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Besides general interest in 'the 'existence. or' highly neU:tron-defi~ient · /: ·. , ,. ~·:·.·. . . .. . . . '· . . ... ' 

1 . . . - 2 ,. : 
isotopes, considerable immediate importance. is ~tta'ched t.o the accurate meas- ,,._. ·. ·:;·:;:. 

' . . · ... ': :· 
~ement of. masse~:- of certain Tz -~· ~3/2 n~~lei, e.g • .'c9_, :wh~ch complete .T = ·3/2. . ·.'' : :.~ 
isobaric spin quartets ~nd provide a new test of the charg~ independence of 

f ·,: ···;··· 
. ~ 

.. , .. -;· . . ! . ' : .. : :. '; 

nuclear forces. We wish to report. a :new nuclear reaction-that of :tltree-neutron . .": • ·::. · .. 

picku~ v~a (He3 ,He6 ) tr~~sitions~p~~itting mea~ur.eme~t ·of the mass .. o·ic9~· . ·:. >···r·: ·:··<·_..-: 

which complet~s an.t~obaric qu~tet for· the first time. • . 
. ···::· .·.· . 

The Berkeley 88-i~ch, .variable-ene~gy cyclot:ron wa~ used for these . ·. ' 

experiments. After ~nergy analysis, alpha-particle (for .the. ini tiai .. ·set -~P) . :.· :' ~·· .. /,; _:.';·::· -~ 
. . . .. . . . . . ' ~ . . . } .. ·. : ;'<::· ... · ,. : .;_:. 

or He3 b~ams impinged pn soli.d targets centered in a 36-inch. ~cattering chamber •. ··.· ... ·. :. -· .··>: . 
. ·. :: . ~ . . . ·'' 2 '. . . . . 2 . . . . .. . . . . . · .. , .. ·, . ;, :: .. ;: 

A 50 "rng/cm dE/ dx -180 ing/ em E ·semiconductor co\lliter telescope fed a new type :: · .. ,-· :> : 
-~ ... ~ . 

of particle identifier. 3 . Alpha ·p~rticles of· 70 MeV were used. to set up .the . .:, '·:· ·: 

. . · . . . h M 26(H 4. H 6)Mg. 24 d. M 26(H 4 Li6)N 24 .t . . ( .·. .. :. : .'· '<, ... _:': 
electronics through :t e g e , e an g e ·1 a reac ions the :. ·. -: .. ::. 

6 . . ·. ' ·, . . . . . . . . . . . . ·. · .. ". . . i. i ·• .. • 

Li energy spectra ·were· later used to· provide: known . reference points) 1 and a . · .. ,_ > ·: ::.·>.< 
. . .·. . . . 26. 4 . . : .· ",' .. :.:· ', 

typical particle identifier spectrum :for Mg + He- i~ shown in Fig. 1_. Single':".. ..-. ; ... : . 
. . ., 4. . . . . ··.·• ~ . 

channel analyzers . on the dE/ 4X c~unter eliminated all . ~e . > 46 MeV prior to · . · 
. . . . 6 ' 6 

identific;ation. ~otal ener~ ~uls_e_s r.or. both ~e and Li were fed into ·a . ; ·'. 

' 
Nuclear Data analyzer, each spe~trum i~ a l024·channel group,· and use~ to. 

. , ... ; .< ·.". :: 
establish an. energy. scale. The ~ines: ·2.:._3 and ~6 on Fig. l bo~de·d ·the parti~ · :. :·: . ~· .:· .. , 

•I ' ' . ' ' ' 6 '6 • ·> • 

· cle identifier spect~;cor;~spo~ding. to the He e:nd L:i. ene.rgy spectra,, ·.-: ·: ·, · ·: ... · .. : .. . . . ' .. 
. • = .... 

respectively.~· Energy spebtra o·f part~cles. bo\mded by lines l-2 and ·3-4 .wez:e :._. · t·' ·:< :·:·:· .. ·. 
•, 

:. '·· . 

'. t,' 

' ! . + •, ~ I ' . •' 

. .. '' ': . ·• ·: .. 
, .. '• .. ' ',\ .. . ' 

'· .. . ~ . ' . 
. : :·' .·,:.h·· .... :. '•' 
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. 6'. :·. ':. ··. ' ' 
also recorded in 1024 channel groups to prevept any -possible loss of. He _ions. · . ; :. : ·. · · 

. . . . 4 . . ·. 26 4 . 6 24 . . . ' . ' . < ' : 
Good agreement with the previOUt? investigation of· the Mg (He _,He _)Mg l:'~ac ... : . ·;.: · .-. :·. 

tion at 40 MeV was found and the cross ':sections were comparable to those at 
i : .... 

' 6 ... 
the lm-rer::energy. An average He ·energy resolutfon·of 190 keV (FWHM) was 

•, J' ••• 

,; .. , ... 
·: .. 

obtained. 
, . . . ·~ .· ~·- :· 

.. .: _·:'/";. ;~ ... ~ · .. '· ... .' 

reactio~, -~·be~ ~f 65 MeV He3 io~s: w~~ _..us.ed. However, .. to· establish. the · . -~··:.: ' ·· 

, general properties of this. three-neutron-pickup_ reaction., -~he. Mg26(He3,He6)~~23:-.·~:·.: .. ··_: ... _._:·r·-

Due to the· large negati ~e Q.. value ("' .··.:·32 MeV) ·of the c'12(He3 ~He 6 )c9' 
' . . . 

. ' ·.··:. 

reaction-involving known· target and product nucl~i..:..was fir~t· investigated~:·· ·_ ·,::: .:\::_·:_.':'. 

Thi-s reac~ion was obs~~ved 'Wit~- t~e Mg26(He3 iHe6 )M~23* (oJ~49 ~e~)·transition .->_·-~·:.: ··._ .. _:.-;·::--;. 
. ·~ -~: •. 

' . . . . . . . : ' ; .·: .•.• l• . .-. 

dominating the ground state· transition at forward angles; the c·ross section: of-· > :: ·: ·:· ; :· 
.... 

the former .is_presented·.in Table ·1. ··Carbon targets were then bombardecra.nd· . '.~::··:: .' · · 

both C~2 (He3 1 He6 )c9 and-c12(He3,Li6:)B9·:sp.ectra record~d •.. FiSure ·l·a.iso show~-_.:··:·:·_:.· .. ' . 
... 

the id~ntifier spe~trum from. c12 +. He3 .: Single chazidel ail.alyzers were ·reset -to··.:;··:···_·;·:-, 

.eliminate all' He3 > 22·~ MeV·-~nd He 4. > 28-:MeV ~om _reach:i.'~g the id~ntifier.: ·· · . :· :-~-, .. ; .. : 

Measurement of the Li 6 spectr~ in conj~cti~n with a pr~~e~tabli~hed pulser >·'.,.-~ .. ::.:. ·._ > / . 
.... •• • • • •• f 

. .. ;·, 
energy scale provided the energy cali bratioh for ·each r\lll. · Fol.lr to six hoUr· · ·. · , : --. •;- .: 

. :: : :· -.~: •' < ... -~ ... ~:· .; ·-.·~ 

runs at an analyzed beam. intensity ot; ~50 :mtJ,a were r~quir_ed. 

Figure 2 p;esen~s the e~ergy ~pectrum.-.oic12(He3 ;He 6)c9. 
: . 

··-. 
only the ground state transition has been 

. ... - • .. 
·< ,· c;lefinitely observed and its cross.·; __ ·., :.: .. -' 

. . . '• . . ... . ·( .\. ~·. ~,· ... _:::~::·; 
. . 12 3· 6 9 .. '········· · .section is also given in ·Table 1. It is apparent that the. C (He , He )C -and:< .. • .. · _:·--~.:. · 

26 3 6 23* . . . ' ' ·. . . . . . . . _:· :-: ' 
Mg (He ,He )Me; (0.449 MeV) crOf\S ·-~~ctions are comparable and .quite small, ' .· •· 

both peaking forw~rd ~nd re~ching ·a~~ut l tJ.b/ sr .... ·.The. ~ass-~xce.ss· of ~9 onith~ :.'; :·:·<·.·· .. :·:;;;'·1 
. . :o . . :. . . . . . . ·. :· . ·,' ···.' . 

·. c 12 scale was dete.rmined to. be 28~ 95 .. _·±~ ()~ 15 M~v;· h~rice, as expected./ c9 :ts .. <.·.:.,. ....... :: .. :~·:· . 
. . . . . .. ~: 

. . ' . . .. ·.. . ·::· ·-·~· 
stable ·with respect to proton _emission. Sharper energy limits could·not be • · >_." . · '> 

. ' . . ..... · 

set 
. . . / . . ' ·. . ~-~ .... ~ . 

from these data· due to transient·. difficulties in maintaining a constant·.: -~ .. -.--_..-·, · ",_. ' . ·. . ·;· ·. ·. ' ,'' . ·:- <:> ,. . . .. · . . .· ' . . . . . '• :. ·, .. ' 'c ·.: :··/ 

beam ene~·gy_.. _::_ ·. ·\. _ .'· ···.· . . '· · ·:: ::· ::·.;-,. '.:·<·i.(:::· 

.-.: -·. ·- ·· ·< ·:_··-~,-_::·:_;;·.:: .... _.. -- · · .. · .. . ._ ... _ ~-\~( ~-.:~ ·. __ :;_:_i\.::·_r.f· 
~ . : . .· .. •, . . ... ~ . ' .... 
'i " , :•:' '., ''' ' . " ,' ,'~·- : '' ; " ~.-.. I• •: .,:'• .' ' 

• • '· ,· • .: :. . : ~: 1 • • •' . ' : :! . • • ' . 
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·· .. : Within the framework of charge_ ind_ependence ·of. nuclear forces, · it can'· 

2 6 
·be· shown' that the masses of an isobaric .. muitiplet are relatedby. 

. •-1; 

M = a +·bT z 
2 + c T z 

. .. 

: ·\ .··.· 

.·. · .. 

Measurement of the c9 mass-e~cess enables us to make the initial. check. :· : _.·: . 
' ... ; 

... 

of this relation since, previously, at•mostonly three members ·of an isobaric .. -:-·· -~ . 
.. ' _, .. 

multiplet have been .available. The other.three members of the mass 9, T = 3/2 

quartet are Li9(T. = +~/2,.mass-exce~s.24_.965:± 0.020.-MeV), 7 ·Be9(T. '=.+1/2, .. : :;·:::. ·' .. \ 
. . . ·. Z .. · · .Z ; ... ·:,.·., 

.. ' ' 8' . ··'· 
excitation ofT =·3/2 state 14.392 "± 0~005 MeV), a_nd ·B9(Tz J:; -.1/2, exeitation : ·. :-: •'-

. . - 9 . .. ..... 
'ofT = 3/2 state 14.668 i o.q16 MeV). Since the experimental error is greatest:· .... ;.c .. • 

for the c9 mass, the coeffici-ents. w~re. obtain~d from the Li9 , Be9, B9 ·states 
. ; .· ' 

and used to predict the mass~ex~ess .of c9. to be 29.00 ± 0.08 M~V .. Excellent.-·_.:· ... · -_:..;·:. 
• I • I ' ' '·•.' 

. . :· .,· .. ' ·< :.~·-')· .. ~ 
agreement between this pred~ction and the,.experime~tal mass is apparent. In ;!·. . .:-:. 

"'i' ·. 

. '2 10 ,, :,, ~-
fact, though .the mas,s ·equation has been applied ' to investigate certain . · .. · · .. :·. .. ·. ··.: · 

. . ' . -~--< ... ~~:. . . . ~:_ :~· .. 
relationships between .differen,t:i-spin multiplets withina'given A, this is·.::···<-·:·~.,, 

. '~-- ' ';. 
,·· . . : . ·. ,.· ·, ~ . 

most accUrate check of the equation for a specific mass number •. · ·· ... the 

Unfortunately, as has been. pointed out, 2 this quadratic mass relatio~-:·.: .·•·· .. _:. ·: .. ·· .·' 
. . ........ 

-;--.·· ., ;: 

is not an extremely sensitive t~st of· charge independence due to the fact that · .. ' .... · 

such a relation would also hold for charge_ :dependent forc·es, ·.provided only 'that.··.> .·_:: .:: 
. . . . ... : . ·• --~ .. 

they are two-body forces. HEmce ·turther confir.mation of this formula for'·· ... ·:' 

. ·:. ...... '· 

T = 3/2 quartets or: T = 2 quintets, 10 ' 11 permitting an analysis o.f the resulting·· .. · 
:i" . · ..• ·\ 

·~ ' 
··:·· ·. . ~. . . . ... : 

b and ... c _coefficients and the:i;r change w1 th. mass number (see, for. example, refer- . : . ·~· ... 

' ·' • I 
:· .-:: 

ence 12), _would 'appear to.b0 _a most truitful_course_ to evaiuate accurately 1any 

charge .dependence _of nuclear forces.··. . 
. . .'•.-:· .. ·· .,. 

.•·.·· 

. . :~·" : . ' ... . '\ 3 6 
As ::has been s_ho"Wn_ the three-neut:ro·n pickup (He ,He ) reaction .can be.:·.: . · ·:·· 

' • ' ,': ,I • o ' ' ' ' 

. . . ' ,. ~:.._i."-· 

used to measure the masses df the. Tz:,=:- .3/2 nuclei, so that exp~rimental_.: ·: 

methods are !low available to complete many isobaric _quartets. Most of the ·. ·' 

·, 

: . ~ 
' ·:~ .. · 

'',' 'l I 

, .. ' 
- ..... ·, . ·· ... ~ . 

. , .. . ·' ... · 
' . ' · ... ·:::.~ . :- '·~-.: .. 

;. ·:· . ': _': . . ~ ... :. :' ~ ·-~ 

';. . .. 
.', '.' 
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T = + 3/2 masses are known and the T. = 3/2 states in the T = + 1/2 and - 1/2 z z 

.members can be readily located throu~h (p,He3 ) and (p,t). reactions .on. appro-.~-., 
... 

. 1113 
priate targets. ' In addition, the. observation of. this reaction offers· 

promise that the fourth and fifth members of. the A·= 4n, T = 2.quintets can be· 

measured.. Taking the A = 16 system as an· example, at· present T .= 2 states in · 
. . . . . 

16 __ 16 . . . : 16 . ll 
the T = +2(C ) , T = +1(~ ) , and Tz· = .0(0 ) nuclei. are known. Next,· one .·· . z . z 

·. '16 . 6 6 
can hope to locat·e ·T = 2 states in the· T = -1 nucleus F through the F19(He3 ,He )F1 · 

. z 

reaction analyzed in a simiiar manner to that previously used for the Tz ,;, ·+lj.O· .. · 

isobars, since lir. ~ 3/2 is ~li~wed in ·this reaction.· ·Las~ly, if He8 is particle 
14" 

. sta?le, the success of thfs three-n~utron. p·ickup reaqtion makes it conceivable 
' 
that the T = ? quintets can be compl~ted by· obtaining the mass of the ·T .· = :+2·. . 

·. . . . z ..... 

member via a four neutron pickup ~ea~t.ion, in this case Ne
20

(He 
4

,He8)Ne16• 
( ". .· . 

The· aipha-particle energies whic& weuJ.d be;· required are well within the r~ge .; 

of the new variable energy cyclotrons~ ·,· 

:-"-· 
. '. 

.. ' 
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' . . . . 26 3 6 23* . . .. .· 
Table 1. · Diff5re~tial cross sections for the Mg . (He ,He )Mg. (0.449 MeV) 
and cl2(He3,He )C g.s. transitions. The absolute accuracy of the cross-sections. 
should be ± 25·percent; statistical errors· are indicated. 

26 3 . 6 23* 
Mg (He ,He )Mg 

C.M. angle, deg cr, 'tJ.b/sr 

16.2 1.0 :t 0.2 . 

c .. M. an,gle, deg 

15.8. 1.6 ± o. 4 .. 

. 20.7 '. ,. · . 24.6 

36.4 

0.59±0.14 

0.50± 0.16 

. 1.3 ± 0.2 

1.4 ± 0.3·. 
. :···· 

. 20 .. 7 (see 

'.25 •. 7 (see 

. 33·9 
: 

.. . - . 
. ··- . : ··•· 

: . 

.:·.· ' 

.. 
' 

·-- . 

·. .·. ··.···· .·. ....... 

.· ... · 

. i .. · ••. ·r . .... .,. • 

... · .. 

... '. 
. .... l .... _:·._ ...... ,· .••. • 

. -~ _,. 
.. '•.I. 

. ' : ·:·· 
!,' • '• I 

.,·. !. 
. . . 
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FIGURE CAPriONS 

• . 4 6 . 
Particle identifier spectra from 7o MeV He on Mg2 .·and 65 MeV He3 

on c12• ~ines 1 through 6 represent . . 

. . 4 26 
determined from the He + Mg data. 

discriminator settings as 

The ·spectrum for He3 ~ c~2 

arises .when all discriminators but number l are set. 
. . 

. 12 3 69. 
An energy spectrum from.C (He ;He )C at 12 deg~. The. dashed line 

at lower channels .th~ thecr-~~:a p~ak m~rely. repr~s~nts an av~rage . 
of the scattered counts in this region • 
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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 informatian, 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 i~ the above, "person acting on behalf of the 
Commission'' includes any employee or cbntractor of the Com
mission; or employee of such contractor, to the ext~nt 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. 




