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Magnetic Pair Spectro~lreter Studies of Blectromagnetic 

Transitions i n  c14 and d4 * 

D .B. Alburger and B ,KO Warburton 

Brookhaven.Nationa1 Laboratory, Upton, New York 

An intermediate-image pair spectrone t e r  was used\ t o  

study electromagnetic t ransi t ions i n  c14 and N'~. Energy 

levels i n  these nuclei were populated by means of the 

c ~ ~ ( ~ , ~ ) c ~ ~  and ~ l ~ ( d , n ) ~ ' ~  reactions w i t h  deuteron energses 

between 1.9 and 3.1 MeV. I n  c14 r 6.58WV tr. iuiit ion was 

observed i n  the internal  pair spectrum but not i n  the ex- 

ternal  pair spectrum, From t M s  a def in i te  a s s i m n t  of 

,Jn = O* can be made f o r  the c14 6.58-MeV level. I n  I4l4 tbe 

branching ra t ios  of the 5.69 + O  and 5.69 -+ 2.31 tran- 

s i t ions  were determined t o  be 37 + 2% and 63 2 2% respectively. 
.I) 

The energy differences between close-lying pair  lines were 

measured w i t h  suff icient  accuracy t o  allow l i m i t s  t o  be 

placed on the l i f e t i p s  of some s ta tes  i n  c14 and N'~. Thus 

it was determined tha t  the ran l ifetime of t he  c~~ 6.5MeV 

level  i s  greater than 4 x 1 0 ~ ' ~  see. 

* Work performed under the auspices of the U.S. Atomic Energy Commission, 
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I INTRODUCTION 

I n  the preceding a repor t  was given on inves t iga t ions  of 

9 
t he  'electromagnetic t r a n s i t i o n s  from Be +d using t he  Brookhaven in te r -  

medi ate-image p a i r  spectrometer. 2-4 This  paper descr ibes  inves t i -  ' 

gat ions  of electromagnetic t r a n s i t i o n s  from c13+d reac t ions  f o r  deuteron 

energies  between 1.9 and 3.1 MeV using the  same spectrometer, For 

these deuteron energies t r a n s i t i o n s  a r e  expected from the  reac t ions  

13 c13(d, t3)c14 (g  = '5.947 MeV), C (d,n)*14 (Q '=  5.319 MeV), and c ~ ~ ( c ~ , , c L )  

5 
B" (Q = 5.167 MeV). These t r a n s i t i o n s  have been s tudied rhther  

thoroughly i n  the  past. The major purpose of the  present work was t o  

search f o r  a ground-state t r a n s i t i o n  from the  c14 6.58-MeV l e v e l  which 

has not been reported previously. 

I n  the preceding paper1 a lower 1 i m i . t  was placed on t he  m a n  l i f e -  

time of the  Eiel0 6.18-MeV l e v e l  by a measurement of the energy separa t ion  

of t h e  pa i r  l i n e s  c o r r e s p o d ' g  t o  the Belo 5.96 -+ 0 and 6.18 -3 0 

t r ans i t ions .  The limit was placed from a knowledge of the  Doppler s h i f t  

5 
of the Belo 5.96, - 0  t r an s i t i on6  and the  measured energy separat ion 

of the 5.96- and 6.184eV l e v e l s ,  Another purpose of t he  present 

inves t iga t ion  was t o  see  t o  what ex ten t  this method could be applied to  

close-lying p a i r  l i n e s  i n  t he  c13+d spectrum i n  order t o  gain  information . . 

14 
concerning l i f e t i m e s  of l eve l s  i n  c14 and N . 
1. B.K. Warbur+on, DOE. Alburger, and DqHa Wilbinson, Phys. Rev. ( t o  be 

published). 

2, D.B. Alburger, Rev. Sci. Ins t .  27, 991 (195610 

D.B. Alburger, Phys.Rev. 111, 1586 (19581. 3. 

4, DOE. Alburger, Phys. Rev. 118,. 235 (1960). 

5. P. AjzenbergSelove and T. Lauri tsen,  Nuclear Phys. 11, 1 (1959). 

6, E.K. Warburton, D.B. Alburger and DOH. Wilkinson, Phys. Rev, 12gXXXX (1963). 



-. 3 - 
I1 . EXPERIMENTAL METHODS AND RESULTS 

The i n t e r n a l  pa i r - l ine  spectrum from the  bombardment of a  s e l f -  

suppdriirlg 66% c13 target ,?  0.67 + 0.1 mg/cm2 th ick ,  with 2.7-MeV 

deuterons was observed i n  survey runs wi th  spectrometer r eso lu t ions  of 

3% and 2%. The r e s u l t s  f o r  t r a n s i t i o n s  with energies  g rea te r  than  3  MeV 

and f o r  2% reso lu t ion  a r e  shown i n  Pig. 1. The two c13 pa i r  l i n e s  shown 

12 
i n  Pig. 1 a r e  f r m  the C ( d , p ) ~ ~ ~  react ion.  A l l  t h e  other p a i r  l i n e s  

a re  assigned t o  c13+d reactions.  

A. The Sp in-Par i tyof  the c14 6.58-MeV Level 

A l l  t h e  t r a n s i t i o ~ l s  labeled i n  Pig. 1 have been repor ted  previously 
5  

except the c14 6.58 + 0 t rans i t ion .  It was suspected t h a t  t h e  c14 6.58- 

MeV l e v e l  has J"=o*. * This  assignment would expla in  why t h e  6.58 -+ 0 

t r a n s i t i o n  is observed i n  t he pai r - l ine  spectrum of Pig. 1, s ince  an EO 

t r a n s i t i o n  t o  the O* c14 ground s t a t e  would be enhanced i f a c t o r  of about 

500 r e l a t i v e  t o  E,( and M ~ ( I )  1) t r a n s i t i ~ n s , ~  whereas it has not  been 

observed i n  i n v e s t i g a t i o n s  of t h e  gamma rays  f rw c13+d. 

One wag of e s t a b l i s h i n g  tha t  a high energy t r a n s i t i o n  i s  a n  e l e c t r i c  

monopole is t o  compare t h e  i n t e r n a l  and e x t e r n a l  pa i r - l ine  spect ra ,  . The 

+ 
f @ c t  t h a t .  gamma-ray emission is s t r i c t l y  forbidden fo r  0  -) .. 0* . t r a n s i t i o n s  

means t h a t  no l i n e  should appear i n  t h e  e x t e r n a l  p a i r  spectrum. This  

scheme has been used i n  a  magnetic p a i r  spectrometer b y  Bent, Bonner and 

~ c ~ r a r ~ "  a s  a  means of es tabl ishing.  t h a t  the  r a d i a t i o n  from t h e  3.35-MeV 

7 .  The c13 t a r g e t  was. kindly supplied by B. Cohen of the  Universi ty of 
Pit tsburgh.  

8. B.E. Warburton, Phys. Rev. 113, 595 (1959). 

9. DOH. Wilkinson, D.E. A1burger;E.K. warburton, and R.B. Pixley,  Phys. 
Rev. 129, EUXlXK ($963) .  

10, R.D. Bent, TOW. B o ~ e r  and JoH. McCrary, Phys. Rev. 98, 1325 (1955). 
. . 
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f i r s t  exci ted s t a t e  o f  ca40 is EO. 

Por our external  conversion pair-l ine measurements the ta rge t  

was located i n  a brass cup of 3 mm iodo i n t o  which a small amount of 

aquadag was f i r s t  deposited. While the  aquadag was s t i l l  wet severa l  

f l akes  of the enriched c13 ta rge t  material  were pressed i n to  t h e  bottom 

of the cup where they were held f i rmly i n  place a f t e r  the aquadag had 

dried. A 0.001-in. th ick uranium converter f o i l  4.5 mm i n  diameter was 

cemented on the outside of the cup and the  e n t i r e  assembly was placed 

i n  the spectrometer such tha t  the  U converter f o i l  was a t  the  normal 

source posit ion.  A defining aperture allowed a 2-mm diameter beam t o  . 

ente r  the .cup, 

Figure 2 shows the external  conversion pair - l ine  spectrum taken 

a t  approximately the same resolut ion s e t t i n g  a s  f o r  the  i n t e rna l  pa i r  . . 

conversion spectrum of Fig. 1. These da ta  were f o r  Ed = 3.0 MeV and a 

beam current of 1 pamp, I t  is c lear  from a comparison of Figs. 1 and 2 

t h a t . t h e  r e l a t i ve  i n t e n s i t i e s  of ' the 6.09,. 6.44- and 6.724eV l i n e s  

i n  the ex te rna l  conversion spectrum are approximately the  same a s  they 

are  i n  the i n t e rna l  conversion spectrum whereas the  6,58-MeV li'ne is 

missing i n  the  ex te rna l  conversion spectrum. Its expected posi t ion is 

indicated by the arrow i n  Pig. 2. 

I n  separate t e s t s  it was shown tha t  t h e . i n t e r & l  pa i r  conversion 

yield r a t i o  of the  6.58 and 6 . 7 2 4 e ~  l i n e s  remained approximdtely constant 
. . 

from Bd = 2.7 MeV to  Ed = 3.0 MeV. Thus, even allowing f o r  the  somewhat 
' 

gtea te r  e f f ec t i ve  thickness o f  the target  i n  the run on the external  pair- 

l i ne  spectra  a va l id  comparison of the  6.5Wand 6.72-MeV l i n e s  can. be 

made by using Pigs. 1 and 2. 



I n  Pig. 2 we estimated the  minimum in t ens i t y  of a  6.58-MeV 

external  pair  peak which could have been seen well  outside of s t a t i s t i c s ,  

The r a t i o  of such a  peak t o  the i n t ens i t y  of the 6.72-MeV l ine  was then 

compared w i t h  the  measured r a t i o  of the 6.58- and 6*72LMeV l i n e s  i n  the  

i n t e rna l  pa i r  spectrum of Fig. 1. S h c e  the 6.72-MeV t r a n s i t i o n  is 

ks t  probably ~ 3 '  and since the spectrometer e f f ic iency  has been calculated 9.1 

f o r  a l l  m u l t  ipoles we can p b  ce a  lower l i m i t  on the i n t e rna l  p a i r  con- 

version coeff ic ient  of the 6.58-MeV t r ans i t i on  based on the 6.72-MeV 

t rans i t ion .  A simple calculat ion shows the  number of 6.58-MeV pa i r s  per 

gamma ray is > 2.4 times what i t  would be if the  t r ans i t i on  were El. A 

larger  inequal i ty  r e s u l t s  f o r  any other  mul t ipolar i ty  assignment except BO. 

Similar arguments can be made assuming t h a t  the c14 6.7HeV l eve l  is  2.; 

which is the  a l te rna t ive  t o  the  most probable assignpent of 3- . '  Thus, 

the only possible assignment to  the 6.58-MeV t r ans i t i on  is EO which a t  once 

+ 
requires  t h a t  the 6.58-MeV s t a t e  of c14 have a  spin-parity of 0 . 

B. The B" 5 3 4  + 0 Transi t ion 

I n  addit ion t o  the  survey runs taken a t  2% a d  3% resolution,  some 

of the pa i r  l i ne s  were studied a t  a resolut ion of 1.3%. The r e s u l t s  f o r  

Ed = 2.7 MeV are  shown i n  Fig. 3. The presence of a  pa i r  l i n e  which we 

associate with t he  B" 5.04 + 0 t r ans i t i on  was revealed by the  r e s u l t s  

s h m  i n  Pig. 4. 
t 

The pair-l ine shape ' for  a given resolution s e t t i n g  .of the  spectro- 

meter i s  highly energy insens i t ive  and so f o r  the  l i n e s  of Fig. 3  the 

expected shape is qui te  accurately known. The pai r  l i n e s  of Pig. 3  a l l  



have shapes i n  agreement with tha t  expected except the N14 5.10 j 0 

l i n e  which bps an asymmetry on the low energy s ide  which indicates  the 

presence of an unresolved pair  l i n e  corresponding t o  a t r ans i t i on  energy 

of about 5.05 MeV. The evidence f o r  t h i s  pai r  l i n e  is i l l u s t r a t e d  i n  

Fig, 4 whi.kh is an expanded plot  of the N~~ 4.91- 5.10 doublet .shown i n  Pig. 3. 

~ h e ~ e x ~ e c t e d  shape of the N14  5.10 -+ 0 pa i r  l i n e  is shown a s  

well  as the best  f i t  t o  the experimental points. A;. smooth curve was 

drawn through the dif ference between these two curves with the condition 

tha t  the pa i r  l i n e  constructed i n  t h i s  manner have the expected resolut ion 

(1.34%) and an energy of 5.047'MeV. This energy is that  expected f o r  

5 
the  B" 5.04 + 0 t r ans i t i on  (5.035 0.008 MeV) with an assvmd Doppler 

'13 s h i f t  of 1 2  Lev. Since the B~~ 4 . 4 6 - ~ e ~  l eve l  is excited by the C (d,a)B 
11 

reaction a t  Ed = 2.7 M e V  (see Pig. I), it seems l i ke ly  tha t  the B" 5.04-. 

MeV level  a l so  w i l l  be excited,  Thus, we assign the pa i r  l i n e  with a 

nominal energy of 5.05 MeV t o  t h e  B1' 5.04 j 0 t r ans i t i on  which has 

13 11 
been observed previously by other reactions5 but not by the C (d,a)B. 

reaction. 

C. The t414 7.03 + 0  rans sit ion 

The pa i r  l i n e  ascribed t o  the N ' ~  7.03 j 0 t r a n s i t i o n  i n  Pig. 1 could 

be due, i n  whole or  pa r t ,  t o  the c14 7.01 4 0  t rans i t ion .  In  an attempt 

t o .  ascer ta in  the r e l a t i v e  contribution of these two p o s s i b i l i t i e s  the 

energy of the pair  l i n e  was meisured r e l a t i v e  t o  t h a t  of the cl' 6.72 --) 0 

t r ans i t i on  w i t h  1.3% resolut ion a t  Ed = 3.1 MeV. The energy separation 
' 

between the  cl' bo72-)deV l i n e  and the 7 e 0 3 , - ~ e ~ '  l i n e  was measured t o  be 

315 - + 13 keV. The exc i ta t ion  e n e r g i e s o f  the  cl' l eve ls  below 8 MeV have 



been measured by means of the c ~ ~ ( ~ , ~ ) c ~ ~  reaction.'' From these  

r e s u l t s  an energy separat ion between the c14 6.72- and 7.01-MeV l eve l s  

of  283 - 4 5 keV is obtained.12 The c14 6.72-MeV l e v e l  has an a t tenuated 

,913 Doppler s h i f t  due to the f a c t  tha t  it is relatively long-lived ( r > 3 x 1 0  

s e ~ ) , ' ~  The Doppler s h i f t  of the 6.72 -0 t r a n s i t i o n  was measured a t  

Ed = 2.9 MeV to  be 2 4 4  keV between 0' and 90' t o  the  beam. - l3 'For the 

present co~ld i t ions  this ~ 0 r r e ~ p 0 l l d s  t o  a  Doppler s h i f t  of 1.2 - + 2.4 keV, 

Thus, i f  the 7.33-~ev p a i r  l i n e  is due t o  the  c14 7.91-MeV t r a n s i t i o n  i t  

has a  Doppler s h i f t  of 33 - + 14 keV which is reasonable s ince  a  Doppler 

s h i f t  of 35 keV would r e s u l t  f o r  a  l i f e t ime  shor t  compared t o  10-l3 s e c  

and f o r  an i s o t r o p i c  d i s t r i b u t i o n  of the protons i n  the center-of-mass 

system. 

The measured exc i t a t i on  energy of the c14 6.724-MeV leve l  h a s a n  

uncertainty of 7  kcva5 and thus the measurement of the energy separa t ion  

of the  c14 6.72-MeV and the  7 . 0 3 - ~ e ~  pa i r  l i n e s  y ie lds  7.040 - 4 0.015 MeV 

f o r  the energy of t he  l a t t e r .  The exc i t a t i on  energy of the N~~ 7.03-MeV 

l e v e l  has recent ly  been measured t o  be '7.032 - + 0;010 M ~ V . ' ~  Thus, if the 

7.03-MeV pa i r  l i n e  i s  due t o  t h e  7.03 + 0 t r a n s i t i o n  i t  has a  

Doppler s h i f t  of 8 - + 18 keV which again i s  reasonable. We conc1l.de t h a t  

the energy measurement of the 7.03-MeV pa i r  l i n e  is consis tent  w i t h  i t  

being due t o  t he  c14 7.01 + 0 t r a n s i t i o n ,  the  N~~ 7.03 - 4 0  t r an s i t i on ,  

o r  both, 

11, A,\, Ja f fe ,  P. De S. Barros, P.3. Forsyth, J. Muto, I.J. Taylor and 
S. Ramavataram, Proc. Phys. Soc. 76, 014 (1960). 

12. A.A. Ja f fe  (p r iva te  communication), 

13, E.K. Warburton and H.J. Rose, Phys. Rev, 109, 1199 (19581, 

14. D.3. Clayton, Phys. Rev. 128, 2254 (1962). 



13 
. . The threshold f o r  the C (d ,p)cI4  (7.01-MeV l eve l )  r eac t ion  is 

13 1.225 M ~ V  while tha t  f o r  the C ( d , n ) ~ l ~  (7.03-MeV l eve l )  r eac t ion  is 

1.975 MeV. Because of the  di f ference between these  thresholds i t  was 

f e l t  t h a t  an exc i t a t i on  curve f o r  the  7.03-MeV t r a n s i t i o n  rqight shed 

some l i g h t  on i t s  origin.  An exc i t a t i on  curve was measured a t  3% spec- 

trometer resc lut ion.  The r e s u l t  is  shown i n  Fig. 5. The cross  s ec t i on  

s c a l e  i n  Fig. 5 has an uncertainty of 50% which is mainly due t o  uncer ta in t i es  

i n  the t a rge t  densi ty  as explained i n  sec t ion '  I I D .  An apparent threshold 

very close to that  expected f o r  the  c13(d ,n )~14  (7,03-MeV l eve l )  r eac t ion  

(1,975 MeV) is indicated by the exc i t a t ion  curve of Fig. 5, No evidence 

f o r  the 7.03-MeV t r a n s i t i o n  was seen f o r  deuteron energies  l e s s  than 

t h i s  energy. Thus, the exc i t a t i on  curve suggests  that  the  7.03-MeV p a i r  

14 
. l i n e  is mainly due t o  the  N 7.03 - 0  t r an s i t i on ;  although t h e  pos s ib i l i t y  

t h a t  the  pa i r  l i n e  is due t o  the c14 7.01 - 0  t r a n s i t i o n  cannot be ruled 

out from t h i s  evidence s ince  i t  is possible (but unlikely) t h a t  the Coulomb 

ba r r i e r  s trongly suppresses the (d,p) reac t ion  f rom its threshold (1.225 MeV) 

t o  about 1,975 MeV. The resonance, apparent a t  about 2,2 MeV i n  Fig, 5,  has 

a measured width o f  1.30 2 40 keV and appears a t  an energy ( a f t e r  cor rec t ion  for 

t a rge t  thickness)  of 2.21 - + 0.03 MeV. The t a rge t  thickness a t  t h i s  energy 

is  160 + 25 keV so  t ha t  the measured width is due mainly t o  the t a rge t  thickness - 
13 

and is  l a rge r  than the resonance width. Resonances f o r  C +d have been reported 
5 

a t  2.20 - + 0.01 and 2,23 + 0,02 MeV with widths of 22 + 4 and 4 5 0  keV . - - 
respectively.  The resonance of Fig. 5 could be due t o  e i t h e r  of  these. 

/ 

13 
D. C +d Cross Sections a t  Ed = 2.7 MeV 

The t r an s i t i ons  observed i n  the various pa i r  l i n e  spect ra  taken a t  

deuteron energy of 2.7 MeV are  l i s t e d  i n  Table I. Peak i n t e n s i t i e s  which 



correspond t o  2% reso lu t ion  (Fig. 1) are  averages of a l l  the  data  

taken at  2.7 MeV. For the  3% and 1.3% reso lu t ion  spec t ra  peak in- 

t e n s i t i e s  were converted t o  those  f o r  22 reso lu t ion  by using t he  

2 known r e l a t i o n  between spectrometer reso lu t ion  and transmissiono By 

means of the  procedure given i n  the  preceding paper1 the  peak inten- 

s i t i e s  were converted t o  cross  sect ions .  The c13 t a r g e t  used f o r  t h i s  work 

had an observably non-uniform thickness and severa l  cracks developed i n  

mounting; therefore ,  the  e f f ec t i ve  t a r g e t  thickness was est imated and 

the absolute c ro s s  sect ion s ca l e  of Table 'I is  assigned an uncer ta inty  

of so%, 

The spin-pari ty and mul t ipolar i ty  assignments a r e  i n  our judgement 

the most probable values. If a mul t ipolar i ty  assignment i s  wrong then 

the  cross  sec t ion  w i l l  be a lso ,  s ince  the spectrometer e f f i c iency  is  

dependent on the  mul t ipo la r i ty  of t he  t r a n ~ i t i o n . ~ ~ ~  A l l  t r a n s i t i o n s  

a r e  a s s u e  t o  proceed by the lowest mul t ipo la r i ty  poss ible  except the  

5.33 -+O t r a n s i t i o n  which has been found15 t o  be a near ly  equal  

mixture of quadrupole and octupole. An equal  mixture o f  M 2  and B3 was 

taken f o r  t h i s  t r an s i t i on .  

The spectrometer e f f i c i ency  used was t h a t  appropriate t o  non-aligned 

nuclei.' . For several  reasons, no attempt was made t o  correct  f o r  alignment 

e f f e c t s  using the  procedure of the  preceding paper.' F i r s t l y  the  experimental 

evidence on the  anisot ropies  of the y-rays accompanying the i n t e r n a l  p a i r s  

of Table I is qui te  scanty. Secondly, the r e s u l t s  given i n  the  preceding 

paper1 ind ica te  that correct ions  l a rge r  than about 10% are  unlikely knd t h i s  is  

small  compared t o  the  50% uncertainty i n  the cross  sec t ion  s c a l e  of Table I. . 

15, E.K. Warburton, H.J. Rose, and E.Mo Hatch, Phys. Rev. 114, 214 (1959). 



E. Branching Rat ios  of the N 1 4  5.69-MeV Level 

The N14 5.69'--;)2.314eV t r a n s i t i o n  is  t he  only cascade shown i n  

Fig. 1. Trans i t ions  from the N14 5.69-MeV l e v e l  t o  N14  s t a t e s  o ther  than 

the ground s t a t e  and first exc i ted  s t a t e  have not been observed5 and 

assuming t ha t  o ther  decay modes have neg l ig ib le  i n t e n s i t i e s ,  the branching 

r a t i o s  of these  two t r an s i t i ons  can be obtained from the  data  of Table I. 

The r e s u l t  is  37 + 2% and 63 + 2% f o r  the  5.69 - 4 0  and 5.69 --32.31 - .  - 
t r an s i t i ons  respectively.  This r e s u l t  i s  i n  good .agreement with previous 

determinations of these  branching ratios. '  I n  obtaining t h i s  r e s u l t  both 

t r an s i t i ons  were taken t o  be E l  i n  agreement w i t h  the r e s u l t  of recent  

experiments,16 and with the J" = 1- assignment t o  the  N 1 4  5.69-~ev l eve l  . 
demanded by cl'(d ,n)N14 angular d i s t r i b u t i o n  ~ n e a s u r i m e n t s ~ ~  and e a r l i e r  

work.' Angular  d i s t r i bu t i on  measurements of James17 show t h a t  the.  N 14 

5.69-MeV l e v e l  is formed predominantly by the s t r i pp ing  reac t ion  w i t h  the  

capture o f  an A n  = 0 proton. For t h i s  r eac t ion  mechanism the  gamma-ray 

t r an s i t i ons  from the  5e6w1eV leve1,must be i so t rop ic ,  P a r  t h i s  reason the 

uncertainty i n  the  branching r a t i o s  due t o  possible alignment of the  5.69-MeV 

l e v e l  was assumed t o  be negligible.' I n  add i t ion ,  the correct ion for 

alignment e f f e c t s  is qui te  smal l  i n  t he  case of Bl t r an s i t i ons ,  
1 

P. Doublet Separations and Lifet ime Limits 

The main motivation f o r  obtaining the  1.3% reso lu t ion  pai r - l ine  spec t ra  

of Fig. 3  was t o  m a s k e  the energy separat ion between the close-lying pair- 

l i n e  doublets: N14  4.91-5.10, N14 5.69-5,83, c14 6.09-6.58, a d '  c14 6.58-6.72. 

The da ta  were taken i n  such a  manner as  t o  minimize the e r r o r  i n  the deter-  

16. E.K. Warburton, D.E. Alburger, A. Gallmann, Po Wagner, and L.F. Chase, Jr., 
( t o  be published). 

lie A.N. James, Nuclear Phys. .24, 132 (1961). 
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nina t ion  of t k s e  doublet  separa t ions .  For ins tance ,  the d a t a  f o r  the  

4.91-5.10 doublet (Fig. 4) were taken by increas ing t h e  c o i l  current  

i n  s t e p s  Detween s e t t i n g s  of  9 and 10, repeat ing t h e  same s t e p s  i n  reverse  

order,  and f i n a l l y  rerunning t h e  doublet i n  increas ing s t e p s  from 9 t o  10. 

By t h i s  means i t  was hoped t o  minimize any e r r o r s  i n  the  energy separa t ion 

due t o  s h i f t s  of the  spectrometer c a l i b r a t i o n ,  The pa i r - l ine  spec t ra  of  

o ther  doublets  were obtz+ined i n  the  same manner except t h a t  the c14 6.99- 

6.58-6.72 t r i p l e t .  was run as  a sequence. For t h e  Ill4 4.91-5.10 and 5.69-5.83 

double ts  occasional  checks were run  on the  c14 6.09 + 0 p a i r  l i n e  and i t  

was found t h a t ,  a s  suspected, there were small  s h i f t s  i n  t h e  spectrometer 

ca l ib la t ion .  The da ta  f o r  the  N~~ 6.14 j 0 p a i r  l i n e  were taken separately.  

From these d a t a  the  energy separa t ions  given i n  Table I1 were obtained. 

Also shown i n  Table I1 are  the  b e s t   determination^"^^^^^^'^^ of the, energy 

separa t ions  of the  e x c i t a t i o n  energies  of the  emi t t ing  l e v e l s  and the  d i f -  

f e rences  between t h e  pa i r - l ine  separa t ions  and the  e x c i t a t i o n  energy separat ions.  

The l a t t e r  g ives  t h e  r e l a t i v e  Doppler s h i f t s  of t h e  double ts  ( t h a t  of t h e  

lower energy l i n e  minus t h a t  of the  higher energy l i n e )  and thus can be used, 

i n  p r inc ip le ,  t o  give information on the  r e l a t i v e  l i f e t i m e s  of the  doublets.  

The N~~ 4.91-5.10 MeV Doublet 

The Doppler s h i f t  of the N~~ 5.10 --) 0 t r a n s i t i o n  has been measured 
15 

previously t o  be ( 0 . 1 2  0.1) times the  s h i f t  expected f o r  a  l i f e t i m e  very 

shor t  compared to  10-l3 sec.  Prom t h i s  measurement a l i m i t  Z> 3x10-l3 sec  

was s e t  f o r  the l i f e t i m e  of t h e  5.10-MeV level .  For t h e  condit ion of 

the  present  experiment t h i s  corresponds t o  a Doppler s h i f t  of 2 f 2 keV 

assuming a n  i s o t r o p i c  d i s t r i b u t i o n  of  the r e c o i l i n g  nucle i  i n  the  center-of- 

mass system ( t h i s  l a t t e r  assumption cannot introduce appreciable e r r o r ) .  

18. S. Hinds and R. Middleeon, Proc. Phys. Soc. 75, 745 (1960). 

19. H. Marchant (p r iva te  communication). 



'Combining t h i s  result with the  r e l a t i v e  s h i f t  given i n  Table I1 gives  

17 - + 7 heVfor  the Doppler s h i f t  of the N 1 4  4.91 -+O t r a n s i t i o n .  From 

preliminary r e s u l t s  13  20s21 f o r  C (d,n)N14 angular d i s t r i b u t i o n s  we 

1 
est imate  20 - + 2 keV for the expected s h i f t  of t h e  4.91 -+ 0 t r a n s i t i o n  

under the. condi t ions  of  the  present  experiment if t h e  l i f e t i m e  of the  

N~~ 4.91-MeV l e v e l  is very s h o r t  compared t o  the  stopping time of the  

6 
N14 r eco i l s .  Thus we have an a t t enua t ion  f_actor, F, of 0.85 2 0.35 where 

..a * . The stopping power, a f o r  N~~ ions  i n  carbon can be = l+a /Y 
2 2 

obtained from t h e  stopping power d a t a  of Pora t  and Ramavataram. T,he 
"a 

r e s u l t  is a = (4.6 - + 0 . 5 ) x 1 0 - ~ ~  sec ,  i n  which case we obta in  the  6% 

confidence limit c' 5x10-13 s e c  f o r  the mean l i f e t i m e  of the  N14 4.51-MeV 

level .  There, has been no previously published information on t h i s  l i fe t ime.  

The N~~ 5.69-5.83 MeV Doublet 

There i s  no information on the  angular d i s t r i b u t i o n s  of the  

13 C (d,n)y14 reac t ions  leading t o  e i t h e r  t h e  5.69- o r  5.83-MeV- l e v e l  i n  

the deuteron range of 2.5-3 MeV. However, t h e  angular d i s t r i b u t i o n  

. l ead ing  t o  .the 5.69-MeV l e v e l  i s  q u i t e  s i m i l a r  t o  t h a t  of the  4.91-MeV 

l e v e l  a t  Id = 1.2 M ~ v , ~ ~  and we assume these two d i s t r i b u t i o n s  a r e  roughly 

s i m i l a r  a t  Ed = 2.7 MeV. T h i s  assumption See- reasonable s ince  both 

l eve l s .  a r e  formed by I= 0 s t r i p p i n g  pa t t e rns  a t  Ed = 1.2 MeV and the 

5.69-MeV l e v e l  should be formed by I= 0 s t r i p p i n g  a t  higher energies  

20. F.J. Vaughn, L.F. Chase, Jr., and R.Go Johnson, Bull. Am. Phys. Soc. 
5, 404 (1960). 

21. LoFo Chase, Jr. (pr ivate  communication). 

22. D.I. Porat  and K. Ramavataram, Pxoc. Phys. Soc, 77, 97 (1961). 



as  i s  the 4,Ql-MeV level .  20*21 Since the  5.69 -) 2.31 t r a n s i t i o n  is an 
' 

allowed 81 t r a n s i t i o n  we a l so  assume tha t  t h e  N14  5.69-MeV l e v e l  has s 

l i f e t ime  shor t  compared t o  10-l3 sec. With these assumptions we obta in  

25 - + 5 keV f o r  the  Doppler s h i f t  of the  P4l4 5.69 + 0 t r a n s i t i o n  under 
' 

the condit ions of the  present experiment. The large  uncertainty re- 

f l e c t s  our inexact knowledge of the  (d,n) angular d i s t r ibu t ion .  Combining 

t h i s  r e su l t  with the r ~ l a t i v t !  s h i f t  l i s ted  i n  Table XI gives  9 2 7 keV 

f o r  the Doppler s h i f t  of the N14 5.83 + 0 t rans i t ion .  The e x p e c t e d f u l l  

s h i f t  of the 5.83 + 0 t r a n s i t i o n  is  30 keV f o r  an i s , o t rop i c \d i s t r i bu t i on  

of the  reco i l ing  nuclei.  We assume 3% uncer ta inty  t o  cover devia t ions  

from isotropy and obta in  t he  est imate F = 0,3 - + 003 f o r  the a t tenuat ion 

f a c t o r  f o r  the  d4 5.83-MeV level .  This is t o  be compared t o  t he  previous ' 

determination15 of F = 0.67 - + 0.09 f o r  stopping i n  carbon. The present. 

r esu l t  is i n  s l i g h t  disagreement w i t h  t l ~ e , p r e v i o u s  r e s u l t  (such as  t o  

ind ica te  a l a rge r  l i f e t ime )  but the  uncertainty is too l a rge  t o  allow a 

conclusion t o  be drawn, 

The c14 6.58-MeV Level 

The r e l a t i v e  and absolut r  Doppler s h i f t s  of the c14 6-09 -+ 0 and 

6.72 j O  t r an s i t i ons  have been measured previously f o r  2.9-MeV deuterons 

incident  on carbon.13 Assuming the angular d i s t r i bu t i ons  of the reco i l ing  

c14 nucle i  are the same st Ed = 2.9 and 2.7 MeV, these previous measure- 

ments y ie ld  16 2 3 keV f o r  the r e l a t i ve  Doppler s h i f t  ( tha t  of t he  6.09- 

MeV l i n e  minus t h a t  of the 6.72-h4eV l i n e )  f o r  the condit ions of the  present 

masurerae~ts .  This is i n  good agreement with the  present. r e s u l t  of 

14 + 6.4 keV and serves as a check on our method. Absolute Doppler s h i f t s  - 



f o r  the present conditions o f ' 16  - + 2 and 1.4 - + 2.7 keV f o r  t he  6.09 j 0. 

and 6.72 ->0 t r ans i t i ons  are  a l s o  in fe r red  from the previous work. 

Combining these values with t he  r e l a t i v e  Doppler s h i f t s  of  able I1 gives 

the Doppler s h i f t  of the  c14 6.58 --3 0 t r ans i t i on  a s  -2 + 7 and -3.7 2 7 J 

keV from the values f o r  the 6.09-.6.58 and 6 38-6.72 separations respectively,  

We :adopt -3 - + 7 keV f o r  the Doppler s h i f t  of the  c14 6.58 -+ 0 transit ion' .  The 

Doppler s h i f t  expected f o r  an i so t rop i c  d i s t r i bu t ion  of the outgoing protons 

and a l i fe t ime shor t  compared t o  the stopping time of the reco i l ing  nuclei  

i s  34 keV. The minimiun possible s h i f t ,  corresponding t o  a l l  the protons 

0 being emitted a t  0 , is 14.2 keV f o r ~ ; r l 0 - ~ ~  sec.  or sec  a Doppler - 

s h i f t  l e s s  than 22 keV vjonld be qu i t e  unlikely since it would correspond 

t o  sharply forward peaking of the angular d i s t r ibu t ion .  Thus, if we increase 

the experimental' Doppler s h i f t  'by two standard deviat ions  we obtain  P = 

l l n . 2  = 0.5, and we adopt t h e  l i m i t  P < 0.5 f o r  the c14 6.58 --) 0 t ransit ion. .  . , 

The stopl,ing time, a, f o r  c14 ions i n  carbon can be obtained f=om the 

stopping power data of Porat and ~ ~ m a v a t a r a m . ~ ~  The r e s u l t '  is (5.2 - + 0 . 5 ) ~  

a/ Z' 10-l3 s ec  and using P = - r e  obtain the  l i m i t  r > 4 ~ 1 0 - l 3  s e c  f o r  
I+&/ 2c 

the mean l i fe t ime of the .c14 6.58-MeV level ,  

111. DISCUSSION 

13 ~ h &  c14 6.58JleV l e v e l  was first observed i n  the C (d,p)c14 react ion 

a t  Ed = 14.8 M ~ v , ~ ~  and it  was reported tha t  the proton angular d i s t r i bu t ion  

w a s ' f i t  by the Butler formula with o mixture of < = 0 and 2. If t rue ,  

this would demand tha t  J= = 1-. However, the s t r ipp ing  radius used was too 

large and i t  was i a t e r  founh13 t h a t  1. = 2 o r  a mixture of 1 = l and 3 n 

gave the  best  f i ts t o  the  angular d i s t r i b u t i o n  but t h a t  nei ther  f i t  was 

23. J.N. McGruer, 1.K. Warburton, and R.So Bender, Phys. Rev* 100, 235 (1955). 



+ 
par t icu la r ly  good so  t h a t  a t en t a t i ve  assignment of J' = lo, 2-, or  3- 

12 w a s  made f o r  the  6.5WeV level.  Later,  C (t,p)~14 angular dis-  

t r ibu t ions  were obtained f o r  the bound el4 levels,'' and in te rpre ted  by 

the double-stripping theory. It was found tha t  J" = 1- o r  O+ gave the  

only acceptable agreement with double-stripping theory and since the 
+ 

(d,p) r e s u l t s  indicated J" = lo, 2-, or 3- the 1- assignment was adcipted. 

However, t he  0+ assignment should not have been excluded since the Jn = 
' 

+ 
lo, 2'-, o r  3- as'signment' was only tenta t ive .  . . We conclude tha t  the present 

+ 
assignment of J" = 0 , which has been ver i f ied  i n  a l a t e r  experiment, 

16 

is  i n  good agreement w i t h  the double-stripping t e s ~ l t s ~ ~  and t h a t  the simple 
- 

plane-wave s t r ipp ing  t heory i s  not adc:.luate t o  explain the (d ,p) s t r ipp ing  

23 r e su l t s .  

I t  was conjectured t ha t  the c14 6.58-MeV l e v e l  was 

J n  = 0, since i t  is the only known l e v e l  which could reasonably be the ' 

analog o f  the N14 T=l, 0, 8.62-MeV level.  Now tha t  the c14 6.58-MeV l eve i  

has been es tabl ished a s  J" = O+ an ' i den t i f i ca t i on  with the N14 8.62-MeV 

l e v e l  can be- taken a s  def in i te .  

I t  has been proposed 15*24, t h a t  a f a i r l y  good descr ipt ion of the I-, 
' 

el4 6.09- and o+, 6.58-MeV leve ls  ( o r  the N~~ 8.06- and 8.62-MeV l eve l s )  

is pln2sln outside an i n e r t  zero-spin c12 core i n  the f irst  case and two 

pa r t i c i e s  in the (1d,2s) skll outside an i n e r t  zero sp in  c12 care i n  the  

second case. Unna and ~ a l m i ~ ~  predicted the  exc i ta t ion  energies of these 

14 
.two leve ls  ( i n  N ) with be t t e r  than 200 keV accuracy using a model of 

4 8 
( ~ 1 / 2 ~ ~ 1 / 2  ) and (2s2 outside a ls1/aP3/2 core. We c k  use t h i s  model 

1.D 

24* H.K. Warburton and W.T. Pinkston, Phys. Rev. 118, 733 (1960). 

25. I. Unna and I. Talmi, Phys. Rev. 112, 452 (1958). 



14 
, t o  ca lcu la te  the  t r a n s i t i o n  s t reng th  of the E l  C . 6.58 -+ 6.09 t r an s i t i on .  

The r e s u l t  is, i n  the nota t ion used by Warburton and ~ i n ~ c s t o n , ~ ~ A ( ~ l )  = 
-14 

1.92 corresponding t o  ? = 1 . 4 ~ 1 0 - ~  e v  o r  a mean l i f e t ime  of 418x10 sec. 
Y 

4 
~ i & e  t h i s  ' p a r t i a l  l i f e t ime  is about l0~-10 times shor te r  t han  the  ex- 

pected l ifet ime1 of the  EO c14 6.58 --j 0 t r a n s i t i o n  i t  can be compared t o  

tk l i fe t ime  limit fi 4x10-l3 s ec  determined i n  the present work. The 

discrepancy of a t  l e a s t  a  f a c t o r  of 10 shows t h a t  the simple model of 

(p1/22sln) and ( 2 ~ : ~ )  wave funct ions  is not adequate t o  expla in  t he  

l i f e t ime  of the  c14 6.58-MeV level .  The calcula ted l i f e t ime  can be reduced 

by a f a c t o r  of 10 o r  more by taking the  expected admixtures of  (plnd3n) 

i n  the c14 6.09-MeV l e v e l  and p2 and (d2) i n  the  c14 6.58-MeV l e v e l  i n  
1/2 

.the r i gh t  proportion; however, the  high degree of cancel la t ion necessary t o  

cause t h i s  reduction seems a r t i f i c i a l  and improbable so t h a t  a  more p laus ib le  

"fixing upw of the  wave funct ions  would seem t o  demand a breaking up of 

12 
the i n e r t  zero-spin C core. I t  may wel l  be t ha t  the  o*, c14 6.58-MeV 

+ 
l e v e l  has a s  complicated a shell-model wave funct ion a s  the  0 s t a t e s  of  

c12 a t  7.65 MeV id 016 a t  6.06 MeV seem t o  have. 

I t  was s t a t e d  i n  Sect ion IIC t h a t  the  exc i t a t i on  curve of Fig.  5 

favored an assignment of the  7.03-MeV p a i r  l i n e  t o  the  N~~ 7.03 -+O 

t r a n s i t i o n  ra ther  t h a n  t o  t he  c14 7.01 --)O t r ans i t ion .  Further evidence f o r  

t h i s  assignment is t h a t  the 7.03-MeV i s  known t o  be exc i t ed  by the  

13 C ( d 9 n ) ~ 1 4  reac t ion  a t  Ed = 3.9 M ~ v , ~ ~  and is known t o  decay predominantly 

by a ground-state transi t ipn. '  On the other  hand, the cI4 7 . 0 1 - ~ e ~  l e v e l  

was not observed i n  a study of the c13(d,p)c14 react ion a t  Ed = 14.8 MeV, 
23 

26. R.E. Bcnenson, Phys. Rev,  90, 420 (1953). 



.while a l l  the other bound leve ls  were, Although no quant i ta t ive  numbers , , 

are available we can say tha t  a t  E = 14.8 MeV the c14 7 . 0 1 - ~ = ~  l eve l  d  

must be quite weakly' excited compared t o  the  other c14 levels.  Insofar 

13 as  the C (d ,p)c14 reaction proceeds by the s t r ipping mechanism, the  
, 

same should be t r u e  a t  lower deuteron energies and t h i s  is inconsistent 
. . 

with the ra ther  large cross section (see Fig. 5 )  observed f o r  the 7,,03- 

MeV pair  line. If, however, the ~ ~ ~ 7 . 0 1 - M e V  l eve l  has J" = 0' and the 

7.03-MeV pair  l i ne  were due . t o  a ground s t a t e  t r ans i t i on  from t h i s  l eve l ,  

the cross sect ion f o r  the 7.03 0 t r ans i t i on  would be about 500 times 

9  l e s s  and the above remarks would not apply, .A 0' assignment was made t o  

12 11 the c14 7.01-MeV l eve l  from a f i t  t o  the C (t,p)c14 angular d i s t r ibu t ion ,  

but we believe t h i s  assignment should not be taken a s  de f in i t e  and, i n  

f a c t ,  there is strong ind i rec t  evidence tha t  the c14 7.01-MeV l eve l  is 

.Jn = 2*. An L=O (and thus J" = 0') double-sttipping pat tern gives the bes t  

12 
f i t  t o  the C ( t tp)c14 (7.01-MeV leve l )  reaction'' with an L=2 (and thus 

J" = 2,) pat tern giving the second best  fit.12 The ,112 pattern fits the 

maximum of the angular d i s t r i bu t ion  but has a  larger  half-width than the 

experimental data. I n  view of the possPbi l i t ies  f o r  d i s to r t i on  and the 

.lack of agreement between the simple double-stripping theory and experiment 

i n  many cases we f e e l  tha t  the double-stlipping r e s u l t s  cannot be taken 

to  give a' strong preference f o r  J" = O+ over J" = 2'. The indireet  evidence 

f o r  a 2* assignment is tha t  the c14 7.01-MeV l eve l  is the only known C 
14 

leve l  which could be the analog of t h e  J" = 2+, T.1, N~~ 9.17-MeV l e v e l  and 

i n  turn there is no other known .N" l eve l  which coul6 be r J" = O* ,' T=1 

analog of the  c14 7.01-MeV level. Thus,  if the c14 7.01-MeV l eve l  is 0' 

27. See f o r  instance .~ef. 18. 



+ ' 

and not 2+ i t  means there is an undetected c14 l eve l  (with J" = 2. *) near 

7-MeV exc i ta t ibn  and an undetected N~~ l eve l  (with J" = o*) near 9.2-MeV 

exci ta t ion.  This seems qu i t e  unlikely. 

One 'purparse of t h i s  inves t iga t ion  was t o  see what information could 

be obtained concerning nuclear l i fe t imes  from measurement of the energy 

separation of cldse-lying pair  l ines .  I t  i s  c lea r  from the present 

r e s u l t s  t h a t  a useful  measurement of the r e l a t i ve  Doppler s h i f t  of t,wo 

l i ne s  can be obtained if the  Doppler s h i f t  of one of the l i ne s  and the 

separation i n  exc i ta t ion  energy of the two l i n e s  are known from other work. 

However, the accuracy of t h i s  method i s  qui te  a b i t  l e s s  than i n  conventional 

Doppler s h i f t  measureme~its w i t h  s c i n t i l l a t i o n  c rys ta l  spectroscopy. The 

present method is of use, then, when conventional Doppler s h i f t  techniques 
. .  . 

are  not applicable, This would be true when the  energy resolut ion of 

s c i n t i l l a t i o n  c rys t a l s  was not adequate o r  i n  the study of BO t r ans i t i ons  

as  i n  the  present work on the c14 6.58 --) 0 t rans i t ion .  

We would l i k e  t o  thank Bo Cohen f o r  sending u s  the c13 t a rge t  and 

,A.A. Jaffe,  Ho Marchant, $. Hinds and LOP, Chase, Jr., f o r  communications 

14 
concerning t h e i r  work on the  energy leve ls  of c14 and N . 



T A ~ L E  I .  ~ e s u l t s  f o r  Electromagnetic Transi t ions  from c13 + d. 

a 
Peak In tens i ty  Assumed Spin-Parity Cross Section 

Transi t ion (Counts/pC) and Mult ipolar i ty  (mb ) 

a. Average value ' for Ed s.2.7 t o  2.56 MeV. The absolute cross sect ion sca le  

has an estimated accuracy of 50%. The . r e l a t i v e  cross sec t ions  have an 

uncerta%nty which is a combination of t h a t  i n  the  peak i n t ens i t i e s ,  3% i n  

the r e l a t i v e  e f f i c i enc i e s  and, unless otherwise s t a t ed  i n ' t h e  t ex t ,  10% 

due t o  the  possible e f f e c t s  of anisotropic  emission of the  pa i r s  (see Ref. 1). 



TABLE 11. Energy differences o f  the pair-l ine doublets observed a t  

Ed = 2.7 MeV with 1.3% resolution.  

Doublet 
Pair Line Excitation Relative Doppler 
Separation(keV) Separation(keV) S h i f t  (keV) 

a. References 18 and 19. 

be References 11 a d  12. 



FIGURE' CAPTIONS 

Fig. 1, Magnetic lens  pa i r  spectrunfor C 12'13' + d a t  Ed r 2 . 7  MeV. 

The pair  l i n e s  a re  iden t i f i ed  -by the  nucleus and the energy 

leve ls  ( i n  MeV) t o  which they are.assigned. The resolut ion 

( f u l l  width a t  half maximum) f o r  Ohis:sp.ecttum is 2%. 

13 
Fig, 2. External pair  spectr.um f o r  C + d a t  Ed = 3,O MeV. The external  

pair  l ines ,  a l l  of which correspond t o  ground-state t rans i t ions ,  

are iden t i f i ed  by the nucleus and l eve l  t o  which they a re  

assigned, The predicted posit ion of the missing c14 6.58 -+ 0 
external  pair  l i n e  i s  indicated,  

Fig.  3. Hagnetic lens pair  spectnrmfor cI3 + d a t  Ed = 2.7 MeV. The 

pair  l i ne s ,  a l l  of which correspond t o  ground-state. t rans i t ions ,  

are iden t i f i ed  by the nucleus and l eve l  t o  which they are 

assigned. The resolut ion f o r  this -spqctftre is 1,3%. 

Pig. 4. Detai l  of the N~~ 4.91 + 0 and 5.10 -+ 0 doublet of- Fig. 3 . 

showing the evidence f o r  a B" 5.035 + 0 t rans i t ion .  The 

.decomposition of the experimental da ta  i n t o  t h r e e  pa i r  l i n e s  is 

indicated. The difference i n  reso lu t ion  between the  N14  4.91 + 0 
. . 

and Ni4 5.10 .j. 0 pair  l i ne s  talces i n to  account t he  expected 

dif ference i n  the Doppler broadening of these two l i ne s . .  

Pig. 5. Excitat ion curve fo r  the 7.03+eV pair  l i n e  observed i n  c13 + , d o  

T l ~ e  cross secliuxi scale has  au uncertainty of 30%. The threshold 

13 uf 1,973 MeV for the  C ( C ~ , ~ ) N ' ~  (7.03-MeV leve l )  reacliuu is 

indicated. 
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COIL CURRENT SETTING 

FIGURE 2 



FIGURE 3 
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FIGURE 4 
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DEUTERON ENERGY ( M e V )  

FIGURE 5 




