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THE 23Na(d,p)UNa REACTION AT DEUTERON ENERGIES 
670 and 620 keu 

By 
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Angular distribntions and absolote cross sections of proton groups Po, Pi, P2. P3 + P* 
and P5 + Pe from the reaction 23Na(d,p)~4Na have been measured at E d = 670 and 620 keV. 
The experimental data ate analysed in terms of Legendre polynomials and DWBA method. 
The DWBA ealculations reproduced the angular distributions of proton groups P3 A-Pt 
alad p ~ -q- p~. 

1. Introdact ion  

The angula r  d is t r ibut ions  of  different  p ro ton  groups f rom the  reac t ion  
23Na(d,p)24Na h a v e  been  s tudied b y  severa l  authors .  At  h igher  b o m b a r d i = g  
energies the  expe r imen ta l  resul ts  were ana lysed  on the  basis  of  the  BVTL~a 
[1,2,3,4] and  the  D W B A  theories  [4,5]. At  lower deu te ron  energies, EL- 
BEItAY et al. meas u red  angular  d is t r ibut ions  and exc i ta t ion  funct ions  of nine 
p ro ton  groups in the  range  E a = 1.4 - -  2.5 MeV [6]. The  angula r  d is t r ibut ions  
above  2 MeV general ly  d isplayed a s t r ipping- l ike  pa t t e rn ,  bu t  in the  measu red  
exc i ta t ion  funct ions  some resonance-l ike b e h a v i o u r  was observed.  These 
results were i n t e rp re t ed  b y  assuming ah in ter ference  be tween  the  compouncl  
and  the  direct  react ion mechanisms .  

The  airo of the  present  work  was to ex tend  the  inves t igat ions  to bom-  
bard ing  energies well below the  Coulomb bar r ie r  in order  to gain more  experi-  
m e n t a l  da t a  on the  reac t ion  mechan i sm of different  p ro ton  groups.  Accordingly,  
the  angular  d is t r ibut ions  and the  absolute  cross sections of the  p ro ton  groups 

Po,  Pr, P2, P3 -~ P4 and P5 + Po f rom the  react ion 23Na(d,p)24Na have  been 
measured  at deu te ron  energies 670 and 620 keV. 

2. Exper imenta l  apparatus  and m e t h o d  

Deuterons  were accelera ted b y  the  cascade genera tor  of  the I n s t i t u t e  of  
Nuclear  Research  (ATOMKI) ,  Debrecen,  H u n g a r y .  The high accelerat ing 
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vol tage was measured to 1~o accuracy by  a r o t a r y - t y p e  vo l tmete r  ca l ibra ted 
with (p, y) resonances on 7Li, 19F and27A1. The ion beam,  after  passing th rough  
a 12 ~ magnet ic  analyser  and coll imator  system, hit  the  ta rge t  placed in the  
centre  of the  ta rge t  chamber  used for angular  d is t r ibut ion measurements  [7]. 

A th in  layer  of NaCI evapora ted  onto a Cu foil of about  0,2 mg/cm 2 
thickness was employed as ta rget .  The NaC1 layer  was evapora ted  from a poiu t  
source, unde r  suitable geometr ical  conditions, s imul taneously  onto Cu back-  
ings and Cu backings covered wi th  a th in  layer  of CaF 2 (approx.  5 pg/cm2). 
These ta rge ts  were used to measure  the shift of the  340 keV resonance line of  
the reac t ion  19F(p,~y) due to  the  energy loss of  pro tons  in the  NaC1 layer .  
F rom the  value of the  shift the  number  of ta rge t  a toms  were de te rmined  b y  
use of the  repor ted  d E / d x  da ta  [8]. The thickness of  the  targets  was about  23 
keV at  E d = 670 keV and abou t  50 keV at  E d ---- 620 keV. 

The ion current  was measured  by  a current  in tegra to r  conneeted  to a 
F a r a d a y  cup. 

The  angular  dis tr ibut ions of  the  p ro ton  groups were measured  wi th  ah  
O R T E C - - S B C J - - 2 5 - - 3 0 0  semiconductor  de tec tor  ro ta tab le  th rough  155 o. 
Ano the r  semiconductor  de tec tor  of the  same type ,  m o u n ted  in the t a rge t  
chamber  at  ah angle of 90 ~ to  the  other,  was used a s a  moni tor .  A suitable Al 
foil was placed in f ront  of the  detectors  to absorb the  scat tered  deuterous.  
After  passing th rough  charge-sensit ive pre-amplifiers,  main  amplifiers and au 
electronic mixing unit ,  the  pulses of the detectors  were analysed with a NTA 
512 pulse-height  analyser.  The  applicat ion of the  electronic mixing uni t  [9] 
pe rmi t t ed  the  s imuhaneous  recording of corresponding port ions of the two 
independen t  detec tor  spectra  wi th  the 512-channel analyser.  This p rocedure  
ensured precise moni tor ing even in the course of the  leng thy  measurements  
required b y  the low cross-sections. 

Fig. 1 shows a typical  spec t rum recorded at E~ --~ 670 keV and O1ab 
= 90 o. The  spect rum of the measur ing de tec tor  is recorded  in channels 150- -  
512; t ha t  of the moni tor  de tec tor  in channels 0- -130.  A compute r  program was 
util ized to obtain the  intensit ies of the poorly resolved p ro ton  groups P i  and 

P2 separa te ly ;  the neighbouring p ro ton  groups P3, P4 and Ps, Pe were not  re- 
solved and so were inves t iga ted  together .  The P3 + P4 and P5 + Pe groups 
of the moni to r  spect rum could easily be separa ted  f rom the background  and 
were thus  available for moni tor ing  purposes.  

F i rs t  the  relat ive angular  dis tr ibut ions of the var ious p ro ton  groups were 
de te rmined  a t a  bombard ing  ion cur rent  in tens i ty  of  abou t  0,6 yA.  Then  the  
absolute differential  cross sections of the p ro ton  groups were measured  at  ah 
angle Ojab = 135 ~ and the relat ive angular  dis tr ibut ions were s tandard ized  
to those values.  During the course of the absolute measurements  the bombard-  
ing ion cur ren t  was reduced to 0.3 yA and the cons tancy  of the ta rge t  thickness 
was checked.  
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3. Results and discussion 

Figs. 2 and 3 show the  results of angular  dis t r ibut ion measurements  in 
a centre-of-mass f rame of reference at bombard ing  energies of 670 and 620 keV. 
T h e  errors indicated for the  exper imenta l  angular  distr ibutions refer to  the  
reproduc ib i l i ty  of the  measurement s  and evaluat ion.  The errors of the  absolute  
cross sect ion values deriving f rom the inaccuracy  of  the  ta rge t  thickness de- 
t e r mina t i on  are es t imated  in general  to be about  25~o. The solid lines in the  
f igures a te  the  least squares f i ts  of the exper imenta l  points to  a series of  Le-  
gendre  polynomials .  The angular  distr ibutions were a i a lysed  up to PI to  
g i r e  ah acceptable  X 2. The Al/A0, r162 o etc, coefficients with thei r  errors and  
t he  calcula ted :~2 values are collected in Table  I. 

T h e  exper imenta l  differential  cross-sections were eompared  wi th  the  
ca lcula t ions  based on the D W B A  model.  Table  I I  conta ins  the  optical  po ten t i a l  
p a r a m e t e r s  [10,11] adopted  in the  calculations. 

T h e  angular  dis t r ibut ions  of p ro ton  groups P0, P~ and P2 could no t  be 
f i t t e d  wi th  the D W B A  model.  I t  is worth  not ing t h a t  the  angular  dis t r ibut ious 
o f  these  groups stron31y change their  shapes over  the  range E d = 1,4 - -  2,5 
MeV [6]. 

Fig. 3 shows the theore t ica l  curves for the p ro ton  groups P3 + P4 aud  
])5 A- P8 (dot ted  lines) f i t t cd  to the measured points by  the me thod  of least  
squares .  The  agreement  be tween  the measured and calculated angular  distri- 
bu t ions  seems to be acceptable.  The angular  dis t r ibut ions  of these groups at  
E a ~ 1,4 - -  2.5 MeV also have  forros which are character is t ic  of a d i rect  
process [6]. For  the  p ro ton  groups P 3 - f - P 4  the  D W B A  calculations were 
car r ied  out  with the  same po ten t ia l  pa ramete rs  (Table II)  at  E d -~ 1.5 and 
2.5 MeV too. The f i t  of  the calculated curves to the  angular  dis tr ibut ions ob- 
t a ined  by  EL-BEHAY et al. [6] is presented in Fig. 4. The theoret ical  calcula- 
t ions can be seen to reproduce  the basic form of the  measured  differential  
cross seetions at  higher  bombard ing  energies, too. 

The  quant i t ies  [(2J! -f- 1 ) / ( 2 J  i ~- 1)]S~ n obta ined  from the p r e s e n t D W B A  
analysis  and  from earlier work  [5] are given with the  Z 2 values in Table  I [ I .  
I t  is general ly known tha t  the  assumptions of the  D W B A  model  are not  well 
satisfied for  light nuclei a n d a t  low bombard ing  energies. In  consequence of 
this as well as the large error  in the measurement  of  absolute cross section, 
the ex t r ac t ed  spectroscopie factors  can be regarded only as order -of -magni tude  
es t imates ,  even i f  the  D W B A  calculations well reproduce  the  shape of  the  
angular  distr ibution.  

Summing  up, ir can be s ta ted  tha t  at low bonlbarding energies bo th  the  
c o m p o u n d  nueleus mechanism and the direct in te rac t ion  mechanism exist  
s imul taneous ly  in the  reae t ion  23Na(d,p)24Na. The  angular  dis tr ibut ions of 
p r o t o n  groups P0, P l  and P2 are character ised b y  interference between the  
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direct and the compound nucleus mechanisms, whereas the reaction mechan- 
ism of proton groups P3 + P4 and P5 + P6 can be at tr ibuted mainly to direct 
interaction process. 

Table I 

Coefficients of the Legendre polynomials 

do" n 
- -  .~, Al el (cos o) 

dl2 /=o 

Index of E ,  
proton (KeV) At/A* A:[A o A3/A . A ~[A~ Z s 
groups 

--0.19-4-0.09 Po 

Pi 

P2 

P s  -4- p t  

Pe A- P, 

670 

620 

670 

620 

670 

620 

670 

620 

670 

620 

0.58-4-0.06 

0.36-4-0.03 

0.29-4-0.05 

0.31-4-0.06 

--O.29+O.O4 

--0.52-4-O.O4 

--O.59-4-O.O2 

--O.59+_O.O2 

--O.57___0.02 

--0.50+_0.04 

0.42-4-0.08 

0.17-t-0.05 

--0.18-4-0.07 

--0.26-}-0.09 

--0.13-4-0.06 

0.08-4-0.05 

--0.44!0.03 

--0.41+_0.03 

0.13+0.03 

0.01--0.04 

0.11+__0.08 

0.12-4-0.06 

0.22-4-0.03 

0.34+_0.03 

0.25___0.04 

0.24+_0.07 

0.34+0.04 

0.34+O.O4 

0.32+0.05 

2.0 

0.7 

1.2 

1.1 

1.3 

1.0 

0.6 

2.8 

1.5 

1.3 

Table II 

Potential parameters used in the DWBA caleulations 

[10, 111 

Potential label Deuteron Proton 

Vo(Mev) 
rv(fm) 

av(fin) 
/;[VO01C~r ) 

W~urI(MeV) 

rw(fm) 

aw(fm) 

re(f m) 

50 

1.5 

0,6 

15 

1.5 

0.6 

1.3 

55 

1.25 

0.65 

20 

1.25 

0.47 

1.25 
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Fig. 4. DifferentiaI cross section of pro ton  groups p= ~- P4 of the  react ion =aNa(d,p)~t Nafrom 
[6]. (The lines represent  the  present  D W B A  ealeulations) 

Table  I H  

Quanti t ies  [(2J$ + 1)/(2J z. -4- 1)]SI, obtained from present  

DWBA analyses and from earlier results 

I n d e x  o f  
p r o t o n  g r o u p s  

P3 + P~ 

P5 + P8 

Pa 

P6 

E 8  
(MeV) 

0.62 

0.67 

7.8 a 
1.5 b 

2.5 b 

0.62 

0.67 

7.8 a 

7.8 a 

[(2JIA- 1)/(2J~+ 1)]Sz~ 
l~  = 0 l , t  ~ 2 

0.59 0.81 

0.59 0.73 

0.62 (0.37) 

0.73 2.6 

0.52 1.4 

0.13 0.41 

0.22 0.73 

0.20 (0.39) 

O.29 

~z 

1.2 

2.1 

3.9 

6.4 

2.9 

1.4 

[51 
b Calculations for experimental  results f rom [6] 
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