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ENERGY DEPENDENCE OF 26Mg (p,t)24Mg AND l2C(p,t)10C 
L =0 AND L= 2 ANGULAR DISTRIBUTION SHAPES* 

UCRL-17709 , 

t S. W. Cosper, H. Brunnader, Joseph Cerny, and Robert L. McGrath 

Lawrence Radiation Laboratory and Department of Chemistry 
Uni versi ty of California 

Berkeley, California 

August 1967 

Abstract: Though (p,t) angular distributions with L = 0 and 2 normally 

. ~6 12 ' 
show a static behavior, thelr meas:urement on Mg and C targets for 

,proton energies between 20 and 54 MeV shows a marked shape and magnitude 

deterioration at the lower energies. ,These results are compared "':;0 two-

nucleon transfer DWBA theory. I 

lowest T = 2 (15.43 MeV; During a recent 'experim~ntl) in which the 

state in 24Mg was populated via the 26Mg(p,t) reaction,it,was noted 

that the typical L = 0 triton angular distribution of this state
2

) showed 

a marked magnitude and shape deterioration when the incident proton energy, 

was lowered from 38.7 to 32.5 MeV. That both the magnitude and shape of 

this angular distribution could undergo such a drastic change with only a 

6 MeV change in incident proton energy near E ~ 35 MeV appeared to be of 
p 

considerable interest for three reasons: a) Most other L = 0 and L = 2 

(p,t) angular distributions, primarily involving relatively high c.m. 

energy tritons, had shown a nearly static shape which changed slowly with 

target mass number (compare refs. 3) and 4)-:.. a fact which nad been used 

to assign L = 0 or L = 2 transfer to unknown (p,t) and (p,3He ) angular 

distributions; b) This magnitude and shape deterioration, if not predicted 

by current two-nucleon transfer theory, could cause uncertainties in the 

-~ .. 
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,,' ,', '\, ',' ., .', ,,' spectroscopfc'inforinationextractedfrom' .some··' .(p,}) "reac'tion C~ata;"and .. ::." 

.' ,.,.' ··~·::~·~.::::c) Any exp~;iments· dire~ted ·.toward: esta~{ishJ.~g·.t~~16c~ti'on2) . or' decay' 
",' ' .... !II. • , ;.,'. • • , , , : •• ,.'. '......., • " 

i" <.:, . ':': pr~~ertiesl) of T = ~1~z'l ,+ 2 states via (p,t) in~~stigatiotiSWO~ld 
: .. ~: . , 

, '\.., '.' -. 

',knowledge of the conditions',Under which the cross '. section to these high 
. - . , 

,isosp~nstates was 8: maximum. 

In order to obtain. further data concerning this phenomenon, . the; , 

,.,;' 

external proton be~oftheBerkeley88-:-in. ,cyclotron 'was. 'tl~edto bombard'" ,', ,'.< . -:. 
:':.-"'. ".'.-

" ", 2b '. .' . 12 .. , . . ;" 
',: '.targets of Mg and C. The resulting tritons were ,identified by means , '.' 

,.' .' -: .. ,"Of a t:E-E detector. telescope. 'and a p'ower-law type parti~leidentif~er5). ,'L 

; 
.' :. / 

, Angular distributions 'of ,tritons leaving 24Mg.in its 'ground an~first 

, ", 

"?";:" ', .... '.:':',.'. ~ .. " .'. ... "+ .'. .. .( 
": exci,ted. (1.37 MeV, 2 ) states (L =Oand 2, respectively) were obtained at 

", '-.- <~ 

"' ..... 

i . 

... : .... 

" . 

'. ,eight' incident proton energies between . 20.0 a,nd50.0 'MeV.' L :: 0 triton 
, ",' . , +. 

angular distributions resulting from the formation, of the 15.43 MeV 0 ,. 
. '. . - ' , 

'. 24,··· '. 
T= 2 state in Mg were obtained at six. proton energies between 32.5 

. . -' .' 

50.0 MeV. In addition, L = 0 and 2 angular distributions:from the." .' 

12 10 ' . ' . ' .. " . + ." . . . . . . 
C(p,t) C ground and first excited (3.35 MeV, 2 ) s,tates, respectively,.' 

. . 

were investigated at six proton energies between 3.0.0 and 54.1 MeV .. , .. 
, ",~ ,'. ". 

These L = 0 (p,t) data are shown in fig., 1 and the L :: 2 data 'in 
'. . 

• fig; 2. The solid curves in both 

distorted-wave born approximation 

figures'represent two-nucleon·transfer6)·.·. 

(DWBA) fits to the data 7), where each 

fit has been individually normalized. Rea~ and imaginary well depths were 

". '., allowed to vary smoothly Wi t~ energy 
8

), the actual values of the parameters 
'~ .~. f'" 

used followed quite closely the approximate expressions p~esented in fig. 1..:. 
'. . 

.' .' .. " . '. -
The two-nucleon transfer DWBA clearly reproduces the general features of 

,'. ~ 

f. . the observed shape variation of these (p,t) angular distributions with 

incident proton energy. 

';,:. "., 

.- , ...... ,. 

, ... :. 

' .. 

'.' . 

"., . 
"/' 

:'. ;' 
, '. 

, ,',' 

. "'., 

" '-;~"'" 
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The magnitude and. shape deteriorati'on of the anguh.r dist:cibution 

24 
of the 15.43 MeV· Mg state at low energies is readily apparent in fig. 1. 

The first maximum, beyond zero degrees, of the characterist.~,c 1. ..... 0 sh;-xpe, 

clearly seen from 50.0 down to 38.7 MeV, has disappeared at Ep ::: 32.5 

MeV- the cross section in that ar.gular region ha.v:Lng dec:;:,eased aln:ost a 

factor of 8. The other two L ::: 0 distributions in fig. 1 also ShOoT 

comparable magnitude and sha:pe deterioration at the lower incident. :proton 

energies. The nearly static L "" 0 shape referred to earlier is clearly 

eviclent in the data of fig. 1. The L == 2 angular distr:Lbut.ions shown in 

fig. 2 likewise show an almost static ~hape for Ep :::: 38.7 MeV, h01.;ever, 

like the L :::: 0 shapes they tend to deteriorate at lower proton energi,es. 

. 24 
It is interesting to note that the L = 2 transition to the Mg (1.37 MeV) 

. state does not show the cross section reduction .seen in the L = 2 tra.nsi-

tion to the 10C (3.35 MeV) state at the lower proton energtes. 

Figure 3 presents a summary of these data and their D'iiBA fits. In 

the left portion of the figure'are plotted the integrated cross sections 

versus the outgoing triton c.m. energy, while the right portton of the 

figure shows the first maximum peak cross section9 ) plotted against 

triton c. m. energy. The points connected with dashe'S. lines represer..t 

the experimental data· and the BoliO. curves the DWRL\. predicticm:. 

The most striking property of the three L == 0 tre.nsitions is that 

they all seem to reach a maximum integrated and first maximum cross sec

tion atE
t 

(c.m.) ~ l7±2 MeV. The L = 2 transition to the 10C(3.35 MeV) 

state also shows this behavioT. In contrast, both the integrat.ed and 

first maximum cross sections for the 24Mg (1. 37 MeV) state are still 
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. ,_._:.rising a~ ,E
t 

',(b'.m.)\ ~8;~e: ;<:"An ;intercompa:~i~on'of, <f~g~. 1~2,' and 3 

thafthecharacteristic.(p;t).'L = o and, 2 shapes begiJ?to deteriorate 
',,:: .. -1 ".' 

H~:ri.ce assignment of L..;transferV:~iues_ to un;., ,-
, - " ., ~ - , -. ",' -, '. . . 

;", 
(p, t) . transitions by comparing tnel,r .a.ngulard:i,stritni:tion shapes 

. . . , 

to known'transition:s'c~uid. 'possiblY be misleading if the. incident epergy 

is suchthat,Et. (c.m.) < 10 MeV. Sincethe"DWBA appears to reproduce the' 

o1:iservedenergydep~ndence of these (p,t) crosss~ctiorisquite well, 

;; , 

spectroscopic information extracted from .,. (p, t ) 'reaction data us ing· the 

DWBA should. not be affected by this observed strong energy dependence. 
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Figure'Captions. 
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_. 'j ••• " Fig. SomeL,;:: Otriton'angular 
. ". ······' .. 26·· . ····.·12' 

1. distributions .~esult1ng f;rom the proto~, ".' "~,. ',7 
..... ;: .~\. .. .. 

. ,', . -~" t .'. I 

'.,j. ',. 

. ,:,' .. :~.,,' ~,' , 
• \' .. ' - - ': 1 ,~ 

"",-

... 
, ~," 

bombardment of .Mg~nd C.·.at various incident energies. The solid . " 

. .i' 

curves, are two-nucleon t~ansferDWBA fits which were generated using 

the parameters.shown in the figure plus a real andimaginary.radius, '~. ',-

parameter of 1. 25 f .. ' .. (E . and E are the incident proton energy and 
p exc :: ,or· 

the excitation of the state being 'fit in MeV,' respectively.) Each fit,';'>:' . 
. ' ~,,-- ... ~ .; L 

;; ., ..•. l 

has been independently normalized to the data. 

Fig. 2. , . 26 ( ) Some L = 2 triton angular distributions from the Mg p,tand 
. . 

. -{ 
l2C(p,t) reactions at various incident proton energies. See caption .. 

: of Fig. 1. 

Integrated (10~ _660 c .m.) and first maximum (past 00
) peak cross ";:;. :~" .,' 

,. ',' ,i, 

' .. 
. ';/' sections plotted ver:s~s triton c .m. energy for some L == 0 and L = 2 
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(p,t) 'transitions to states in 24Mg' and 1oC. The data points are 

connected with dashed lines, while the solid curves are DWBA predic-

tions. All DWBA values for'a given state have the same normalization:) 
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APPENDIX 

This appendix contains three tables which present data considered too 

lengthy for inclusion in the body of the paper submitted to the. journal. 
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Table A-,r. Mg(p,t) Mg (Q = ';'9.94MeV)D.·W.B~A. Parameters 

Entrance Channel 

v "'-74.0 

W '" 10.0 + s ' 

0.5 E a. 
p 

0.2 E 
P 

a = a == 0.50f r .i: ,,' 

r ==r. == 1.25 f' .r 1 ' 

r == 1.30f' c ' 

,E .;'~' .• ' 
-- p 
,(MeV) 

20.0 

25 .. 9 
30.0. 

32·5 ' 

35·0 

38·7" 
,: 

, 42.0 

46.0 

50.0 

.' 
V 

64.0 

62.0 

60.0 

58·5' 

57·0 

53:0 
,,,.;,., .j 

50.0 

50.0 

48.0 

w s 

14.0 

15·0 

16.0 

16.5 

17·0 

17·5 

18.4 

19·0. 

'20.0 

" 

, ' 

',' .. 

v 

Exit Channel 

18~. 5, 0.5 (E 
p 

'W '" 29.6+ 0.2 (E s . ' : . p 
," 

a=a =0.60 f. r i ., 
'~ 

r ,r - r 
·i 

== 1.25 f 

-- 'r' '~1. 30·f 
c' . ' 

, ~ . :,~ : 

Ground state 1. 37 MeV 
V V Ws 

172.6 

170.0 
.' , 

167.5 

16?O· 

163·7 

162.0 

.1; 

33.6 

34.6 

,35·6 

,I 

<36.6' 
" ' 

.3'1·3,. 
... ~' 

,38~ 0 

159.5, . ·~8.8. 

157.539·6 

173·3 

170·7 

168.2 

,'" ';'--~' 

16?',7· 

, '164.0 
. '. 

'.162.'7 

i60.2 

158.2 

33~3 

34·3 

35.3, 

36·3 

37·1' 

37,·7 ' 

38·5 

39·3 

a. Ep == Incident Proton Lab Energy (MeV)-> 
.' ~ 

b. Eexc == Excitation of'State Being'Pit'(MeV} 
, ~." ,:", ./ " 

.- : ,;."~ 'r .... · ., 
"-" -

, ' 
,c .• 

1 'A. 
'. ~ .. - . - -

.' ';;..:~:,: l. ':.~'. 'if ~' 'c "': 

, ,,,:, 
.. 

~ .. 
E ')h 

exc', '.,. 

E')".·' 
exc :~;. 

~' .~ ~ 

-: 
~. .. \....... ~'. 

-- ." 
• ,., t_ 

~-.-

---

174·3 . 

-! , 

.. ,', -

.. .' ~ 
" ~' 

stat~ 
" ,W' 

, s' 

, '. ~ '.( ~, ... ' ,~;", ,.' 

~ :' 

.173~0 

17i.'·1'··· 
. - "... :"".~ 

,', .. 
169.? . 

167.5 

165·5 

. ;f;~' 
""'~ .' , :':', 

. :'.' . :;"..;:.. .... ~ ",,' 

, .!"> :~. ,~ 
oj.' 

)5.6 

36.4 

'.' .. 

'" 

-.;.. 

.. ~~ .~ " 
~~ ." -

.... ~ 

",' 

:, i'" 
, .. ~-. 

" .. ....; '.,~ ~. 

" ,~. 

'1::,,:, ' ~ '-~,' 

I, ' 
co 
I . 

6 a 
'~ 

I 
.' P 

.-:..:) . 
-:..:) . 

":0" 
\0 

,~:<'" 

~;' 
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1210 ' Table A-II. C(p,t) C(Q == - 23.32 MeV) D.W.B.A. Parameters 

Entrance Channel Exit Channel 

" b V ~ 180.0 - 0.5 E + 0.6 E 
P exc 

, a 
V ~ 85·0 - 0.5 E p 

W ~ 19.0 + 0.2 E 
s p 

W ~ 27.0 + 0.2 E - 0.3 E 
s p exc 

a == a == 0.40 f 
r i 

a == a == 0.60 f 
r i 

r == r. == 1.25 f r l 
r == r. == 1.25 £ r l 

r , == 1. 30 f r == 1. 30 f c ' 
c' 

Ep Ground state 3.35 MeV state 
V W V W " V ,Vi 

(MeV) s s s 

30.0 70.0 25·0 165·0 33·0 

32·5 68.3 25·5 '165· 3 32.6 

35·0 67·5 26.0 162·5 34.0 164·5 33·2 

43·7 63.0 27'.8 158.0 35·6 160.0 35·0 

46.0 62.0 28.2 157·0 36.2 159·0 35·4, 

50.0 60.0 29·0 155·0 37·0 157·0 36.2 

54.1 , 58.0 29.8 ' 153·0 37·8 155·0 ' 37·0 

a. E == Incident Proton Lab Energy (MeV) p 

b. E == Excitation of State Being Fit (MeV) 
e~ " 

I 
'-0 

I 

~ 
fl 
I 

~ 
<3 
'-0 

__ .. < ••• _~ •••• _=-= . .,,-_,....,_"",-~-_-_-=-=--=~="!:'r7:.--.: ..... ".,...,. ...• -.. .,._* ........ "" ..................... _ ....... ~_,~,."" __ ..... "'~_ .. ~.M_'''-~''-. .. _ •. ,.....,.. ........ _,,-:-.:.,. .•• _"~ ..... ~.:-"'-"~.-.:-.,-! .. :-. .,.~,,..."' • ..-.~~-~ .. ~_. ___ ~. ____ • ___ ~_J ... 
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Table A-III. Comparison of experimental and predicted integrated (10 -60 c.m.) cross sections .. '-.-.:".',,", 

'. . . . . . 26 •. ': 12 
for some L. = 0 and L = 2 (p, t) reactiqns on Mg and C'. 

Proton 24 Mg g.s. 24JYfg (1. 37 MeV) 24Mg . (15.43 MeV) 10 ' C g.s. 

Energy at (J.Lb) at (J.Lb) at (jlb) ai(jlb) 

(MeV) Exp. mmA Exp. DWBA Exp. DWBA Exp. DWBA 

20.0 .1055 1350 810 640·' 
. . 

'~ . --- --- ---
. . 

-," . .. ..... 
25·0 1210 1275 570 . ·500 . ---'. '~'--- .. --- --- ". 

": . ~ 
'. . '. 

··.·"396' .1065 . 420 425 
,r,o. ,\. ....:... '. 

30.0 1005 --- --- .705. , ' 
" , . 

. . 'o. 

'" .35 . 46 ." ',. " 

32·5 --- --- . --- --- - ---

35·0 780 790 370 375 . 45 60 965 1380' 
'" 

38·7 '" 570 590 "'340 . 335 , "',105 110 ' .' --- ---... 

· 42.0 '" 525 460 "'260 285 .. '. "'130 130 --- -_.-
-

i285 . · 43·7 --- --- .:. . , --- --- ",1105 
'':' .... 

. " 

· 46.0 . 380 345 200" 240 140 .. 120 .. 1315 1145 .' 
" . . '. . . ' 

50 . 0 .. .. 300' '250' 160 . 195 130 .' 95 ·ii75· 8.90·' 
. , 
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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, metho~, 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. 






