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·Both the (p,t) and (p,He3) reactions when employed on targets with iso-: .· 

' baric spin greater than zero can produce states with T > TZ in the residual 

nucleus through pickup of the. two ·nucleons in a 1s, T=1 configuration. The 

. . 1) 
(p,t) reaction on T=Tz.=l targets has been demonstrated to produ~ereadily 

·.observable yields to a T=2, TZ~O level in the final .nucleus that is the analogue 

of the ground state of its T=2, Tz=2 isobar •.. For e~ple, investigation of the 

26 24 . . 24 ' 
Mg (p,t)Mg reaction established the location of the 0+, 'r=2 state in.Mg 1 

24 ·. . 
which is the. isobaric analogue of the Ne grou."ld st·ate •. We wish now to report 

. . . 16 20 ' 
observations of the two lowes~ T=2 str;.ter.;_ ~n 0 and Ne .· through the (p,t) 

. 18 22 
react~on on 0 and Ne , respectively. Further, the analogous ability of the i 

(p,He3) reaction on these targets to locate the same T=2 states in the product ! 

·. Tz=l isobars ~6 
and F

20 
is d~onstrated.. - · ! · 

' I. 
These (p,t) and (p,He3) reac.tJ.·ons were induced by a oeam of 4}. 7 MeV 

protons from the Berkeley 88-i.ti. cyclotr<?n ~- . :Ai':ter: enepgy.analysis, the proton~ 
' . . ;~. ' ' .. . . . _,,. 

impinged on a gas target located in tree. certter~~of ·a.· 36..;iri ~cattering·'chamber~ 
. ,, ' ' 

2 2 .. ··. . ' '~~ 

A 50 mg/cm ciE/dx-780 mg/cm_ E countei· telesc?:pe, · which·w~s turned at an angle 
... )" . 

. ~-.' 

* This work was supported by the u.s~ Atcir.lic Energy Commission and the Higgins 
Scientific Trust Fund. . .. 

tNow at Nuclear Structure Laboratory~ Yale University. 
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F. f'• 
'• .... ·; '• 

. . I 
.. ,.,. . . . ; of 25° to the flight. p~_th of the scattered particles·, fed an improved particle f 

,. r 

.··:· ./: , -,_ identifier2 ) •. Complete separation of the t~;i.totls and. heliUm...;3 ions from··!:. 
~ --1 ·_ ,. 
. ,. 't; 

:·':;··~~~(~_:..... . 4 '-
_;: .. .'·"<· .. ·· ... ~.deuterons and He_ was obtained. Total energy pulses were fed into ·a .Nuclear · · r.:',:: ;,;_<:~ 

. : 1 .. : : ' ·•• '~ . I ~- J ' 

o ~ I·' . . 

. '. 

.. _·,' · Data analyzer so that the triton and heiium-3 spectra _were recorded simultane- f : · 
' -~ ... 

·. 

ously, each spectrum in a ·separate 1024 channel group. Resolutions (FWHM) of 

·150 keV for t:t;i:tons and 200 keV·f.or helium-3 were obtained. Since the T=2 

i , .. 
. 1. . 

I • . , 

l .... ' '··. ' I 
1 I . . .·/·-·_ .'-.' . ' ' ' . . 

states were pre_di'cted to iie at high excitations (overall Q;_values ·of :::J -24 Mev;},· 
'.i •. ,: .,• 

.. a wide .range of residual particle ep.er&;ies had to .be observed. Energy _calibra-i ... 
. . . . . . I .. ,, 

,. tions over the region of intere~t againl) utilized the'c12 (p,t)c10 ground state!', 
. . . ' :j· .. ·' 

.~ and first ·excited state transitions (Q = ;..23~33 and -26.67MeV1 respectively).··!·-·. 

'The o18 
gas· was 97.'7fo pureand the Ne2~,- 9i~3% with8.20fo Ne~0; the impi.lritie_s_j'. 

i ' " i .. 
··.t 

created no difficulties. 

Figure l shows ·energy spectra from the o 18 (p, t )o16 a~d o18 (p ,He3 ).N16 ! . -i' 
I'< . 1 

' . . . . .· ~ .. 
·, t. \ h '1 fi 2 .. h . . t f N 22 ( ) . 20 d' 22 ( . H 3)F20 .... I' .·. reac J.ons, w J. e g •. sows spe? ra ore. p,t Ne-· an Ne. _ p, e _ •.:. I , , 

The ·helium-3 spectra h~ve beetl shifted relative to th~ tritons to' indicate. the·[ .. : 
' • . . . . . . . . . ' ' . . . .·· . . . ' ' ' i . " . 
· ·. e~e-cted c~rrelation of ~na~ogue states. Th\0~, _T:02 state~ ~re s~a:p, ~vin~·-l:"· ,. 

WJ.dths defJ.ned by the experJ.mental resolUtion. (The states tentatJ.vely J.dentJ.~i-. ' . 

. ' ·> .. - fied as 2+, T=2 are discussed-later.) ·Strong :Populcitioh·. in:~oth. spectra <?f. :. 'l. 
·j.'- -.~:.'.:':· -~··_:, . . . 

' .. :-
' . ~' . • •.:;;...,._ .. _, .~ 'I - ~, • 

_ Within the framework of charge independence of nuclear_ ~or~-es~. these:. ·~ · · .,_: 

·. ~ many T=l. analogue states is also apparent,' 

~ . j •.. 

.. 1 .· · (p,t) and. (p,He3 ) transition's populating an;-'l-logue T=2 states proceed fr~~-, I 
I 

• ~ • t . -:identi~a:l:. initial to final states via oniy 1s,T=1 pickup. Hence their cross · 1· ' . ·_, ;.; . 
. J ~ . I 

I ~ . 
' sec.tions, in the limit of no Coulomb mixing or distortions in the final states,!' .. · 

--.: should be identical apart from a constant factor. One therefpre expects quite ~-
jl ~-similar angular-distributions in: these experiments for ~ransitions to pairs of 

·' ! . .I: 
.. .. ' ·. . .. i. 

this' has be8ri. ·recently demonstra~' .J ' 

oi6 . . (A compa~ison of the · . I . • 
:.;. '.· T=2 ·analogue states. Experimental support for 

• r , • ~ 

,. · ,_· ted by Cerny and Pehl3) in 6 imilar reaction -on 

Coulomb mixing in these T=2 anal:ogue states as estimated from the remaining 
' . 
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differences in the absolute cross sections requires further data and analysisj 

this and the population of the T=l sta·tes will be discussed in a future publi-

4cation.) Transitions to non O+,T=l states are not so simply related, since 

. 3 3 
. T=l.~T=l (p,He ) reactions may also proce~d by S,T=O. pickup whereas to first 

i order all (p,t) transitions are restricted to s. 

The 0+ ~o+, L;:;o (p,t) transitions possess characteristic angular dis­

tributions ·at thi~ energy peaking at::::: 26°-32° c.m. for light targets. Figure 

18 22 16 20 3 presents the 0 ,Ne (p,t)O ,Ne ground state and the alleged lowest T=2 

st,ate angular distributions j also sho•m are the o18 ,Ne22 (p,He3)~6 ,F20 
lowest 

T=2 state angular distributions. As expected, all the angular distributions 

of the levels indicated as O+,T=2 parallel those of the known L=O (T=O) ground 

state transitions. The _absolute cross-section, apart from statistics, should 

be accurate to ±10% and the statistical error varied from 4 to 2'7{o. 
\ 

Also indicated in figures 1 and 2 are less prominent states labelled 

2+, T=2. These lie above the O+,T=2 states by approximately the excitation 

of the 2+, first excited states 4) of. the analogue nuclei c16 and c/0
• ·The 

combination of .increasing background at small angles pJ:.us the shape of the I 

! 
L=2 angular distributions causes these 2+, T=2 transitions to be most prominent i 

0 18 ' at 20 . This is illustrated for the 0 target in fig.· lj both the 2+,T=0 and: 
I 
l 

2+,T=2 states are relatively large at this angle•. By 25°, however, as is indiJ 
i 
i 

cated in fig. 2'for Ne22 , the 2+,T=0 group is quite small and the 2+,T=2 group i 

is n'early obscured by the background. (A group between the 0+ and 2+,T=2 

states is apparent in the Ne22 (p,He3)F20 spectr~~l in fig. 2 and also appears 

in both spectra at other angles. We at present assume this is a T=l state 

j. 
! 

. 20 i 
since no appropriate analogue state ir:; lmown or expected .in the 0 level scheme.) 

l 

·Angular distributions arising from the:se supposed 0+, T=l ~ 2+, T=2 transitions ; 
., i 

·should be similar and possess·an: L=2 shape; angular distributions to the state.:> 

.) 
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t < ; '~ . •. . ' ·.·.. ·' ·.··· . . .<, ' ' ' •. 

~-. :: \ ; · ..• ;•_. labelled. a~ 2+,~=2 in o16; F20,' ~nd. Ne20 are also.· ~hown'in fig:. 3;' the .· _: :· : ·~ 
-·., .. 
' . ·~· :.:~.-.·_,.;~·._r~:t·obse~vable.range:o~excit~tion_i~ ~6 

was insu~ficient to locate the 2+,T=2 ·;·i· 
. :· · ' · ·.· .. " · . , · ·· · · 18 . 16* .·· . · I. .·, . J·· : f·<~ :·: . -~.: 'state-.•. Shown for comparison is the 0 (p, t)O . (9.85 MeV, 2+,T~O) angular.' l" · ,. · 

. j 1 • _. distribution which illustrates the L=2 behavior expected. A characteristic · . ·. 

j ~ ,. : ·.· ·. ··shap~ for'· L=2 (p, t) t~~nsitions is· found in heavier ·elements5), · b~t some V 1 ··.' ·;. variation in L=2 SJtapOs irl light elements has been observed by'us, though:nom·r? .· ."· 

j ; , could be confus~d · wthth: L'=O behavior. The angular< disti·i but ions to these '!'.' 
j. ".. ' • F j• · 

.1 · · . • alleged T=2 states are similar,; ·definitely posses L > 0, and are consistent~-:,· 1-i 

J . ' :'_with L=2 behavior; their identification as· _2+, T=2 analogue states appears ,, :J.; :-:> 
! ,· " j .. 
, , . ·reasonable. , . i I ., ,. Table 1 presents the predicted .and experimental values for the. excita~~ 
I' .. tions of the O+,T=2 analogue. iev~ls iri the Tz=1 and 0 isobars.: .The predicted I .:· ' 
I, . '.:·, '. ';ffiiUes are obtained by taking t~e masS. di1:rerence b~t"een the gr6und .states of i ,, ·, ,; 

·:.:., .. the isobars and ·adding to this the appropriate Coulomb ene~gy c~rrected fo;. the . '.~ •·.· 

l.·. • '.' ': ;., .. :::::n::::s::e a :::dm::sc:::::c:~. !:r;:c:::r:7s:::e:r:::::: ,w:::' .. 
1
1 , ' ·.~ 

j ·· ·<. ·Thomas..:Ehrman s.hif~6 ) 'in. ·thes~·: light. n~cl~i··~{ght pio~uce s~mewhat··: questionabl ·. 

l ····· .-.'~ > values :for th~· CoulODlb ener~, the cal~u~tion "as re;e~tea.·obtaining the .. · 1 , 
} (: .. ~· \ .. ~ :·. · Coulomb energy from compariso~s 'within ~ T=l mul t-ip~ets, fo~ · ~~ple. c14 ~~d~ o14 J . " . I l ·> < ,:,. • • '~ Table 1 shows the predictions of 'both schemes. . · .~ : .. " · · .:. ·. · ' ·. .' . · · · i 
·l · ., • ' . , • I 

·1 ·· ·:. ': _:· . " · The agreement . between the predicted and expe~imental·exci tati~ns show~ f 
·1 . ·· .~;>·/·. ·. in table 1 is quite good~ .. furthermore, except fo~ Ne

20
-, 'rio .appreciable differeJce 

t • :· ~ l '. ' 
I 
l 
! 

' 
··,1 

''i' -.#·.,· 

I .. 
\ 
'!. ' 

' ., 
i 

·~ 

·\. 

·\'·in ·-the two sets of pre.dictions is hotj.ceab1e. Coulomb ·predictions based on 

·' 
accurate nuclear radii in . these· light elements wou~~ be ne~essary to ~scer~ain J 

. ·. . • I 

exactly any differences between experiment and calculation .. For 'example, using 

'the 1<m.s. radius fo;,~4 (2.45f~) as tyPic~i of the''m~ss~ 14 .. isobars ~~d cor~ecJ-' 
•) . •. 

'ing to the r·.·m. s. radius of o16 (2 .65f.) ?) , . rather .than ~s~ng the ratio (14/16//3 
• ~- • ' f 

.• t 

.. 
J· 
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as in the table,· one obtains a predicted excitation ticl>r the .O+,T=2 state in 

o16 of 22.92 MeV, well_within the experimental error~ The present agreem~~t ,. 
I 

is quite sufficient to indicate the absence of strong Thomas-Ehrman shifts dm .. 

widely different spatial wave functions, relative to lower T-states; in thes·e j .' 
,_. 

generally particle-unstable T=2 states·. These data on the mass 16 and 20 iso· l 
bars are displayed in fig. 4, which also illustrates the good agreement among 

. . 
the observed excitations of the 2+,T=2 isobaric analogue states. 

One of the authors (G.T~G.) would like to a~kriowledg~ the hospitality 

of the Lawrence Radiation Laboratory~ ··We wish to thank Fred Goulding and Don 

Landis for their invaluable assistance with the electronics~· 

I .. I 
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Table 1 

Comparisons of the predictions based on Coulomb energies to the experimentally 
determined excitation energies for the lowest-lying T=2 states 

Nucleus 

N16 . 
016 

F20 

Ne2Q 

Predictton ·fro1n. Coulomb ·:energy 
differences 

·Mirror· nuclei 
(MeV) 

10.04 

23.13 

6.38 

16.59 

using_ 

T=l multiplets 
(MeV) 

.. 

10.05 

. 23.13 

6.40 

16.67 

\ 
! 

Experimental 
value 
(MeV) 

9·91 ± 0.1 

. 22.9 ± 0.1 

.6.43 ± 0.1 

16.8 ± 0.1 

_.._....~ ....... - .... 

.. ' 
.! 

' .. , 
I 

l 
I 

J 
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:Figtire Captions.: ]· ·::e-. 
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_To:p: Triton energy specb•um at· 20 degrees from the o18
(;,i)o

16
_.··: 1. 

reaction. Bottom: He~ ion.energy spectrum at _20 degre~s from,~he ... ::~.:··~ ... ;·~~.:!\} .·~~-: 
18 3 -~6- . . .1' :::·· ... ~·i~ ·~ .... 

0 (:p,He )~ reaction. <' .·c "'1\'"[:J' ·· 

The spectra· have been. lined. u:p to match the B;Ilalogue. st~tes. of 'ol6 __ ;n~ .. j;;~J::; ::: " 
N16 • Some low-lying· T.=il and. 2. states i3.re indicated; the·. states labelled '. ): •· . .,;,. :: 

T~2 are analogues of c16
.:· ' . f " ' ·:· ' \<"{;·.:!~.:~;;·::·' 

' 22 20 · • • .•I. I '> 

.1 ·I 

at 25 degrees from th~ Ne (:p,t)Ne ;· ~:·-\ '_,-:,'. 

spectrum at 25 degrees· fro;n: the ., 't .. -· . ..!'.:.,. · ~- · 
Fig;. 2 . Top: Triton energy :spectrum 

.. ' i . ' 

. ·reaction. Bottom: He3 ·ion. ·e~er gy 
. ~-~ .• , . . . . . "'•-',· ~ j. ' ,,._ . 

i' I. I 

•.. I· .•. ·;· 

. • .. ·, . . 26' . -: . . ; '· -~: 

~~ spectra have been lined . up to match th~ analogue eta~es of Ne an~, : ·, .. rr < 

F ~- Some ·low-lying T:;l ~nd 2 states :·are i11dicatea; th~ states labelled.·. J< .._ 
l~ .• .., . • . ..j •• ~ •• • ~-. ,··. ~ • 
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;J._.· ·. f .. . ., . . 

~.d~··, ,,, .:···:.~.·}·.,~·.·;.: .. ~ 
;~!.\ ,:) ~. . 

•. :,:,' . 4 . . . . 18 . "· 22 . 
' · · ·induced by 3 .7 MeV :protons on 0 and Ne ,, i ·· 

... 

... 

. ~-

. ·~ ' ., 

•·. 

·-.·; 
;· 

. . . ' . ·. . . . '· . . . . . . · .. ·::~~> ' ..... ·. "<! .. ·,· : : ' . . .•I·>-~ 
Fig• .. 4~ ·schematic ·re:p~es,~~t~t~_on··o:r ·'the .mas~_J16 .•. a,n?;. ~w:·.i.sg~~~~} . .:·:,~mpha~~zin~·.:;),:;j:-::: .. >:·, , 

·~ '" I' 

. · 

;•',. 

·' 

,· 

. -~ 
-~ 

't ·,;l'• : J .. · 

:. '. ~ 

, . 
. i· .. 

'./ 

*'· .... 

. \·, 

.... ;... 

·;, .. 

~ . "' ... '· 

··, 

i • 
. • , ~ .. ~· •"".f' • ~ "' 

1·. 

., 

,, . ' ~ . 

" .• ........ 

. '- ~t 

't-~ '~ t 'rj;t 

·~ ... / ' .. 
"1.: .... 'jj ''& . 

(~-
··~:t -' ... 

.•: 

. . ; 

I ... 
! 

. I 
. ~~-; -· .:_r .'. 

' .... · 

J 
,! 
I 

';·· 

; . 

( ...... 

''· 

.... , 



_q_ 

o's( p,t)016 
0 

80 II 
I-
+~ 

20 deg {\.) 

0 
II - I-

60 II -
I- II + 

I- 0 
{\.) 

~ 

II I 

I- 1'0 
~ 

+ I 

0 -

40 {\.) -
II II 

I- I-

+ - I 
II {\.) 

Q) {\.) I-
c: I 

0 c: 20 c 
..c. 
(.) 

~ 

Q) 
c.. 

(/) 0 300 400 500 600 700 -c: -
::3 {\.) 

II - I-0 40 II II 
~-

0 1s (p ,He3) N's (.) I- I- I II 
-~I-

+ I ~ 

0 1'01 20 deg - 0 
II 

I- I 
{\.) 

20 

0
200 300 400 500 600 700 

Channel number 
MUB-3783 

Fig. 1 



(1) 

c 
c 
0 

..c. 20 (.) 

.... 
(1) 
Q. 

fJ) 0 - 200 c 
:::J 
0 
u 

20 

10 

-10-

Ne22 
( p, t) Ne20 

25 deg 

N 
II 

I-
J 
0 

N 
II 

I-

400 

N 
II 

I-
+ 

0 

N 
II 

I-

Channel number 

Fig. 2 

I-
+~ 

N 
0 
II 

I-

500 600 700 

Ne~2 (p,He3 ) F20 

25 deg 

-
II 

I-
+ 
N 

MUB-3785 



500 
. ·~ ' 

200 

50 -"-en 
........ 
..0 
::i.. - 10 
~ 
"'0 
........ 5 
b 

"'0 

200 

20 

19o 

-11-

L = 0 transitions 

L = 2 transitions 

20 30 

e c.m. 

40 

(deg) 

Fig. 3 

o- a 18 ( p,t} a 16 ground stole 

1:1- Ne22 (p,t) Ne20 ground stote 
o- aiB(p,He3)N 16*(9.9MeV) 

v- a 18 (p,t)a 16*(22.9 MeV) 

0- Ne22 ( p, He3) F 20* (6.43MeV) 

<>- Ne22 (p,t)Ne20*(16.8MeV) 

•- a 18 (p,t) a 16* (9.85 MeV) 

•- alB (p,t) a 16* (24.7 MeV) 

.&- Ne22(p,t) Ne20 *( 18.5MeV) 

·- Ne22 ( p,He3) F
20* ( 8.a5 MeV) 

50 60 70 

MUB-3784 



1.76 2+,T=2 

O+,T=2 

cl6 

9.9 O+,T=2 

0.12 0-,T= I . 

16 2-,T= I 
N 

24.7 2+J=2 

22.9 O+,T=2 

12.97 2-;f=l 

12.79 o-;r=l 

OtT=O 

016 

-12-

Fig. 4 

1.67 2t,T=2 8.05 2+,T=2 

0+;T=2 6l43 Ot,T=2 

2+ T=l 

18.5 2+,T=2 

16.8 Ot,T=2 

f0.27 2+,T=I 

Ot,T=O 

Ne20 

MUB-3782 



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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