . 39.7 0.39 0.031
425 0.16 O'.O44 43.0 0.41 . 0.069
44,0 0.10 0.011 44,1 042 0.024
48.3 0.09 0.015 v 484 0.50 0.034
53.7 0.08 0.014 53.8 T 0.46 0.033
60.1 0.06 0.0C9 60.2 0.46 0.025
64.3 0.06 0.011 64.4 0.38 0.028
706 - 0.05 0.008 70.7 0.30 0.019
75.8 0.08 0.010 75.9 0.31 0.020
79.9 0.06 0.010 : 80.0 0430 0.023
86.1 0.07 0.009 86.2 0.31 0.021
G5.72 0.04.  0.008 95.3 0.30 0.021
105.1 0.06 0.010 B 105.2 . De24 0.019
110.9 - 0a.07 0.010 111.0 0.20 0.018
125.3 0.10 0.012 125.4 0.14 0.014%
129.1 0.08 0.010 12S.2 0.16 0.016
132.9 0.04 10.007 132.9 0.21 0.016
143.1 0.06 . 0.0C8 © 143.1 0.16 0.013
150.4 0.05 0.007 1504 0.17 0.013
153.1 0.07 0.009 153.2 0.18 0.014

170.2 0.22 0.010 ' 170.3 0.13 0.008
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*able A35. 0( He, ) F - Table A36. o( He,p)18F
3,352 0,016 MeV - = 3, 732 ¥ 0,030 Mev
Bem. do/dQ Error Ocm. do/an Error
(deg) (mb/sr) (mb/sr) (deg) ' _(mb/sr) (mb/sr)”
8.9 0.48 0.024 11.2 0.88 0.060
11.2 0.42 0.041 i4.5 1.11 0.049
14.5 0.50  0.033 o 16.7 0.86 0.026
16.7 C.45  0.018 18.9 0.78 0.030
18.9  0.40 0.021 22.2 - 0.42  0.049
22.2°  0.34 . 0.045 27,7 0.66 0.029
27.7 - 0.30 0.019 © 29.8 - 0.69 0.063
29.8 0.26 0.032 | 32.1 0.55 0.082
32.1 . 0.10 0.035 33.2 0.48 0.027
33.2 . 0.19 . 0.016 . 35.4 " 0.40 0.048
35.4 Q.15 - 0.030 37.6 0.36 0.025
37.6 - 0.15 . 0.016 ' 39.8 0.39 0.032
39.86 0.11 ~  0.017 - 43.0 0.14 0.041
44.1 - 0412 © 0.012 - 44,1 0.41 0.023
48.4 0.08 ~ 0.014 . '~ 48.4 0.15- 0.019 -
53.8 0.08 0.015 ~ °53.8 © 0.06 0.013.
60.2  0.09 0.011 60.2  0.13  0.013
64.4 . 0.07 0.012 64.5  0.32 0.025
70.7  0.07 . 0.009 © :  76.0 0.21 0.016
76.0 0.08 0.010 - 80.1 0.38 0.026 -
80.1 0.10 - 0.013 ) 86.3 . 0.28 0.019
86.2 0.10 . 0.012 ) 95.4 0.15 0.015
95.3 0.08 0.011 = 105.3 0.13 0.014
105.2  0.05 0.096 "= . 111.1 0.19 0.017
S 11l.1 - 0.07 - 0.010 L 125.5 - 0.36 0.022
125.5 0.08 0.011 129.3 0.55 0.028
129.2 0.09 0.012 133.0 0.37 0.022
133.0 0.11 0.012 . . 143.2 0.31 0.019
143.2 0.11" 0.012 = 15C.5 0.19 0.014
150.5 - 0.11 0.011 - 153.2 0.44  0.022

153.2 . 0.08 0.010 170.3 - 0.33  0.012




160(3He,p)18F
E_ = 3.830 T 0,012 MeV

Bcm, do /a0 Error
(deg) (mb/sr)  (mb/sr)
11.2 3.47 0.119
14.5 3.24 0.085
16.7 3.26 0.050
18.9 3.00 0.060
22.3 3.05 0.133
27.8 1.97 0.050
25.8 2.03 0.108
32.2 l.14 0.119
33.2 1.45 0.047
35.4 1.25 0.084
37.6 1.17 0.046
39.8 0.82 0.046
43.1 0.87 0.101
44,1 0.71 0.031
48.5 0.79 0.043
53.8 0.67 0.041
60.2 0.58 0.027
6445 - 0419 0.019
76.0 0.46 0.024
80.1 0.24 0.021
86.3 0.39 0.023
95.4 0.38 0.024
10543 0.26 0.020
111.2 0.22 0.018"
125.5 0.13 0.014
129.3 0.04 0.008
133.0 O0el4 0.014
143.2 0.26 0.017
150.5 0.36 0.019
153.2 0.12 . 0.012
170.3 0.12 0.007
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Table A38., 160(3He,p)18F
EX = 4,134 = 0,011 MeV
Ocm, do/dn Error
(deg) (mb/sr) (mb/sr)
11.2 0.63 0.051
14.5 0.55  0.035
16.7 Oe42 0.018
19.0 0.41 0.022
223 0.23 0.037
27.8 0.27 0.018
29.9 C.37 0.046
32.2 0.18 0.047
33.3 Q.22 0.018
35.5 Q.22 0.035
377 0.18 0.018
3%9.8 Q.17 0.021
43.1 0.09 0.033
44,2 0.17 0.015
48.5 0.16 0.019
53.9 O.1l6 0.020
60-3 0.17  0.015
64.5 0.16 0.018
716a1 017 0.014
80.2 0.17 0.017
86.3 017 0.015
95.4 0.16 0.016
105.4 0.09 0.012
111.2 0.06 0.009
-125.6 0.10 0.012
125.3 0.10 0.012
133.1 0.13 0.013
143.2 0.16 0.014 ¢
150.5 0.20 0.014
1583.3 017 0.014
170.3'_ 0.25 0.011
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Table A39. 160( He,p)-F - Table A40, . 160(-3He,p_) F
E_ = 4,378 £ 0,009 MeV E = La651 T 0,012 Mev
fem do/da? . Error Bem. do /a0 Error
(deg) (mb/sr) * (mb/sr) . "~ (deg) (mb/sr)  (mb/sr) .
11.2 0-81 - 0.058 11.2 1.23 0.071
14.5 0.65  0.038 14.6 . 1.20 0.051
16.8 0.63  0.022 16.8 1.22 0.030
15.0 0.53 0.025 = . 19.0 1.20 0.038
22.3 ©0.39° . 0.048 22.3 1.22  0.08%
27.8 " 0.44 0.023 - 27.8 1.11 0.037
29.9 0.48 0.052 29.9  1.29 0.086
32.2 0.26 0.057 - 32.2 - 0.78 0.098
33.3 Q.44 0.025 C 33.3 . 1.03 °  0.039
35.5 0.32 - 0.043 35.5 0.85 0.069
37.7 0.39 - 0.027 T 37.7 0.95 0.041
39.9 0.38 . 0.031 . 39.9 - 0.8%4 0.047
" 43.1 0.37 . 0.066 - 4342 0.63 . 0.080 - -
44.2 . 0.36  0.022 . . . 44.3 0.61 0.028
48.5  0.33 . 0.027 - 48.6 .  0.39 . 0.030
53.9 - 0.41 . 0.032 - 54.0 . . 0.25 0.025 .
60.3 - 0.40 - 0.023 60.4 = 0.14 0.014
6446 - 0.31  0.025 64.6 ~ 0.12 0.016
76.1 0.29. 0.019 .. 76.2 . 0.17  0.014
£0.2 0.24 - 0.020 ' 80.3 0.20 0.018
B6o4 0-.18 0.016 86.5 . 0.21 0.017
95.5 0.18 0.017 95.6 . 0.17 0.016
105.4 0.20 0.018 105.5 0.16 0.016
111.3 - 0.20 0.017 "111.3 0.22 0.018
125.6 0.24  0.018 129.4 0.19 0.017
129.4 0.22 0.018 -~ 133.2 0.20 - 0.016
133.1 0.18 0.015 © 143.3 0.15 0.013
143.3 - 0.21 ~ 0.016 . 150.6 . 0.27 - 0.017
150.6 0.28 0.017 153.3 0.28 0.018
153.3 © 0.29  0.018 - 170.3 = 0.52 0.015

170.3 - 0.30 - 0.012
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Table A41, »160(3He.p)18[F o Teble A42, _160( He,p)18F
E_= 4843 = 0,012 MeV | B, = %967 = 0,021  Mev

Bem. do /a0 Error Ocm. do /dn Error
(deg) (mb/sr) (mb/sr) (deg)  {(mb/sr) (mb/sr)
11.2 0.43 C.046 11.2 0.29 0.028
1446 D44 0.031 16.8 0.29 0.015
16.8 0.41 0.018 ' 19.0 0.265 0.019
19.0 0.41 k 0.022 27.9 0.23 0.017
22.3 " Qa43 0.049 . 30.0 0.22 0.024
27.9 037 0.021 323 022 0.058
29.9 0.45 0.057 33.4 0.21 0.018
32.3 0.36 0.062 35.6 0.28 0.025
33.4 039 0.024 37.8 0.13 0.011
35.6 0.45 0.054 39.9" 0.12 0.018
37.7 0.35 0.027 42,2 013 0.046
39.9 0.38 0.031 44,3 0.12 0.012
4342 0.41 . 0.066 ' 4846 0.09 0.021
44.3 - 0435 0.021 - 60.5 0.05 0.C08
48.6 - 0.36 0.024 64.7 0.05 0.006
54,0 0.28 0.026 1642 . 008 0.010
0.4 . 0.20 0.016 80.4 0.06 0.011
64 el " Del2 0.017 105.5 0.11 0.013
16.2 0.12 0.012 ‘ 125.7 .12 0.013
80a%& 0.10 0.013 129.5 0.04 - 0.008
86.5 0.13 0.013 133.2 0.03 0.006
95.6 Qe22 0.018 - 143.4 0.10 0.011
105.5 0.09 0.012 150.6 0.03 0.006
111.4 0.21 0.017 - ~e= =
129.5 0.16 0.015
133.2 0.12 0.013
143.3 0.16 0.014
150.6 0.20 - 0.014
153.3 0.24 0.016

17043 0.31 0.012
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Table A43, .160(3He,p)1§F . Table "Alk, 160( He,p) F
E, = 5,601 £ 0,012 MeV : E, = 6.105 £ 0,008  uev
- Bem ~ do/an Error - -Bem. . dg/an Error
(deg) ™ “(mb/sr)  (mdb/sr) = -~ (deg) (mb/sr)  (mb/sr)
11.3 1.26 0.071 - 11.3 3.64 0.121
l4.6 - 1.23 0.052 = - l4.6  .3.32 0.085
16.8  1.35 = 0.032 . 16.9 3.11 0.048
19.1 . 1.31 0.039 . - 19.1 = 2.80 0.057
22.4 '1.09 L0.079. - 22.4 7 2.25 0.113
27.9 l.16  0.038 ' . 28.0 12.02 0.050
30.0 l.42 0.0%0 30.1 2.13 0.110
32.3 . 0.88  0.1C4 32.4 0 1.49 0.135
33.5 0.95  .0.037 7 33.5 1.60 0.049
. 35.7 0.73 °  0.064 35.7 . 1.45 0.050
©37.8 . 0.77 0.037 37.9 " 1.35 0.049
40.0 0.66- 0.041 40.1 1.25 0.057
43.3 = 0.60 - 0.084 . 43.4 0.69 '0.0S0
44,4 0.63 ~ 0.029 - 44.5 1.07 0.037
48.7  0.45 - 0.032 . 48.8  0.87 0.044
54.2 . 0.43 . 0.033 - 54.2 - 0.91 0.048
60.6 - 0.29 0.020 - - 60.7 1 0.74 0.031
6448 0.21 ~ 0.020 .. =~ 64.9 0.59 0.034
76.4  0.23 0.017 - - 76.5 0.57 0.027
80.5 = 0.1l6. 0.017 . © 80.7 0.49 0.029
86.7 0.22 0.017 » 86.8 0.55 -~ 0.027
95.8 - 0.19 = 0.017 - 95.9 0.37 = 0.024
105.7 " 0.18 . 04017 ©  © 105.8 = 0.40 0.025
© 111.6 ° 0.19 0.017 " 111.7 - 0.38 0.024 .
- 125.9 0.19 0.016 126.0 0.46 0.026
129.6 0.20 + 0.017 129.7  0.43 0.025
133.4 0.20 0.016 - 133.5 0.40  0.023
143.5 . 0.23 0.017 143.6 - = 0.46 0.024
150.7 0.26 0.016 - 150.8 0.51 0.023
153.4  0.26 ~ 0.017 =~ 153,5 0.47 0.023

17004‘ ) O.34 ) 06013 B ) 170.4‘ : . 0334 O-Ol3
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Table Aks, 160(3He,p)1 F

E = 6,265 - 0,013 MeV

Error

0.36

Bem. do /an
(deg) (mb/sr)  (mb/sr)
11.3 1.90 0.087
14.7 1.66 0.060
16.9 1.74 0.036
19.1 . 1.54 0.042
22.5 1.52 0.093
28.0 1.22 0.039
30.1 1.06 0.077
32.4 0.99 0.110
33.5 0.90 0.036
35.7 0.69 0.062
37.9 0.88 - 0.040
4041 0.58 0.039
43.4 0.60 0.084
44.5 0.63 0.028
48,9 0.56 " 0.036
© 54,3 0.43 0.033
60.7 0.45 0.024
65.0 0.44 . 0.029
: 76.5 0.38 0.022
‘ 80.7 0.38 0.026
86.9 0.28 0.019
$6.0 0.42 0.025
105.9 0.31 0.022
111.7 0.28 0.020
126.0 0.20 0.017
129.8 0.21 0.018
133.5 0.32 0.021
14346 0.25 0.018
150.8 0.26 0.016
153.5 0.28 0.018
170.4 0.013
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Table Aué. 160(3Hé,p)18F

E, = 6,779 0,007 Mev
Ocm. do/dn Error
(deg) (mb/sr)  (mb/sr)
11.3 5.16 0.144
14.7 6-02  0.114
16.9% 4,12 0.055
19.2 372 0.065
225 255 0.120
28a1 274 0.058
302 287 0.127
32.5 226 0.166
33.6 2034 0.059
35.8 2-.03 0.1C6
38.0 1.98 0.059
40.2 1.86 0.069
43.5 l.74 0.141
44 .6 1.49 0.044
4£5.0 1.13 0.051
54.4 l1.25 0.056
60.8 0.96 0.035
65.1 0.82 0.040
T6.7 0.57 0.027
80.8 0.58 0.032
. 87a.0 0a.54 0.027
S6a.1 041 0.025
106.0 041 0.025
1119 0.50 0.027
126.2 0.46 0.026
125.9  0.47 0.026
133.6 " 0.36 0.022
143.7 0.40 0.022
150.9 0.45 0.022
153.6 0.46 0.023
1704 0.57

0.016




Table A47. 16O(3He,p

)8

E, = 7,206 % 0,009 MeV .

=156~

Table ALS, 160 3ge,p) '
E_ = 73646 T 0,014 Mev

do /a0

Bem. Error Becm. v dg/dﬂ Error
(deg) (mb/sr)  (mb/sr) (deg) (mb/sr) (mb/sr)
11.3 1l.27 0.071 1l.4 2.48 0.089
14.7 1.30 0.053 14.7 2.18 0.068
17-0 0.96  0.027 17.0 2.07 0.039
19.2 2.83 0.057 T 19.2 2.02 0.048
225 0.80 0.067 282 1.49 0.043
28.1 0.62 ".0.028 30.3 1.56 0.094
30.2 0.59 . .0.058 32.6 1.58 0.138
32.6 0.86 0102 33.7 1.41 0.045
33.7 0.67 . 0.031 36.0 1.17 0.080
35.9 0.75 0.065 38.2 . 1.10 0.044
38.1 0.72 0.036 40.4 " 1.09 0.053 -
40.3 0.64  0.040 43.7 0.95 0.104
43.6 0.41 0.069 . 44,8 - 0.86 0.033
4447 0.56 0.027 "~ 49.1 S 0.62 0.037
49,1 . . 0.39 0.029 54.6 0.59 0.038
94.5 0.59  ~0.038 . "61la.1 040 0.023
60a.9 - 0.45 - 0,024 65.3 . 0.43 0.029
- 65.2 0.46 - 0.030 76.9 - 0.38 0.022
7¢.6 0.45 - 0.024 8la.l 0.28 0.022
81.0 0.29 - 0.022 87.3 0.38 0.023
87.1 0.35" 0.022 6.4 0.24 0.019
86,2 0.32 0.022 106.3 0.26 0.020
106.1 0.30 0.022 126.4 027 0.020
112.0 O.44 . 0.026 130.1 0.25 0.019
126.3 0.39 0.023 133.8 0.36 0.022
130.0 0.31 = 0.021 143.8 Q.29 0.019
2133.7 - 0.38 . 0.023 151.0 0.25 0.016
143.8 . 0.31 0.C19 153.7 0.21 0.015
151.0 0.30 0.018 170.5 " 0.57 0.016
153.6 0.28 | 0.018
170.4: 0.32

0.012
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Table A49, 160(3He,p)18F Table A50e° 160(3He,p)1814‘
E = 7.874 ¥ 0.022 Mev E_ = 90145 £ 0.032 Mev
Hem, do/dq Error Ocm. do /a0 Error
(deg) (mb/sr) (mb/sr) (deg) (mb/sr) (mb/sr)
106.4 0.18 " 0.017 11.5 2.44 0.097
1l.4 2.33 0.096 14.9 - 1.99 0.065
14.8 2.39 0.071 17.1 2.21 0.040
17.0 ~ 1.92  0.038 19.4 1.87 0.046
19.3 1.85 0.046 22.8 1.67 0.096
22.6 - 2.07 0.108 28.4 1,27 - 0.039
28«2 1.38 0.041 30.6 1.65 0.065
30.3 1.25 0.084% 32.9 1.81 0.147
32.7 1.51 0.135 34,0 1.83 0.051
33.8 1.16 0.041 36.3 0.80 0.066
36.0 = 1.23 0.082 38.5 - 0.T7T1 0.035
38.2 1.0 0.044 40.7 = 0.73 0.043
40.4 0.93 0.049 45.1 0.48 0.025
43.7 0.78 0.094 . 49.5 0.43 0.031
44.8  0.69 0.030 55.0 0.36 0.030
49.2 0.47 0.033 - 61.5 - 0.29 0.019
54.7 - 050 0.035 65.8 © 0429 0.024
61a.1 0.51 - 0.026 77.5 0.27 0.018
65.4  0.43 0.029 81.6 0.23 0.020
77.0 0.44 - 0.023 87.8 0.18 0.016
£€1l.2 © 0.41 0.027 96.9 0.23 0.019
87.3 0.43 ~ 0.024 , 106.8 018 0.017
- 96.5 - 0.34 0.023 ' 112.7 0.22  0.018
126.5 0.17 0.016 '126.9 0.18 0.016
130.2 0.22 0.018 130.6 0.15 0.015
133.9 0.32 0.021 134.3 0.35 0.022
143.9 0.23 0.017 . 144.2 0.27 0.018
151.1 0.29 ~ 0.017 151.3 0.29 0.017
153.8 0.32 0.019 —

170.5 0.38 0.013
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Table A51. 160(Ol,d)18ﬁ_‘ o Table A52, 160(05,6.)1 F
E = 0,00 MV E_= 0.93% % 0,014 wyev
Ocm. do/an Error - Bem. do/dn Error
(deg) (mb/sr)  (mb/sr) (deg) ~ (mb/sr)  (mb/sr)
10.4 0.27 - 0.024 10.5 1.40 0.055
12.9  0.25 0.012 = 13.0 1.33 0.027
19.1 0.15 . 0.017 192 1.14 0.046
25.2 . 0.17 - 0.0C9 25.4 ' 0.80 ° 0.019
31.3 0.20 0.017 : 31.5 - 0.34 0.022
37.4 -0.18  0.008 37.6 . 0.23 . 0.010
43.4 T 0.17 0.016 - 43.6 0.31 0.022
49,4 0.20 0.009 - LG .6 - 0.29 0.011
55.2 .  0.22 ~ 0.021 - 55.5 " 0.34 0.025
61l.1 - 0420 -~ 0.012 - L 61la  0.31 0.015
72.4 . 0.11 0.009 - 72.8 0.21 0.013
‘ 83.5" 0.11 0.013 . ~ 83.9 0.32 0.021
9441 - 0.10  0.013 . 94.5 C.19 0.018
Table . A53, ?6o(a,d)18F Table A54, 16o(voz,c1)18F
E_= 1,119 ¥ 0,016MeV ©E_ = 1,716 £ 0,018 yev
Ocm,  do/an Error : Ocm. do/dn Error
(deg) (mb/sr)  (mb/sr) - - (deg) (mb/sr)  (mb/sr)
10.5 6.57 0.118 10.5 0.11 0.015
13.0 5.90 0.053 13.0 0.09 0.0C7
19.2 3.86 0.081 19.3 0.05 0.009 "
25.4 2.87 0.037 25.5 0.05 0.005
31.5 2.66 0.061 . 31.7 0.04 0.008
37.6 . 2.57 0.031 | 37.8 = 0.04 0.004
43.7 2.17 0.057 . 43.9 0.02 0.006
49.7 "1.73 - 0.026 49.9 1 0.02 0.003
55.6 1.20 - 0.048 - 55.8 0.02 0.006
61.5 0.87. 0.026 ' 61.7 0.02 . 0.00C4
72.9 0.66 0.022 - 73.2 0.01 0.003
83.9 0a.63. 0.030 , 84.2 0.01 0.004

S4.6 0.69 . ~0.033 S S4.9 0.02 0.006

e A . g o g i e et e =
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Tavle 455, (O0(0,d)'eF Tevle 456, 180(0,0) "%
E = 2,100 ¥ 0.011 Mev E_ = 2541 = 0,019 ey
Bem do/ag Error Ocm. do /a0 Error
(deg) (mb/sr)  (mb/sr) (deg) (mb/sr)  (mb/sr)
10.6 0.30 0.026 10.6 0.07 = 0.012
13.1 0.28 0.012 13.1 0.04 0.005
19.3 0.14 0.016 19.4 - 0.03 0.007
2545 0.10 = 0.007 25.6 . 0.02 = 0.003
31.7 0.07 0.009 31.9 0.02 0.006
37.9 . 0.07 0.0C5 38.0 0.03 0.003
44 .0 0.07 0.010 44 1 0.03 0.006
50.0 0.06  0.0C5 5042 0.03 0.003
56.0 0.04 0.009 56a1 0.02 0.005
61.8 0.03 0.0C4 A 62.0 0.01 0.003
73.3 0.01 0.002 73.6 0.01 0.003
§4 a4 0.02 0.005 84.7 0.01 . 0.004
95.1 0.01 0.004 $5.3 0.01 0.003
Table A57. 16o(oz,d)18F Table A58. 1600x,d)18F
E, = 3.122 = 0,014 Mev E, = 30363 = 0,020 yey
Bem do/dn Error - Ocm. do/an Error
(deg) (mb/sr)  (mb/sr) (deg) (mb/sr)  (mb/sr)
10.6 0.07 0.012 10.7 0.26 0.023
13.2 0.05" 0.005 ‘ 13.2 0.23 0.011
25.7 0.06 0.005 19.5 0413 0.015
32.0 0.07 0.010 25.8 0.10 0.007
38.2 0.05 0.00C4 32.1 0.07 0.010
443 0.02 0.006 38.3 0.04 0.004
50.4 0.02 0.003 44,4 0.03 0.006
264 0.02 - 0.006 50.5 0.03 0.0G3
62.3 0.02 0.004 56.5 0.02 0.006
13.8 0 0 6244 0.02 0.004
8540 0.01 0.0C4 74.0 0.03 0.0C4
95.7 0.01 0.004 85.1 0.03 0.007

il 95.8 0.01 0.0G5
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- Table A59.. 16o(oz,d)18F. - Table A60, 160(a,d)18F
B, = 3.808 £ 0,012MeV © E_ = Lots0 I 0,012 Mev
Ben, do/an Error Bem, . do/dn Error
(deg)  (mb/sr) (mb/sr) (deg) (mb/sr) (mb/sr)
10.7 0.35 0.027 - 10.7 0.15 0.018
13.2 0.29 0.013 : 13.3 0.14 0.009
19.6 0.18  0.018 = 19.6  0.07 0.011
25.9 - 0.18 = 0.009 26.0 0.10 0.007
32.2 - 0.21 0.018 32.3 0.12 0.013
384 - 0.27 0.010 38.5 0.08 0.005
44,6 0.24 0.019 44,7 0.08 " 0.011
50.7 - 0.21 0.009 i 50.8 - 0.08 0.006-
56.7 © 0.15 " 0.017 - 56.8 0.08 0.011
62.6 0.11 - 0.009 : 62.8 .. 0.08 0.008
74.2 - 0.14 0.010 - T4.%  0.09 0.008
85.4 - 0.l4 0.014 . 85.6 0.07 0.010
96.1 - 0.10 0.013 9663 . 0.05 0.009 )
Tavle A61. '00(a,a) "% . mavle a62. 16o(o,a) '
E_ = 4.393 £ 0.009Mey E, = 4852 % 0.010 pey
Bcm, do/an. Error Ocm. do/an Error
(deg) (mb/sr)  (mb/sr) - (deg) (mb/sr)  (mb/sr)
10.8 0.32° 0.026 10.8 0.21 0.021
13.3 0.30" 0.013 ©13.4 0.20 0.010
19.7 0.28 0.022 . 19.8 S 0.12 0.015
26.0  0.23 - 0.010 . 26.2 = 0.11 0.007
32.3 - 0.15 = 0.014 - . ' 32.5 0.08 0.010
38.6 0.1l 0.006 38.8 . 0.09 0.006
44,8 0.08 0.011 45.0 0.11 0.012
5049 0.07 - 0.0C5 " ‘. 51.1 .. 0.12  0.007
‘ 57.0 0.05 0.010 . s§57.2 0.13 0.015
B . 629 0.0 . 0.008 63.2 0412 . 0.009
o 746 0.07 0.007 : 74.9 0.10 0.0C9
i 85.8 0.07 0.010. = gé6.1 0.05 0.009
- S6.5 0.09

0.012 -~ ' 96.8 0.05 0.009
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Tavle A63. 1C0(c,a)'%F Teble a6y, 1C0(2,a) '

E, = 54590 ¥ 0,027MeV E, = 64139 £ 0,012 MeV
Oem do/dn Error Bcm do/aq Error
(deg) (mb/sr)  (mb/sr) (deg) (mb/sr)  (mb/sr)
10.9 0.27 0.024 11.0 0.53 0.033
13.5 0.24 0.011 ©13.6 0.57 0.017
19.9 0.15 0.016 20.1 0.40 0.026
264 .. 011+ 0.007 26.5 0.34 0.012
32.7 0.07 0.010 32.9 0.33 0.021
39.1 - 0.08 0.006 39.3 0.36 €.012
45.3 0.06 0.009 . 45,6 0.39 0.024
51.5 0.05 0.004 51.8 0.37 0.012
57.6 0.07 0.011 58.0 0.32 0.024
6347 0.07 0.007 . 64.0 0.30 0.015
75.4 0.05 0.006 : 75.8 " 0.24 0.013
86.7 0.03 0.007 87.1 0.28 0.020
7.4 0.05 ~ 0.009 S$7.9 0.28 0021

Table A65, 160(ogd)18F . Table A66., 16o(a,d)18'F

E, = 6.807 £ 0,010 MeV : E, = 7+191 < 0,008 Mev
Oem,  do/an Error Ocm. do/dn Error

(deg) (mb/sr)  (mdb/sr) (deg) (mb/sr)  (mb/sr)
11.1 0.37 1 0.027 . 11.1 0.21 0.021
13.7 0.43 0.015 S 13.7 0.21 0.011
20.2  0.55 = 0.030 26.9 0.18 0.009
26.7 0.46 0.014 33.4 0.16 0.0l4
33.2 0.33 0.021 . 39.8 0.15 0.0C7
35.6 0.28 0.010 66.2 0.17 0.015
 46.0 0.20 0.017 5245 0.17 0.008

52.2 0.16 0.007 58.7 0.18 0.018
584 0.15 0.016 : 64.8 0.25 = 0.014
64.5 0.16 0.011 76.7 0.25 0.013
76.4 0.17 0.011 88.1 0.21 0.017

87.7 0.13 0.014 99.0 0.33 0.023

~98.6 0.14 0.015 . ==
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Table A68. 160(x;a)'%F

B, = 7.43% T 0,013MeV E = 74658 % 0,012 yey
Oém do/dn Error Ocm do/dn Error
(deg) (mb/sr)  (mb/sr) - (deg) (mb/sr)  (mb/sr) -
11.1 0.18 0.019 ©11.2 © 0.19 0.019
13.8 0.19 0.010 13.8 0.19 0,010
20.4 0.19 0.018. 20.5 0.19 0.017
27.0 0.17 0.0C8 27.1 0.16 0.008
33,5  0.15 0.014 33.6 0.14 0.013
40.0 - 0413 ©  0.007 40.1. - 0.10 0.006
46.4 0410 0.012 46.5 0.12 0.013
52.7 0.08 . 0.00C5 52.8 0.10 0.006
58.9 0.08 1 0.012 © 59.1 . 0.07 0.011
77.0  0.06 0.006 77.2 0.06 0.0C6
88.4 0.09 ~ 0.011 88.6 0.05 0.009
$9.3 0.11 0.013 == = =
‘Table A69. 16003,&)18F Table = A70. léoﬁd.d)18F
E_= 7.871 % 0.011MeV E_ = 9.494 L 0,015 yey
Ocm. ~ do/d0 - Error Ocm, do/dn Error
(aeg) (mb/sr)  (mb/sr) (deg) (mb/sr)  (mb/sr)
11.2 0.19 0.01% 11.6 0.43 0.028
13.9 - 0.19 0.010 - 14.3 0.36 0.013
20.5 . 0.15 0.016 21.1 0.34 0.022
27.1 0.13 C.007 2840 . 0.33 0.011
33.7 0.08 0.010 34.7 0.31 0.019
40.2 0.13 0.007 41.4 0.34 0.011
46.7 " 0.11 0.012 48.0 0.30°  0.020
53.0 0.09 0.005" 54.5 0.34 0.011
59.3 0.07 0.011 - . 61.0 0.2S 0.022
! 65.4 0.13 0.009 = |  67.3 0.32 0.015
[ 77.4 0.07 0.007 -+ . - 79.5 0.30 0.015
; 88.9 ' 0.05 0.00C9 ; 91.2 0.23  0.018
: SESINEISS— 7 102.2 0.29 0.022

mimtetou et
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Table A71. léo(a,d) 183‘ ;
Ex =10.541 - 0,010 MeV- g li
j i
{
Oem do/dn Error ;
(deg) (mb/sr)  (mb/sr)
11.9. 043 0.027
la.7 0.38 0.013
21.7 0.32 - 0.022
28.7 0.26 0.010
35.6 0.23 0.016
42.4 0.19  0.008
49.2 0.17 0.015
55.9 . 0417 0.007
62.5 0.17 0.017
68.9 0.23 0.012

8l.4 0.25 0.013
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