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This is  the  f i n a l  account of a measurement of the  

abso lu te  cross  s e c t i o n  f o r  the  capture  process p(n,d)y 

a t  185 MeV (Exp. 93). This experiment addresses the  

we l l  known discrepancy between t h e o r e t i c a l  work1 and 

measurements of the  photodis integrat ion process 

d(y,p)n a t  Bp=OO obtained a t   main^.^ The present  

experiment was proposed i n  1979; in termediate  r epor t s  

and a desc r ip t ion  of the f i n a l  experimental se tup have 

appeared i n  the  l a s t  two IUCF annual r epor t s  (see IUCF 

1982 Annual Report p. 140 f o r  the  f i g u r e  showing the  

d e t a i l s  of the  layout) .  

The ~i (p  ,n17 ~e reac t ion  with a 2-g/cm2 t h i c k  

t a r g e t  was used a s  a neutron source, while a 6.4-cm 

t h i c k  container  f i l l e d  with l i q u i d  hydrogen cons t i tu t ed  

t h e  capture  r eac t ion  t a rge t .  The hydrogen t a r g e t  was 

preceded by a s c i n t i l l a t o r  (SO) and a wire chamber 

(Wl) and followed by a second wire chamber (W2) i n  

order  t o  t ag  an event where an inc iden t  neutron 

converted i n t o  a charged p a r t i c l e  i n s i d e  the  t a r g e t  

volume. A s c i n t i l l a t o r  of 4 cm x 4 cm, segmented 

i n t o  four  elements,  immediately following the  second 

wire  chamber, served as  an entrance de tec to r  (S l ) ,  and 

was used t o  provide a time mark f o r  va l id  events.  At a 

d i s t ance  of 2.2 m downstream, a 5-cm th ick  p l a s t i c  

s c i n t i l l a t o r  (E) measured the  energy of the  charged 

p a r t i c l e .  Immediately i n  f r o n t  of t h i s  de tec to r  a 

s c i n t i l l a t o r  hodoscope, d ivided i n t o  15 x 23 c e l l s  of 

2 cm by 2 cm served t o  determine the  r eac t ion  angle.  

Spaced approximately equal ly  between the  entrance and 

energy de tec to r s  were two a d d i t i o n a l  s c i n t i l l a t o r s  (Dl 

and D2) which were used t o  suppress acc iden ta l  

t r i g g e r s .  The l a t e r a l  dimensions of the  s c i n t i l l a t o r s  

6 4 

were chosen t o  measure r eac t ion  products wi th  angles  

i n s i d e  a cone of -7" opening half-angle wi th  a 

r e s o l u t i o n  of -0.5". The thicknesses  of the  d e t e c t o r s  

and of the  hydrogen c e l l  were chosen such t h a t  the  

angular smearing by mul t ip le  s c a t t e r i n g  was l e s s  than 

0.5' f o r  a l l  p a r t i c l e s  of i n t e r e s t .  

The neutron energy a t  the  hydrogen t a r g e t  was 

185 + 5 MeV. I n  the  time-reversed process ,  d(y ,p)n,  

t h i s  would correspond t o  a photon energy of 

Ey = 95 + 2.5 MeV. The u s e f u l  neutron f l u x  a t  the  

t a r g e t  was -5. lo5 s'l. 

I n  order  t o  de r ive  a r e l i a b l e  value f o r  the  

abso lu te  cross  sec t ion ,  the  experiment was designed i n  

such a way a s  t o  remove u n c e r t a i n t i e s  due t o  neutron 

f l u x ,  hydrogen t a r g e t  th ickness ,  and d e t e c t o r  geometry. 

This was accomplished by observing t h e  protons from the  

e l a s t i c  "charge-exchange " s c a t t e r i n g  p(n ,p)n 

concurrent ly  with the  deuterons from the  p(n,d)y 

react ion.  The f i n a l  r e s u l t  thus obtained is d i r e c t l y  

t i e d  t o  the  known value f o r  charge-exchange 

nucleonnucleon s c a t t e r i n g .  

Most of the  more than 70 s h i f t s  of beam time 

devoted t o  Exp. 93 over the  past  few years  were used 

f o r  the  s o l u t i o n  of experimental problems. The f i n a l  

data-taking run occured i n  January, 1983. Since then,  

a considerable  e f f o r t  has gone i n t o  the  da ta  ana lys i s .  

The event data ,  recorded on magnetic tape,  were 

subjected i n  the  s o r t i n g  process t o  the  fol lowing 

condi t ions  : ( i  ) d i sc r imina t ion  aga ins t  the  low-energy 

t a i l  of the  inc iden t  neutron d i s t r i b u t i o n  by s e l e c t i n g  

t h e  proper time between the  f i r i n g  of any of the  

entrance de tec to r s  and a cyclotron r f  t iming s i g n a l ;  



( i i )  proper timing and energy s i g n a l s  i n  the two wire 

chambers t o  discr iminate  aga ins t  background o r i g i n a t i n g  

i n  the  s c i n t i l l a t o r s  before and a f t e r  the  t a r g e t ;  ( i i i )  

p a r t i c l e  i d e n t i f i c a t i o n  by s e l e c t i n g  the  r e spec t ive  

~ l o c i  f o r  protons and deuterons i n  a d i sp lay  of 

t ime-of-flight between S1 and E de tec to r s  versus energy 

deposi ted i n  the E de tec to r  and, f o r  deuterons, ( i v )  a 

cu t  i n  t iming and energy deposited i n  the  two 

intermediate  s c i n t i l l a t o r s  Dl and D2 t o  suppress the  

t a i l  from low energy protons i n  the  neighborhood of the  

deuteron p a r t i c l e  locus.  Low energy protons a r e  

produced by (p ,p ' )  r eac t ions  i n  the  t a r g e t  window and 

t a r g e t  window and by nucleonnucleon bremss t rahlung . 
Throughout t h i s  procedure the  four  entrance de tec to r  

segments were t r ea ted  separate ly .  The events t h a t  

passed the  s o r t i n g  were l i s t e d  according t o  x and y 

coordinate  i n  the  hodoscope, r e s u l t i n g  i n  8 d i f f e r e n t  

two-dimensional a r rays  (4 entrance elements,  each 

f o r  protons and deuterons ) . 
From the c a r e f u l l y  measured dimensions of the  

se tup  and the  known angular d i s t r i b u t i o n s  of the 

processes  7 ~ i ( p  ,n17 ~e and p(n,p)n, the  shape of the  

proton d i s t r i b u t i o n  i n  x and y on t h e  hodoscope was 

ca lcu la ted  f o r  every entrance detector .  By comparing 

t h e  predic ted d i s t r i b u t i o n s  with the  observed ones the  

hodoscope element t h a t  corresponds t o  "8=0°" could be 

exper imental ly  determined. The same ca lcu la t ion ,  

containing a l l  e f f e c t s  from the  f i n i t e  t a r g e t  geometry, 

y ie lded a s e t  of r e l a t i v e  weights and cen t ro id  angles 

f o r  every S1-cell hodoscope-cell combination. Thus 

every such combination c o n s t i t u t e s  a measurement of the  

capture  cross  sec t ion  anpdy a t  a given l a b  angle  Blab, 

s i n c e  

where onpnp(81ab) is the  known e l a s t i c  s c a t t e r i n g  cross  

s e c t i o n  a t  Tn=185 MeV, df ,  p f ,  de, Pe a r e  the  numbers 

of deuterons and protons observed, (f ), with the t a r g e t  

f i l l e d  with l i q u i d  H2 and, (e) ,  with the evacuated 

t a r g e t ,  r e spec t ive ly ,  and C i s  the  r e l a t i v e  

normalization of the two runs. The r a t i o  df/de va r i ed  

between 2.5 and 4 depending on 8, while the term 

containing pe was usual ly  very small. 

The normalizations of runs were obtained from 

e i t h e r  the  in teg ra ted  charge of the  primary proton beam 

o r  the  "neutron f lux"  measured with the  l a s t  two 

s c i n t i l l a t o r s  i n  the setup. The two agreed with each 

o the r ,  except i n  cases  where the re  was an obvious 

explanat ion f o r  a discrepancy. The combination of the 

two yie lded a r e l i a b l e  r e l a t i v e  normalization between 

runs with t a r g e t  f u l l  or  empty. 

Correct ions  t o  the data  take i n t o  account the  

measured deadtime (1-7% cor rec t ion) ,  t h e  measured 

e f f i c i e n c y  f o r  the two wire chambers (90-98%), and an 

i n e f f i c i e n c y  due t o  an experimental problem of a 

hodoscope element f o r  protons, (2%). In  add i t ion ,  a 

co r rec t ion  (2%) a r i s e s  i n  the  background sub t rac t ion  

s i n c e  i n  runs with the  f u l l  t a r g e t ,  the  energy 

d i s t r i b u t i o n  of the  upstream background deuterons is  

modified by passage through the  hydrogen. 

Numerous checks on the  r e s u l t i n g  body of data  have 

been performed. Using the  sum of a l l  va l id  protons and 

deuterons ,  an angle- integrated cross  s e c t i o n  was 

ca lcu la ted  f o r  each of the  95 s i n g l e  runs t h a t  comprise 

the  t o t a l  experiment. No systemat ic  d r i f t  a s  a 

funct ion of time was found. However, the  most l i k e l y  

candidates f o r  s t a t i s t i c a l l y  s i g n i f i c a n t  f l u c t u a t i o n s  

were compared t o  the  run dependence of a l l  appl ied 

co r rec t ions ,  t o  time dependent changes i n  the  s o r t i n g  

condi t ions  t h a t  were required,  and t o  the  occurrence of 



ins t rumental  problems during the  run. No s i g n i f i c a n t  

c o r r e l a t i o n s  were found. Possible  contr ibut ions  from 

acc iden ta l  coincidences were determined t o  be 

neg l ig ib le .  The e f f i c i e n c y  of the  wire chambers and 

the  r a t e  of r e j e c t i o n  of events with an ambiguous 

hodoscope p a t t e r n  (mul t ip le  f i r e s )  were found t o  be the 

same f o r  protons and deuterons (they thus cancel).  The 

da ta  contr ibuted from any one of the four  entrance 

d e t e c t o r s  were compared with each other  and found t o  

agree  wi th in  s t a t i s t i c s ,  a s  was the  case f o r  data  from 

the  d i f f e r e n t  regions i n  the  hodoscope with 2, 3 or  4 

l a y e r s  of s c i n t i l l a t o r  being f i r e d  by an event. 

The data  from a l l  runs were then combined and the  

f i n a l  l a b  cross  s e c t i o n  was calcula ted.  A change of 

t h e  hodoscope c e l l  number t h a t  corresponds t o  "8=0°" by 

one u n i t  i n  any d i r e c t i o n  a f f e c t e d  the  f i n a l  r e s u l t  

only wi th in  s t a t i s t i c s ,  a s  was the  case when e i t h e r  

ha l f  of the  hodoscope was ignored i n  c a l c u l a t i n g  the  

f i n a l  angular d i s t r i b u t i o n .  The l a b  cross  sec t ion  was 

then converted t o  the  center-of-mass and by d e t a i l e d  

balance the  cross  s e c t i o n  f o r  the  time-reversed process 

was calcula ted.  The f i n a l  r e s u l t  is  displayed i n  

Fig. 1 ( s o l i d  dots) .  The e r r o r  shown contains  the  

s t a t i s t i c a l  e r r o r  and a 2% con t r ibu t ion  due t o  an 

unce r t a in ty  i n  the background subtract ion.  

The most se r ious  unce r t a in ty  i n  t h i s  measurement 

i s  caused by the  "known" cross  sec t ion  f o r  p(n,p)n t o  

which our measurement is re l a t ed .  It tu rns  out t h a t  i n  

t h e  kinematic region i n  which we a r e  i n t e r e s t e d  

[p (n ,  p)n, 0°, 200 MeV] s e r i o u s  discrepancies  e x i s t  

between parametr izat ions  of the  nucleon-nucleon 

i n t e r a c t i o n  and s c a t t e r i n g  data.  I n  our ana lys i s  we 

chose an a n a l y t i c a l  express ion f o r  onpnp (8 )  t h a t  has a 

shape determined by phase s h i f t  analyses but i s  

normalized t o  f i t  the  a v a i l a b l e  da ta ,  r e s u l t i n g ,  a t  

8=0°, i n  a value of onpnp,lab = 50.0 mb/sr. 

+ :  p(n,d)y, Tn=185 MeV 

(converted) 

Figure  1. Resul ts  of the  present  experiment converted 
t o  the  frame of the  time reversed react ion.  The curves 
a r e  discussed i n  the  t ex t .  The open square i s  from 
Ref. 2. 

The open-square point  i n  Fig. 1 r ep resen t s  the  

photo-dis integrat ion measurement a t  Op=OO (Ref. 2) 

which o r i g i n a l l y  s t imulated the  present  experiment: 

t h e  two measurements agree wi th  each o the r  wi th in  

s t a t i s t i c s .  

I n  Fig. 2 we compare the  present  measurement 

( c ross  hatched region)  with a l l  cu r ren t ly  a v a i l a b l e  

experimental information (References l i s t e d  i n  t h e  

f i g u r e  capt ion) .  

Also shown i n  Fig. 1 i s  the  r e s u l t  of Par tovi  's 

c l a s s i c a l  ca lcu la t ion1  from 1964 ( s o l i d  l i n e )  i n  

comparison with two more recent  inves t iga t ions .  The 

dashed l i n e  r ep resen t s  a c a l c u l a t i o n  by Hwang3 which, 

t o  our understanding, i s  d i f f e r e n t  from Par tov i ' s  i n  

t h e  e x p l i c i t  incorporat ion of gauge inva r i ance ,  the  

choice of reference frame and the  number of 

mul t ipole  terms. The dot-dash curve has been obtained 



by ~ a ~ e t ~  by expanding the  r eac t ion  amplitude i n  terms 

of l ead ing  diagrams. Shown here  is  a revised 

c a l c u l a t i o n ,  a f t e r  a s i g n  e r r o r  i n  Kef. 4 has been 

e l iminated5.  These c a l c u l a t i o n s  a l l  s t a r t  from a 

phenomenological parametr iza t ion of the  nuc leonnuc leon  

i n t e r a c t i o n  and it  would seem t h a t  one should be ab le  

t o  c a l c u l a t e  nucleon-nucleon r a d i a t i v e  capture  r e l i a b l y  

on such a bas is .  However, a s  can be seen i n  Fig. 1, 

t h e r e  a r e  se r ious  d i sc repanc ie s  between a l l  t h e o r e t i c a l  

approaches and the  da ta ,  i n d i c a t i n g  t h a t  our 

unders tanding of even the  most fundamental system i n  

C nuc lea r  physics  is q u i t e  l imi ted .  In  add i t ion ,  i t  
I 

seems not a t  a l l  c l e a r  how the  var ious  c a l c u l a t i o n s  

30° 60° 90° 120° 150° 180° d i f f e r  i n  t h e i r  physical  content.  The r e s u l t  of t h i s  

I 
I experiment i n d i c a t e s  the  need f o r  a concentra ted  

Figure  2. Comparison of the  present  experiment wi th  
previously  a v a i l a b l e  informat ion on d(y,p)n a t  90 < Ey 
< 100 MeV, 
a )  Radia t ive  cap tu re ,  converted us ing d e t a i l e d  balance 
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