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- THE o3, a)rt" REacTION®
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Berkeley, Callifornia
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'Abstract

[ P . ) -0 z Y . :.
' _,-The energy spectra of deuterons from the Cle(o,',d)l\‘l4 reaction

have‘béén studied up to anAéxcitation of 21 MeV. The_feaction was%f'

‘induced by 53-MeV alphe particles from the Berkeley 88-inch spirel!
ridge cyclotron, and the reactlon products were distinguished b? aﬁ
. z“

A 4
" . new type of particle identifier. The observed selectivity of'finai
- state population is correlated with the predicted configurstions fér

" many Nlh levels and,several new assignments are made. -

S UCRL-11498




‘ ?.N.j,is especially interesting for two reasons._}A) A detailéd~investi-_
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1., Introduction .

.- The two-nucleon transfer, (a,d), reaction.leading ":co states of

E:gxgéﬁioﬁlmay provide the basis for an understanding of the observed selec- .
- tivity of final state population in ¢, d (or HeB,p) reactions in general,
f;'sihée,extensive theoretical studles of thisbnucieus, most recently by

':Truél}fprcvide the wave functions necessary for cross section predictiohs;5

~ The precedinglpaper by N. K. Glendenningg} delinéates and tests this

L
)Nl reaction,

éossibility.  B) -High resolution studies of the Clg(d,d
continuing to high excitation (> 15 MeV), can extend our knowledge of

the ng levels, particularly exploring states of two excited nucieons

- around the target "core" that are inaccessible in single-nucleon transfer

experiments.

/o
2. Experimental

The Clg(a,d)Nlu,reactiQn was induced by a beam of 53-MeV alphév._
particles from the Berkeley 88-inch spiral ridge cyclotron. The general
N

beam optical system has been described previouslyv); measurements were

~

made in a 36-inch scattering chember. In the present experiment no beam

collimation was used after the second quadrupole doublet. Removal of the e

27

“collimator did not affect thé resolution but the backgfound decreased._'

A block diagram of the counting equipment is presented in Fig. 1.

- Particles were detected by a counter telescope that consisted of two Li-

”drifted surface barrier counters: a 14 mil transmission --counter :backed

®

' by:a 120 mil stopping counter. To increase thé,effeétive counter thick-

‘ -~ ness the counter teiéscoPé was rotated hOO with respect to a radial line

~ from the center of the scatter chamber, Deuterons of uﬁ to 37.5 MeV

!

i

1



e Lo v w LR T NSNS Y e L I et S 0 e T w7 bl o A S e

'.=could be stOpped by thls system. The counters were p031tioned S0 that the : , ;j

;ﬂztwo surface barrlers faced each otner to lessen the dead layer between S 3{f‘;"

. o
T o v
flfﬁthe counters, slnce there was an’ approximately B-mil dead layer on the _
”}-fmesa s1de of the transmission counter. Fﬁ
‘ f_'Therreaction products were distinguished by a new type of nerti-

,,fcletiaentifieru} that employs the empirical relationship,

Range’: a El - 15 s ‘AIP;>: ; _g- T

.7fwhere a depends on the type of purtlcle, and E. is. the incident energy. 1Qf;;£ff'

A tynical partlcle 1dent1f1errspectrum is shown in:Fig.iz. The asym- ' ‘itf:‘géfl

?f;emetry of the protOn peak was caused by high energy protons that were not’ﬂﬂff'

'-st0pped in the counter telesc0pe Total—energy pulsesvwere fed into a

'*'f Nucleaerata'pulse-height enalyzer which was appropriately gated so “that - f
. ',the deuteron and triton spectra were recorded simultaneously, esch. ﬁ;

" spectrum in a lOEh channel group. The proton deuteron valley was also R

?fﬂf%;_y"‘recorded,in the analyzer to measure any small but possible loss of .

r

. - / ..

deuterons. No loss was observed w1th the gates set as shown in Fig.aa. T

The average energy resolution for the deuterons was 170 keV. _(Optimumbl“éfjf~'
. resolution was 145 keV.) The particle identifier output was observed -

. L?i.continuously on another pulse-height analyzer.v Since no variation of . -

._fpeak or valley position occurred,the gate settings were not changed : fff -

v,during the experiment;
”E e The'beamvintensity,-which ranged from 15 to 200 mu amp_dependingi t,: j(f'

. on the angle of observation, was'meaSured by means of -g:Faraday cup and’f-?f*“zlﬂ

N integrating electrometer An additional Li- drifted surface barrier counter, _fﬂéf“‘
.-/ placed at -a fixed angle (= 20 deg),. detected the alpha particles scattered l';;;;?

' from the target. Measuring the ratio of the inelastic.peak heights to the

““[ general background was useful'inydetermining the "quality" of the beam, - _{;;“\
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Thus the effect of changes in the beam optical system could be quickly . ;
‘ascertained. In addition, monitbring th;'elgsﬁic_peak provided‘a-gon-' '
tinuous check of the target thickness and/or the beam position and énglé°
Very littlevvariation'was observed. | |

Carbon targets were prepared by diluting av"DaéW solution
(colloidal graphite in isopreopyl alcohol and acetone) with ethanol and
acetone. This solution was pOured_on a glass mirror and allowed té dry.
When the mirror was submerged 1n water the carbon film would rise to ﬁhe
surface. The film was theﬁ collected dn cellophane and the water allowed
to evaporate. When dry, self-supporting films about 0.3 mg/cm? thick
-and as large as 4 by b in. could be peeled from the céllophane. Most of
the oxygen impurity was réﬁoved by heating the targets to lhOOOC in a
vacuum for -several hours and then allowing them to cool to below QOOOC
before exposure to alr. However, as noted in Figs. 3 and 4t a small
oxygen impurity 1s present. (The 1.1 -MeV level of Fl8,made.by the
016(a,d)F18 resction is & "giant peék"sb,'and therefore even a very

small impurity is observable. )

5. Results

Figuresf5 and,h illustrate deuteron energyjépectra at laboratory -
scattering angles of 30 andAGO deg, réspectivelyh Thé angular rangé

studied covered from 12 to 80 deg (lab), and the observable excitation in
- Nlu extended up to 21 MeV at small angles., Lists of the Nluvlevels,
- identified are presented in Tables I;and.II.‘Taﬁle I also includes_the :

3 integrated cross sections and dominant shell-mddel'configurations'for

" many of the levels. The absolute cross section values were obtained by
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C normelizing to the earlier (poor resolution) data at 48 MeV taken at the - """
late Crocker-Laboratory'60-inch‘cyclotroﬁll}.: Although such a normal- - .’ L
T _ o : .

" ization would not be expected to introduce a significant error, the un-. .

‘certainty of these absolute values may be as great as * 30%; however, =  ’;""<‘?

e
g
i

the uncertainty in the relative cross sections of the different lévels. w'

. is less than 10%. = The angular distributions of the deuterons corre<’

B Co 14 R : oL
"sponding to formation of the N%,vgrognd state, 3.95-, 5.10-, 5.83-, O

6.4be; T7.03-, 7.97-, 8.47-, 9)@04; and 9.hlfMeVlleveis_are shown in

7 Figs.5.through 9.

)
4
)

4, Discussion

Transitionsvinvolving high energy.incidenﬁ and?buxgoing;parv

~ are eXpeéted to go predominately by a direct reaction mechanism. Tﬁé

» Cle(a,d)levfeactiOn,should preferentially populate thoseerurleVél;

?5?%1?. proton pair since diféct—stripping transitions’involving'excitatiOnggf
f the cpre.are‘relatiﬁely ﬁnlikelylz;. ‘Further'selectiQity of the (a§
| “.feactibn arises from the faét that the_wavehfunétibn of the neutrond ‘

‘ B 'protoh pair in the captured state-ﬁustvﬂave a high dégree df overlap '
rvf' “i. . with the wave function of that neutron-proton ﬁaif in the o partiélezp.f}};ﬁ".\
RO Extensive thééretical studieé of the ﬁlh puclé;s‘have béen made:}  E;: :,‘

f FOr example, - Warburton and Pinkston7b; by afcaréfui aﬁalyéié of éxPéri; f§  . ;3

- mental data, have given shell-model aSsignments for most of the levels

. in " up to0 10.50 MeV. True'l has arrived at very similar results -~

-

. i:",ifrom’a conventional twb-particle shell-model caleulation of the energies .
. "of the various possible conflgurations, assuming that 0}2 was an inert ‘ .
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. ) / '
. Noting Table I, in general our results are in excellent agreement

with the shell-model assignments. The 3.95- and 7.03%-MeV hole states,

which cannot be formed by the addition of two nucleons to 012 in a (Sl/a)u

(p5/2)8vconfiguration, are formed with relgtively small cross sectiphs.

These levels could, however, be formed through the (p§/2)6 (pl/2)2 minor

»] A

l’ . " -
component of the C < ground statel), The only level that was not popu-
latgd approximately té the extent expected was the (pl/2 d5/2)2-';T - O
state at 7.97 MeV; in addition the unassigned level at 8.47 MeV was highly
populated. It has been speculated that this’,pl/2 d5/é configuration pos-
sibly should be éssigned to the 8.L47-MeV leyellh} However, a more tenable

" assignment of the 8.47-MeV level which is also in agreement with its large

15

population can be made. If C™7 1s plctured as a pl/2 neutron moving around

8 C1° core, the resonance states in the Cla(p,'y)N]TLL and C]‘B(p,p)c'l5 re-

actions that should be observed are those having 'some p component.

1/2
Only two of the established states between 7,97‘hnd 10.42-MeV excitation
have not been obhserved in the reéonance experiments: ‘the states at 8.47

and 9.00 MeVél. (Midget resonances for these two levels were recently
founal5); In this fggion of excitation only two of'Trﬁe“s éonfigurationsv.
héve no pl/2 component: the (d5/2)§+, % ; d state predicted to lie.at

9.32 MeV and assoclated with the level at 9.00 MeV;iand the'(s
staté predicfed to lie at 9.45 MeV and associated with:the level at

10.09 MeVl;. However, ﬁhe latter asgigﬁméﬂt is iﬁéorrect if the spin of
the 10.09-MeV level is 1+ as Kashy, et al.loj repartL ‘Furthermore a res-
~onance corresponding to this level was cledrlf observed iﬁ the 013(p,§)013
' reactionloﬁ. Thus'thel(sl/2 d5/2)2+’ T = 0
be.associated with the 8.47-MeV level. Determination of the parity Qf v

configuration probably should

this state would be most valuable in clarifyingvfhe assignment. Glen-
denning's relative cross section predictions for the (a,d) trensitions

~agree qualitatively with the suggested assignment.

1/2 %5/2)e4, 120

L e tn ek

ta e w wen e o v -
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,_;formation of the O+, ‘I"~ l level at 2 51 MeV This transition is for-gj »

-;Ibidden on the basis of angular momentum and parity conservation in addi-

x} could" be experimentally observed were populated above the general back-
eu_-ground However, several of the T 1 levels lie so close to T=20

'vlevelS»that any population:wouldvhave been obscured The failure to

V<:_populate many of the levclc wnose lSOSpln is unknown cannot necessarily
' that these levels“have-T = Of. Further evidence for the T=0 nature
~ of these levels, comes from a recent study of the O (d a
’ and thus should be ass1gned T O, The possibility that the peak: as-"

::correspond to a consistent error of about four channels in the energy :

Ulcalibration

.,‘-

At no angle was a deuteron group observed that corresponded to

';ltion to iSOSpln conservationllf;v None. of the known T = l levels that g?g:;}f‘

*be conSidered strong evidence for a T =.1 assignment since the (a,d)

.also very small 2 3‘;‘,' :Y,,u e

\

”:jwtransition»probabilityfto.states-involving extreme core excltation is o R

Observation of the 8.47;; 9.41;, and 9.7l-MeV‘states'indicates B j s;;,

N 1&

reaction T

in which these. levels were populated relatively stronglylu}¢ A pre-

B viously unreported level at 10.71 % 0,10 MeV was pOpulated fairly strongly

sociated with 10. T1 MeV’excitation actually corresponds to the unobserved

level at 10.55 MeV is not con51dered likely.' Such a discrepancy would

K - R

As previously noteds,  the peak.at 9.0 MeV exc1tation dominates

the energy spedira. In the earlier G (a d)N investigationll} this

peak was‘associated with the-l+ level at 8. 99 MeV.and'becauserof'the

;1?1arge p0pulation it was suggested that this wvas a T =0 level This

v

’ﬂlﬁzpeak 1s now associated with the (d /2)5+ T = level that is calculated

0.

»:to 1ie at‘about 9.32 MeVl; since such a configuration will be preferentially

i

3t




wemanss

"g;,pﬁ;;;a%@?;aa vtaeﬂgtaasaggl factor 2 + 1 avors’ the formation of a.
v?ihigh spin state., Obviously no information concerning the nature of the’
f?8 99-Mev level can be obtained since it is completely obscured by the
ngant,peak; A comparison of the angular distributions demonstrates that”
hfithe transition tO the 9 OO-MeV level has a distinctive shape.. FUrther,a
j1¥the angular distributions of very highly populated states observed in;'vj
'Tother (a,d) reactions exnibit a similar, non oscillatory, shape.ofA j
Licomplete discussion of these giant levels and their spectroscopic’co
figuration is available elseunere (Ref.. 5 and 17) ’
The other angular distributions presented are oscillatory

'fairly similar in appearance with no apparent characteristics that ;

:would enable one to distinguish one type of level from another.vjt

f”lated fairly strongly In this region deuterons could be produced vy

' “the break-up of’ Nlh 1 * d(Q lO 272 MeV) . but ‘the general backgr

fefwas not appreciably higher._ Any increase in the "background“ coulds
v-probably be accounted for by the higher level density. When considkfin
$i_levels in this region of excitation f7/ states should be included

;“True 's published resultsl do not include such states, a recent repre&
1

sentative calculation including them has,been made available to us.x.*

b i

The large, broad peak centered at 12 76 O lO MeV probably

'aoublet or triplet) that Sachs, et al. 19 identified at 13 MeV from an l‘}

12(

investigation of the c 9)1\1l reaction (E 11 115 MeV) Howeve‘

'; l’ appears doubtful since the
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df’reaction*(E:‘=vu2 MeV).. A more likely assignment‘is}a bt T = 0 state
- of strongly mixed (d /2 5/2 and (Dl/2 7/2 conflguratiqns, wnich.ls‘;;‘-

“calculated to fall 1n this region . These conflgurations both possess S e

;e_large 5G comp0nents whlch should enhanﬂe +he transitlon probabllity ,
i(See the precedlng naper fdr a further dlscusslon of thls state ). yi
. Another large peak arises at 15.1 O lO MeV. The. only o _:ff ';
L‘high spln conflguratlon in thls excitation reglon that has not. been- - ‘5
o correlated w1th a speC1;10 level is the (d5/2 7/2)6-‘ '_ d conflgura;tln : ;
'ii tlon which is calculated to 11e at about 15 MeV ' Thls conflguratlon ' ;
‘is pure 5H which should also enhance the tran31tlon probability. . ?
| ' We are indebted to Norman X. Glendennlng and William W. True for:  d:

- many valuable dlscussions.f'ae also WlSh to thank Fred Gouldlng and,DQn :

Landis fon_inyaluabielaSsdstance with tne eiectfoniesf‘ 17.: L dh.i,;;;;TVI

Ay
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”3}f,preferent1al population is demonstrated in the preceding paperf‘

Ciar

'wenhanced Formation of a levelirequires that {_ end /
: 9/2 e SR n P

;}f be equal to 2 h.' A value o h # for the sum of lﬁ and ZP perm

jnucleOns;so that their final state is as similar as possible to
ftheirvinitial_state. Ignoring spin——flippiné interactions, the

- captured-nucleons will retainftheir initial triplet configuration
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“and (f

l;whenAthe deuteron esoapés_at 0 degrees. Consequentlv transitions’

7fto 1evelsvforﬁedjby capturing both of the stripped nucleons intor

“shells having orbital angular momentuu values of 2vor pREs! should bef'fii

\< '7.

5
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5
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. ) ' 1l Table I
Comparison of the N
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levels observed at excitations less than ll MeV with-

“those previously reported. & Shell-model conflguratlons and 1ntegrated

- cross sections are also included.

Levels _ ‘ Cross Pre?iously reported levels Dominant
identified (MeV) section (mb) energy (MevV) J7 . T configuration”
0 0.98 0. 1+ 0 (pl/z)2
2.31 o+ 1 (pl/2)2
. - ’ : _l .
3.95 0.31 5.945 0 (pyp)T (20
. a- o
| o .58 He91 (0)- 0 Py/2 Fy/e
_ - 4 . ,
5.9 1. 6LC 5.69 -0 Pi/2 ®F1/2
. | a s
6.0% A
6.21 6.21 1+ 0 (s.,.)2
1.690 ) e.. ) o . 1/2
6. Lk 6. bL= 3+ o, sl/evld5/2
6.70 o ? :
7.03 0.32 7.05% . er 0 (o) (o)
7.ko ? T
7.60 . - ?.\ .
S R 18,06 A Py S1/e
. 8.h7 1.08 847 - :(o)h' K
8.63 o+ 1 (31/2)2
8.7 o1 Pi/2 ®1/2
o Py d5/2'
-8.99 1+ (o)t T )
9.00 5.67" ; 9.oof;_ 5+ 0 (d /2)
9.17 . e+ .1

>

)-l

RPN S e

- hg i e gy

e, S o e b A T T R S
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Lo ’f'jﬂ'pTablévId;ge».b
LooL YIS e s Continued

identllled (MeV) ;'Sectioﬁ-(mb) " energy (MeV) gl conflguration

U Levels SRR Cross'fy“ifPreviOu sly reported levels . Dominant

P

| | Pl/2 da/g”'("'). B ¢
9T L 03T e ()

\O
.'_F-
B
4

]
=3

O

N o ‘

S o002 o 0100090 (14) 0 sy p a8
R A N SRR 10 -~ R DA B S A N |
e T e V- P :
05 1e T

" ®Reference 6.

‘fReference 5

::gThe asslgned conflguration is wrong if the spin of this level is 1+ as.
jrecently reported instead of 2+ as prev1ously thought (ref lO)

'»;hThe observation of thlS level 1nd1cates (confirms) a T ”ass1gnment

- TiThe previous suggestlon (ref ll) of a. T O assignment to this level - rw~ s -
© should be disregarded. SRR SR

bReferences 1, 7,:8._

CMembers of the doublet were not reselvcd'out'cereful analysis of peak position_vl.
and shape strongly indicates that the transition proceeds primarily to the :

" higher spin component.

.dThe parity assignments for these leveis were takén erm'reference 5. -

gThe'parity assignment for this levelbwas‘taken'from reference 9..
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' 14 Table IT. ' o
" Comparison of the N levels observed at excitations greater than 11 MeV -
with those previously reported®

o Levels : Previously reported levels o
identified (MeV) Energy (MeV) J7 T Intensity
11.06 (?) . 11:06" 1+ 0 Very week - B
' 11.23 3. !
11.29 2- 0 ' Very small, broad
.o 11.39 - (1) © ‘peak erises &t
11.51 3+ | " this excitation
11.66
A o g -
11.75(?) o 1174 1+ IR " Very weak
SR ' 11.80 (2+) | \ : .
1197 (2-) , | e
12.05 | | | | - ‘
' 12.21 3- l ,
12.30 - 12.29 o S Weak .
12,41 - } o
12.52
12,61 3+ Y - : i
12.69 - . 3- _© Large (2.74 mb),
12,76 o | <12.80 RS ' broad peak arises
' 12,835 4= o} . at this excitation =
12,95 - (b+) | L
- 13.17 © 0= R
1 13.23% -
‘ 13.30 )
13,45 (2) - ~ Very weak
| G13.72 3 - |
k22
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e RN e
L S . " (Continued)"

Levels « “Previously reported levels -

‘fu,g identified (MeV) =~ Energy (Mev) J7 - T - : Inténsi£yb

| o 1491 ' ' o

_lﬂ l5.l'=j“?.a SR 15.00 v _ o . Large, sharp peak 5§ﬁ{t
. 15.5 S 1505 ) -  Wesk S B :
".;::_16_0_,_» S T e e e Hoak
6.3

Sl
CLT.T

o Meddum e e
Medium v

L aReference 6

_ Level cla551fied weak corresponds rOughly to- a cross section slightly less than IR

' the cross section to the 3.95-, 7.03-, and T7.97-MeV. leVels, whereas medium in- 0.
dicates an equal or slightly larger cross sectlon. B

N\

!
et
it B




-15- - UCRL-11498
/
~ Figure Captions-
Figuré l;‘uBlock.diagram of counting e&uipmeﬁﬁ forbrecording:energy
‘._spectra; | |

'Figure 2. Particle identifier spectrum at a scattering angle of 15‘&'

. deg (lab) from bombardment of Clngith'53-Merélpha paEQ;;““'
éles. The discriminatbr settings are represented by lines
i, 2,‘and 3.
‘_?igure 3. ‘Deuteron eﬁergy spectrum from thé Cle(a,d)Nlu reaction.
|  <:< ------ - Figure #. Deuteron energy spectrum from,the.ClE(a‘,vd‘)Nl4 reaction.
Figure 5., Angular distributions of deuterons from formation of‘the v
ground state and 6.&&;Mév levels of Nln. The latter in-
cludes & smaii contributioﬁ from the-6.2§-MeV level. -

 ‘ Figure 6. :Angular distributions of deuterons from formation of thé

5.10- and 5.83-MeV levels of N''. Small contributions .

s g b

from the 4.91- and 5.69-MeV levels, respectively, are included. =~ -

Figure 7. Angular distributions of deuterons from formation of the
3.95- and 7.05-MeV levels of Nl%y
Figure 8. Angular distributions of deuterons‘from formation of the

7.97-, 8.&7-, and 9.41-MeV levels of Nl”. |

.Figure 9. Angular distribution of deuterons from formation of the 9{00-[‘ )
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MeV level of N©
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-

mission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

As used in the above, "person acting on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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