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A. STUDY OF MASS 5 AND 7 NUCLEI BY (p, t) AND (p, \1c) 

REACTIONS ON 7Li AND 9Bet 

:j: 
J. Cerny, C. D6traz , and R. H. Pehl 

Department of Chemistry and 
Lawrence Radiation Laboratory 

University of California 
Berkeley, California 

June 28, 1966 

ABSTRACT 

3 Triton ahd He energy spectra and angular distributions from lf). 7 MeV-

bombardment of 9Be and 7Li have been obtained. The restrictions on 

direct (p,t) reactions as compared to (p, 3He) reactions may result in the 

absence of certain transitions for the former due to their being "S-forbiddcn"; 

several examples of this selection rule were observed. Though the lowest T = 3/2 

states of the mass seven product nuclei were readily observed, a·<.>earch for 

T = 3/2 states in mass five was unsuccessful. 

:; (• . , .. 
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I. INTRODUCTION 

Simultaneous observation of direct (p, t) and (p, 3He) reaetiow_; hafj b<!en 

:;(tO)n/ ·c.c be:: a very useful tool for locating states with T = jTZ(target)J t l 

i.n the lighter nuclei. Several furthe'r spectroscopic advantages of such com-

pa:c:i.ccr:s :cer:cain to be explored. If one considers these two-nucleon pickup 

reacti~ns, in first order, on targets with TZ I 0 leading to final states with 

rp - jT ( tarrret) J then the (p,t) reaction req_uires s ::: 0 for the tram> ferred .... z z b } 

~;air vi·,ile the (p, 3He) reaction may proceed by both s :::: 0 and 1 transfer. This 

ce:~>t:ciction on (p,t) transitions as compared to (p, 3He) transitions may mani-

fest :;.tself in two ways: 

A) Some (p,t) transitions may not be observed due to their being "L 

fo::·bidden". An example of this occurs in the search for the intermediate-

coupling predicted
2 

7/2..,, T = 1/2 state in 13N-13c via (p,t) and (p, 3He) 

l t:; 15 . 11 
reactions on -'-./N(l/2-:-, T = l/2), assuming N to be a pure. l_E nucleus. 

The conservation of total angular momentum and parity req_uires L = 4 for the 

3 transferred pair in the (p;t) reaction and L = 2 and/or 4 in the (p, He) 

reaction; since a maximwa L transfer of two is permitted in the pickup of two 

2 nucleons, only the (p, 3He) transition is allowed. Comparison of (p,t) and 

3 . (p, He) spectra and angular distributions can then permit identification of 

this 7/2- state, as will be reported in a future publication. 3 

B) Some (p,t) transitions may not be observed due to their being "S 

forbidden". Particularly in the lower part of the E. shell where LS coupling 

of the target and final nuclei i$ appropriate, one can have transitions in 

wn1cn, though the relevant L transfer is allowed, the configuration of the 

final state req_uires a change of~ incompatible with the restrictions on S 

of the tranr>fe:rTed pair j_n the (p,t) reo.etion. ThlG will be di::;cu::;sed further 
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2 4 
belo',.'j c.:.n example vmuld be a P

3
/

2 
. ....,. P'5/2 transition-forbidden in the (p,t) 

but EtllO\·Ted in the (p, 3He). 

We have investigated the (p,t) and (p, 3He) reactions on 7Li and 9
Bc with 

ti'le: Ol'i.f3inal intent of locating the lowest T = 3/2 states in the prod.uet nuelci. 

Observation of the T = 3/2 states in 7Li-7Be has been previously reported.
4 

'h·;,<n:~ i l.:i.ons to several T - 1/2 final states have been observed, some of which 

perf.'li c; u.o; to explore and then exploit spectroscopicallY the S forbidden behavior 

of the (p,t) reaction in these light E shell nuclei. 

II. EXPERIMENTAL 
. . 3 . 

The (p,t) and (p, He) reactions were induced by a beam of 43.7-MeV 

protons from the Berkeley 88-in. spiral ridge cyclotron. The general beam 

5 . 
-transpor't 'system has been described previously ; measurements were made in a 

36-in. scattering chamber. 

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

?al'ticles were detected by a counter telescope that consisted of two semi-

2 
conductor detectors: al 25.5 mg/cm phosphorous-diffused silicon transmission 

counter backed by a 755 mg/ cm
2 

lithium-drifted silicon stopping counter. 'l'he 

l. 61 >~ !+. 75 mm counter telescope collimator was about 32 em from the target. 

Identification of the reaction products was performed by a particle identifier
6 

which employs the empirical relationship, 

Range= a E
1

' 73 
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Hhc,ce ~ d.epencls on the type of particle (and stopping material) and E is the 

i_nc~_cl<:r,t energy. _A typical particle-identifier spectrum is shmm in :Fig. 2. 

'-i_'otu1-cm::rgy rmlses were fed into a 4096-channel pulse height analyzer which 

va:_; routed so that the triton, 3He, and alpha-particle spectra were reeorded 

sL:m:l.t.&r.e:ously, each in a 1024-channel group. (Though the (p,a) data were 

t2..J-:en, they will not be discussedj Ref. 7 presents some of the 7Li(p,a)
1
•He 

results.) Pulses that corresponded to the deuteron-triton valley were routed 

;nLo u fourth 1024-channel group to record any possible loss of tritonsj such 

::... 1o;:;s p:covcd to be negligible. The particle-identifier output was observed 
I 

continuously on another pulse-height analyzer. Since no variation of peak or 

vaLLey position occurr~d, the discriminator settings were not changed during 

the experiment. The average energy resolution was 170 keV for tritons and 

200 keV for 3He from the 9Be target. 

The beam intensity, which ranged from 20 to 300 nA as necessary depending 

upon the angle of observation, was measured by means of a Faraday cup and 

i_ntegrating electrometer. An additional lllO mg/ cm
2 

lithium-drifted silicon 

decector rotated 50 degrees with respect to the flight path of the scattered 

particles in order to increase its effective thi~kness and stop the elastic 

protons was placed at a fixed angle ( ... 20 deg)j it served as a monitor during 

tl1e ex1)eriment. 

Self-supporting 7Li and 9Be targets 530 and 650 IJ.g/cm
2 

thick, 

respectively) were prepared by evaporation. Separated isotopes were used for 

~he lithium targets. Neither of the targets contained an appreciable oxygen 

"ir~:puri -r_,y. 

. !_..,..., 
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III. MASS 7 NUCLEI 

Typical 9Be(p}t) 7Be and 9Be(p} 3He) 7Li spectra' are presented on 

}'1.g. ) Hhile Fig. 4 presents the well-established
8 '9 energy levels of 7Be 

ar-.d r(Li through the first T ~ 3/2 state. 
4 

On the basis of their dominant 

2 
LS coupling} the ground and first four excited states are described a::; P312 , 

2\) 2 2 d 4 . l 2) 10 
~ :L/ 2 ) F7; 2 ) F 512 , an P 512} respect1 ve y. 

Figures 5 and 6 present the angular distributions to the ground ancl 

first three excited states of 7Li and 7Be with the exception of the broad 

6.:;5 I·IJeV state of 7Li which was obscured by the transition to the {.48 MeV 

st~te. Angular momentum selection rules and the required pickup of two 

2-shell nucleons restrict ,the transitions to the 0.431, 4-.55, and 6.51 MeV 

7 ' 7 . 
levels of Be and to the 4.63 MeV level of Li to L = 2; the remaining transi-

t.ions shown on Figs.· 5 and 6 may proceed viaL= 0 and/or 2. If one considers 
fixed 

the fairlyjshape of L ~ 0 and 2 angular distributions for these two-nucleon 

l ll 
pickup reactions in the lighter elements, ' as indicated for several other 

target nuclei on Figs. 7 and 8, one can see that the data on 9Be agree with 

these trends. ·The transitions required to beL= 2 show either the expected 

maximum near 20 deg c.m. or they possess a flattening shape at 'forward angles 

ancl a clear second maximum at the expected :::.50 cleg c.m. (compare Fig. 8). 

'l'he remaining transitions show a varying but mixed L = 0 and 2 character. 

12 
Barl~er reproduced both the value of the L transfers and the relative yieldr> 

of the transitions using LS coupled shell model wave functions for the A = 7 

levels and intermediate couplingwave functions for the 9Be ground state. New 

levels have been.recently reported13 at 5.9 and 6.2 MeV in 7Be. There is no 

evidence for them in these data but we cannot rule out the'i.r presence if their 

-1 
cross :;cction is su1uller than about 50 f.Lb sr 

~. 
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3 A stril<.:ing difference between the (p,t) and,-(p, He) spectra of' Fig. 3 

is the :;trorl(::; excitation of the 5/2-_, 7.48 MeV 7Li level while the mirror 

7.19 Ivle:V level of 7Be is not appreciably populated. (This remains true even 

after corripensating for the much greater width of the 7 Be level, 
8 

720 keV as 

op;;occ:C:c 'co 89 keV in 7Li.) Figure 9 shows the angular distribution to the 

7 9 2 7 . 4 
7.!;3 MeV level of Li. This absence of the Be[ P

3
; 2 J(p,t) Be[7.19 MeV, P

5
; 2 J 

transition is an example of an S forbidden reaction; the change of S required 

by the nuclear wave functions is forbidden by the S = 0 requirement on the 

'transferred two-neutron pair in the (p,t) reaction. However, the greater 

flexibility of the (p, 3He) reaction permits the analogous 9Be[
2

P
3

/ 2 J(p,, 3He) 

7Li[7.L~8 MeV, 
4
P

5
/ 2 ] transition through the additional allowed S = 1 for the 

transferred neutron-proton pair. The allowed total orbital angular momentum 

transfers are L = 0, 2; on comparison with the data of Figs. 7 and 8 one con-

eludes that.this transition is mixed with a somewhat dominant L = 0 character. 

As further confirmation of this interpretation one may note that this L = 0 

contribution implies an S = 1 requirement on a transferred pair between a 3/2-

and a 5/2- state. 

An earlier report
4 

has shown the strong peaks at 10.79 MeV in 7Be and 

11.13 MeV in 7Li to be the lowest T = 3/2 states in these nuclei. 

IV. MASS 5 NUCLEI 

Figures 10 and ll show a typical energy spectrum for the 7Li(p,t) 5Li 

<:.thd 7Li(p,3He) 5He reactions, respectively, while Fig. 12 presents the present, 

level scheme8 for these nuclei. The widths of the ground states are 0.8o±o.o4 

'j 5 4 1+ 
tllc::V for He and 1.55±0.15 MeV for Li in then- He and p- He c.m. syotem, 

rer:pectively. 
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The angular distributions of the two ground states are presented in 

Fig. 13 and indicate substantial mixing of L = 0 and 2 transfer, as is con-

2 2 
sister/c. vith the p3/2 

-) 
p3/2 nature of the transitions. A very broad level 

5He 
r~. 

bet"'deerj, 2 and r::; MeV of excitation was observed in both and "'Li, but no .-' 

at",:e;·r"!pt \vas rr.ade to extract either an excitation energy or a cross-section. 

At much higher excitation a striking difference again appears in 

comparing the (p,t) and (p, 3He) spectra-namely the absence in the 5Li exci­

tation spectrum of the two energy levels clearly apparent in the 5He data. 

'I'c,e first of these levels, known to be 3/2+ and located at 16.70 MeV in 5He 

and 16.65 MeV in 5Li, is due to an S-wave interaction in d-t or d-3He,scat-

t.erinc;. 4 8 2 7 
Transitions to this s

312 
state from the P 

3
/ 2 grru nd state of 11 

require L = l and S = l for the transferred pair. As disc:ussed above and 

already observed in the transitions to the mass 7 final nuclei, such a (p,t) 

tJ.·ansition isS forbidden. The allowed (p,3He) transition to the 5He[J6.70 MeV) 

level is sho-vm on Fig. 14; its angular distribution is different from the 

characteristic L = 0 and 2 transitions shown on Figs. 7 and 8 but quite similar. 

to the only other well established L = l transition known to us, that of 

19F(p,t) 17F [3.10 MeV, l/2-]~l~ 

The same argument holds again for the broad state near 20 MeV. A 

5 15 dd'inite state at 20. o±o. 5 MeV in Li was recently observed as a D-wave 

d-\re j nteraction with a tentative cpin assignment of 3/2+ or 5/2+; the mirror 

5 l t ' 8 ' 16 c ( ) d ( 3 ) level in He has on y tenta 1ve support. omparative p,t an p, He 

d.ata permit us to distinguish between the two possible total spin configurations 

2 4 
fo::.· this state, D and· D. The appearance of a state at 19.9±0.4 MeV in the 

7 . 3- 5 .. L1(p, He) lie data and the absence of transitions to the presumed mirror level 

.. ;.\;, 
........ .. "'; 
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e:.t 20 Ivk:V in the 7Li(p)t) 5Li data imply that the latter transition is S 

forbiC:.den and that the state is· 
4
n

3
/ 2 or 5/ 2 .

17 

A. careful search was made for the first T == 3/2 state in the mass five 

systen. No states other than those discussed above were observed. Since the 

J:)<.te::;t. ·r == 3/2 state would be expected to be a doublet i.n total spin) the (p) t) 

'ceuction could populate it and would be expected to be fairly sensitive-except 

for the high triton continuum background-due to the above-mentioned absence 

of other transitions in ·the region about 20 MeV of excitation. In order to 

permit a more sensitive search for a possible T = 3/2 state) a coincidence 

experiment capable of observing the decay properties of levels of 5He ·and \i 

.from 16.6 to 28MeV excitation is in progress. 
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FIGURE CAPI'IONS 

Fig . .L. .3lock diagram of counting equipment for recording energy spectra. 

Fie> 2. Pa:r·ticle-identifier spectrum at a scattering angle of 23 deg from 

to~r.bardment of 7Li with 43.7 MeV protons. The discriminator settings are 

represented by lines l-5. 

)2.5 degrees. 

Fig. ~~. Energy level diagrams for the A = 7 nuclei. 

Fig. ~· Angular distributions of the transitions to the ground and first 

excited states of 7Be and 7Li. 

Fi.g. 6. Angular distributions of the transitions to the second excited states 

~f 7Be ancl 7Li and to the "'6.5 MeV level of 7Be. 

Fig. 7. Angular distributions-in arbitrary units-of several pure L 0 

(p,t) transitions in the light elements. 

:Fig. 8. Angular distributions-in arbitrary units~of several rmre L 2 

l~ig. 

Fig. 

},i :~~. 

l~i2_;. 

Fig. 

(p,t) transitions in the light elements. 

9· 

10. 

11. 

12. 

13. 

The angular distribution of the 9Be(p, 3He) 7Li [7.48 MeV] transition. 

The energy spectrum of the 7Li(p,t) 5Li reaction at 14 degrees. 

The energy spectrum of the 7Li(p,\:Ie )5He reaction at 14 degrees. 

Energy level diagrams for the A = 5 nuclei. 

Angular distributions of the transitions to the ground states of 

"" c.; 
)Li and _.~He. 

Fig. 14. Angular distributions of the (p, 3He) transitions to the 16.70 and 

19-9-MeV states of 5He. The cross section of the latter transition is only 



'· ... -•~:::~ 

. Cave area r:_ _________ l 

1 Scattering 1 
1 chamber 
~~-----, 

I I 
I I 

Incident 1 1 

-ll-

Fig. l 



,·,,:.,_.,' 

Q) 

103 c 
c 
0 

..c. 
(.) 

"-
102 

Q) 

0... 

(/) -c 
::::> 
0 10 

(.) 

50 100 

-12-

7Li + 43.7- MeV protons 

23 deg 

150 200 
Channel . number 

Fig. 2 

UCRL-16956 

250 300 



200 

-13-

300 
Channels 

Fig. 3 

UCRL-16956 

400 

MUB-5576 



::,.:..;.,., 
· .. 

c 

7He 
[---] 11.13 T=3/2 

-14-

312-

T=3/2 
----10.79 

rfff/$ffff$7, 9. 9 
sSSSSSSSSHSSSS>S 9 • 2 

S~~~'.'/ASSSHSS> 7 .19 
7.48 5/2- HHHHSSSHHSSS 6.51 

6. 56 S>S5SSHSSSSSSSSSS 5/2-

7/2-4.63----

· Fig. 4 

----4.55 

UCRL-169)6 

MUB-7369 



.~::;. ··-

-..... 
(/) 

....... 

.Q 

::i.. 

c; 
"'0 
....... 
b 

"'0 

100 

l 
100 

-15-

Ground states (3/2-) 

o 9 Be (p,t) 7Be 

b. 
9 Be (p, 3He) 7Li 

First excited states 

( 1/2- ) 

10~--~----~----~--~~~--~~~ 

0 40 80 120 

8 (deg) c.m, 

Fig. 5 
MUB-7375 

.:' ·'<'!'." 

UCRL-16956 



.· .. :. ... 

-.... 
(j) 

' .0 

::i.. -
~ 
"0 

' b 
"0 

-16- UCl~L-1(/)~6 

o 9 Be ( p,t) 7 Be 

~ 9 Be (p, 3He)7 Li 

Second excited states 

100 (7/2-) 

~ 

0 

100 9 Be (p,t) 7Be*<~ 6.5 MeV) 

0 

0 

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

0 40 

e c.m. 

Fig. 6 

80 

(deg) 

120 

MUB-7373 



q 

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

"'0 
......... 

b 
""0 

'd 

-17- UCRL-16956 

10~--~~~----~--~--~--~----T---~~ 

\ / A leo (p,tll6o* 

\. I ', 1a I""' .u 0 0 ( p,tl -v 

5 \\ I -'o~' o I Go ( p,tll4o \\ I ,6 \\ X 15N (p,t)I3N 

1- \\ I I \\ /-{ 12c (p,tlloc . 

L ~~ I I ~' ' \ 
.. 
\ 

\~...;/ \ \ I \ 
qJ \ '-./ ,..., \ 

~· \ cf \\ 
10 \ \ I \ 'n 

\ \ I \ , /6" I o 
~ /X-~ \ I \ 

q \ f/ \\ \ I \ \ I \\ \ I 
\D k X ·

0
\ \ \ / 

\ \..)/ \ \ b.,;-
\ I b\ 
do./ k 

\ \ . 

\ \ 
\ \ d-, \ \ / ,...-x~ ', \ //' ~' 

\ I I ~,'\ 
\ \ X 

\ o.y \ \ 
\ \ 

~~ \ \ 
\ \ 

'-q 'x 

\ 

~~--~--~----~--~--~--~----~--~~ 
10 30 -50 70 90 

8. · (deg) c.m. 

MU B 11572 

.Fig. 7 
I 
i 



.. ~ ........ u. 
" •· J , ___ ... --=-~-. 

. ~ . ":: 

5 

( 
i 

-18-

o 'so ( p,t> 'so• 9.88 (2+) 

[}. 15N ( p, t) 13N* 7.3 8 (5/2-) 

D 15N (p,t) 13N*" 15.07(3/2-) 

X l2c ( p,t) 10c* 3.35 (2+) 

UCRL-16956 

I ~--~----~--~~--~----~--~----~----~ 
10 30 50 

Bc.m. (deg) 

Fj_g. 8 

70 90 

MU 6·11571 



i 
I 
I 
I 
I 

I 
I 
' I 
·I 
I 
l 

t 
I 

\ 

i 
I 
I 
i 
l 
i 

I 
\ 

t. 
\ 

I 
I . ... 
( 
I 
I . 
·I 
•\ 

' ! 
I' , i 
I 

I 
f, 

I 
r 
I 

-19- UCRL-169)6 

9Be ( p,3He) 7 Li * (7.48 MeV) 

,.._ 
~ 

(/) 

' ..0 
:::l_ 

100 ...._.. 

q 
""0 

' b 
""0 

10 ~----~----~----~----~----~----~ 
0 80 120 

8 (deg) c.m. 

MUB-7374 

Fig. 9 

,, ' . : ·:· --fr_•;":' . ~ .• ·:1'. 



-20- UCRL-16956 

E exc (MeV) 

30 20 10 0 
2000~----~--~--~----~----~----~------~----~--~ 

1000 

100 

1 Li ( p,t) 5Li 
43.7 MeV 

14 deg 

ui ui 
0' 0' 

u 0 
0 ~ 
- l{) 

.,_ 
-~w a: a. . -w 0 u-

C\1 I.D 

-il -i 

300 

Channel 

Fig. 10 MUB-7384 

;; .... -.. -.-:.-



-21-

20 

(MeV) 

10 

. UCHL-J ("1')6 

0 
IOOOr---~------~----~----~~--~----~--~ 

(!) 
c 
c 
0 

.c. 
u 
'-
(!) 

a. 500 
(/) -c 
:J 
0 
u 

. 
(J) 

J 

200 300 

7Li (p, 3 He) 5 He 

43.7 MeV 

co 
0 

(!) 

I. 
f() 

u 
C\J 

400 

14 deg 

Channel. 

Fig. ll 

500 600 

MUB-7382 



··.,:-:·.:.•.:., ' 

-22- ' UCHL-Hi))6 

16.70----4 53/2 ____ ,6.65 

____ 2.p".'ll/2:-----
5 ~ 5 L"a He 

M U 8-11573 

Fig. 12 



-23-

2000 

o 
7Li (p,t) 5 Li 

1000 ~ 
6 7Li (p,

3 He) 5He 

,-...... 

500 l ,__ 
(/) 

......... 
_o 

::i.. -
c; 
'"0 
......... 

b 
I 

'"0 200 

100 

50 ~~--~----~----~--~~----~~----~----~ 
10 30 50 70 

e (deg) c.m. 

,· 

MUB-7376 

Fig. 13 



0 

200 

20 

-24-

7 Li (p;He) 5He 

43.7 MeV 

l'l. 16.70-MeV state 

o 19.9 -MeV state 

10 ~.----~--~._~--~--~~--~~----~ 
10 30 50 70 

8 (deg) c.m. 

Fig. 14 MUB-7370 



,. 

This report was prepared as an account of Government 
sponsored work. Neither the United States, nor the Com~ 
m1ss1on, nor any person acting on beha]f 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 p~ocess 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. 






