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CHARACTERISTICS OF AN INTENSE NEUTRON SOURCE 
BASED ON THE d + Be REACTION 

M .  J .  Saltmarsh 
C .  A .  Ludemann 

C .  B.  Fulmer 
R .  C .  S ty les*  

ABSTRACT 

A neutron source designed f o r  fus ion-re la ted  rad ia -  
t i o n  damage s tud ies  has been b u i l t  based on t h e  d + Be 
reac t ion .  Using a 40 MeV, 20 PA deuteron beam from t h e  
Oak Ridge Isochronous Cyclotron neutron f l u x e s . o f  
1 - 2 x 1 0 ~ ~ n / c m ~ / s e c  a r e  obtained over an area  4 50 mm2. 
The design o f  t h e  source i s  described,  together  with 
t ime-of- f l ight  and a c t i v a t i o n  f o i l  measurements o f  t h e  
t h i c k  t a r g e t  neutron y i e l d s  from t h e  9 ~ e ( d , n )  r e a c t i o n  
f o r  t h e  angular .range from 0' t o  90'. A dosimetry 
procedure based on these  measurements i s  presented.  
In addi t ion  t ime-of- f l ight  measurements.of t h e  t h i c k  
t a r g e t  neutron y ie lds  f o r  t h e  Li(d,n) r e a c t i o n  a r e  
reported and compared with t h e  g ~ e ( d , n )  r e s u l t s .  

1. Introduction 

One of  t h e  major concerns of  t h e  fus ion power technology program 

i s  t h e  r a d i a t i o n  damage t o  s t r u c t u r a l  ma te r i a l s  caused by t h e  neutrons 
1 

emitted from a D-T plasma. ) The high energy (% 14 MeV) component i n  a  

fusion r e a c t o r  f i r s t  wall neutron spectrum is expected t o  produce 

r a d i a t i o n  e f f e c t s  d i f f e r e n t  from those  encountered i n  f i s s i o n  
. * 

r e a c t o r s  due pr imar i ly  t o  the  higher y ie ld  of nuclear  t ransmutat ion 

products,  p a r t i c u l a r l y  helium. Studies  of these  r a d i a t i o n  e f f e c t s  w i l l  

r equ i re  t h e  use  of neutron sources with s u i t a b l e  spec t ra l  c h a r a c t e r i s t i c s .  

Unt i l  r e c e n t l y  most source development work has been concentrated on 
12 2 

the  use of  t h e  D + T reac t ion ,  and neutron f luxes  up t o  10 n/cm /sec  

a r e  ava i l ab le  a t  f a c i l i t i e s  such a s  the  r o t a t i n g  t a r g e t  source 
2 

repor ted  by Booth and Barshall .  ) 

*Oak Ridge Associated Universi t ies-undergraduate Research Trainee 
from Berry College; present  address:  Universi ty of Georgia, 
Athens, Georgia. 



In t h i s  paper we desc r ibe  a d + Be neutron source based 

on a 40 MeV deuteron beam from t h e  Oak Ridge Isochronous Cyclotron 
12 2 (ORIC) which provides neutron f luxes  o f  up t o  2 x 10 n/cm /sec .  The 

source has been used f o r  a number of fus ion-re la ted  i r r a d i a t i o n s  3,4) 

and has moved t o  be r e l i a b l e  and easy t o  opera te .  Absolute measure- 

ments of t h e  neutron y i e l d  and energy spectrum from t h e  d + Be 

r e a c t i o n  were made, and t h e  r e s u l t s  used i n  t h e  development of 

dosimetry techniques s u i t e d  t o  t h i s  type of source. 

While sources of t h i s  type can provide reasonable i n t e n s i t i e s  

by today ' s  s tandards,  f u t u r e  ma te r i a l s  s t u d i e s  w i l l  r e q u i r e  f a r  more 

powerful devices.  E f f o r t s  a r e  now being made t o  develop such sources 

based on both t h e  D + T r e a c t i o n  5*6) and t h e  d + L i  r eac t ion .  7,8,9,10 
1 

Because of  O R N L 1 s  i n t e r e s t  i n  d + L i  sources, we have a l s o  measured 

t h e  neutron y i e l d s  from t h i s  r eac t ion  and have found them t o  be very 

s i m i l a r  t o  those from t h e  d + Be reac t ion .  The dosimetry techniques 

descr ibed i n  t h i s  work should the re fo re  be appl icable  t o  t h e  proposed 

d + L i  sources.  

2 .  Source Design ' 

A schematic drawing of t h e  beryllium t a r g e t  assembly is  shown i n  

Fig .  1. The t a r g e t  i t s e l f  i s  machined from a cyl inder  of beryllium 

38 mm.in diameter and 38 mm long. A 12.7 mm diameter hole  is  bored 

along t h e  ax i s  of t h e  cy l inder  t o  within 6 .3  mm of t h e  end, thereby 

leaving j u s t  enough mate r i a i  t o  s top  t h e  40 MeV deuteron beam. The 

beryll ium i s  surrounded by a copper water-cooled jacket ,  and spring- 

loaded agains t  a tantalum p l a t e  which forms t h e  end-window of t h e  

cy lo t ron  beam-pipe vacuum system. The tantalum p l a t e  i s  t h i c k  enoiigh 

(2.3 mm) t o  s top  any protons  from t h e  ' ~ e ( d , ~ )  r eac t ion .  

A quadrupole doublet  placed approximately 70 cm upstream of t h e  

t a r g e t ,  focusses t h e  beam through a 12.7 mm diameter tantalum 

co l l ima to r  and onto t h e  t a r g e t  i t s e l f .  The quadrupole cu r ren t  is s e t  

t o  produce a focus a t  t h e  p o s i t i o n  of t h e  sample t o  be i r r a d i a t e d  



r a t h e r  than a t  t h e  t a r g e t ,  a  procedure which produces t h e  maximum 

neutron f l u x  on t h e  sample. A t  t h e  maximum beam l e v e l ,  which i s  

l imi ted  t o  20 pA.due. to a c t i v a t i o n  of t h e  cyclotron ex t rac t ion  system, 

t h e  beam l o s t  t o  t h e  tantalum col l imator  is ; 30 nA, and the  diameter 

of the  beam spot  a t  the  t a r g e t  is  ; 5  nun. 

Figure 2  shows the  e n t i r e  source assembly mounted on a  s l i d i n g  t a b l e  

(1) which permits movement along t h e  beam a x i s .  The s l i d i n g  s e a l  which 

connects t o  the .cyc lo t ron  beam pipe is a t  t h e  l e f t  (2);  a  remotely 

o p e r a t e d ' t a r g e t  ladder (5) permits i n s e r t i o n  of a  viewing phosphor a t  

t h e  pos i t ion  of t h e  tantalum col l imator .  The Be t a r g e t ,  copper jacket  

and tantalum end-plate a r e  a l l  mounted on a  s t a i n l e s s  s t e e l  f l ange  (3) 

t o  which the  cooling water l i n e s  a r e  at tached.  Also shown is  a  

removable high vacuum chamber (4)  which was used t o  hold samples i n  a  
3  neutron spu t t e r ing  measurement ) .  

The procedure i n  s e t t i n g  up f o r  an experiment i s  t o  i n s e r t  t h e  

phosphor i n  p lace  of the  tanta lum.col l imator  and s l i d e  the  whole source 

assembly a l o n g , t h e  beam d i r e c t i o n  u n t i l  t h e  phosphor i s  located a t  the  

pos i t ion  of t h e  sample t o  be irrad. iated.  Using a  low beam i n t e n s i t y  

(QJ l .nA) the  beam o p t i c s  a r e , a d j u s t e d  t o  provide t h e  smal les t  poss5ble 

Lean1 spot  on the  phosphor and t h e  source a s s e m b 1 y . i ~  then re turned 

t o ' i t s  normal pos i t ion .  The phosphor .is replaced by t h e  t a n t a l u m .  

col l imator  and t h e  beam i n t e n s i t y  increased t o  20 PA.  A t  t h i s  higher 

beam.leve1 the  increased load on t h e  cyclotron ex t rac t ion  system r e s u l t s  

i n  small changes of t h e  beam t r a j e c t o r y  from t h e  cyclo t ron.  S teer ing  

magnets a r e  the re fo re  used t o  r e -cen te r  t h e  beam by minimizing t h e  

beam l o s t  t o  t h e  col l imator .  

An i r r a d i a t i o n  t y p i c a l l y  l a s t s  8 - 36 hours with slow beam i n t e n s i t y  

v a r i a t i o n s  : 10% occurring during t h e  i r r a d i a t i o n  per iod .  - In add i t ion  

some in te r rup t ions  of t h e  beam occur, most being due t o  sparks i n  the  

cyclotron R.F .  and ex t rac t ion  systems r e s u l t i n g  in  l o s s  of beam f o r  

per iods  .of seconds with a  frequency varying between QJ O.l/hour t o  QJ 1/ 

hour. Calcula t ions  i n d i c a t e  t h a t  t h e  thermal expansion of t h e  

beryllium due t o  beam heat ing  i s  s u f f i c i e n t  t o  cause p l a s t i c  deformation 



of t h e  t a r g e t  near  t h e  i h t e r a c t i o n  region,  so these  beam in te r rup t ions  , 

w i l l  eventual ly  r e s u l t  i n  mechanical f a i l u r e  of  the  ta rget . ,  However, 

a f t e r  a  t o t a l  of approximately 300 hours of bombardment with an 
2 

est imated 10  beam i n t e r r u p t i o n s  no observable damage has occurred 

except on one occasion when t h e  cooling water was inadver tent ly  

valved o f f .  The maximum beam which t h e  t a r g e t  can withstand before 

mel t ing  i s  not known. In an e a r l y  run the  beam cur ren t  was increased 

t o  25 PA f o r  a s h o r t  t ime (QJ 4 min) t o  ensure t h a t  some margin of 

s a f e t y  ex i s t ed  a t  t h e  normal opera t ing  l eve l .  Again no observable 

damage i~r.c:l:r-!:ed. 

3.  Neutron Yields from t h e  d + Be Keaction 

During an i r r a d i a t i o n  t h e  t o t a l  beam on t h e  t a r g e t  is  monitored t o  

provide an ind ica t ion  of t h e  neutron f l u x  on t h e  i r r a d i a t e d  samples. 

However, beam i n t e g r a t i o n  does not provide an adequate measure of 

f luence  a t  a  given point  on a sample. The samples a r e  genera l ly  very 

c l o s e  (a few mm) t o  t h e  beryllium t a r g e t  and t h e  geometry is poorly 

def ined.  Furthermore, t h e  s p a t i a l  v a r i a t i o n  i n  neutron f l u x  i s  q u i t e  

r a p i d .  A t  a  d i s t a n c e  of  5 mrn from t h e  tantalum end-plate the  measured 

neutron i n t e n s i t y  p r o f i l e  is roughly gaussian i n  shape, with a f u l l  

width a t  h a l f  maximum % 8 mm. We, the re fo re ,  use cobal t  and n ickel  

a c t i v a t i o n  f o i l s  placed near  the  sample pos i t ion  t o  obta in  t h e  required 

dosimetry information, including t h e  s p a t i a l  v a r i a t i o n  of t h e  neutron 

i n t e n s i t y  and energy spectrum. The.neutron y ie ld  measurements used t o  

c a l i b r a t e  these  a c t i v a t i o n  f o i l s  a r e  described below. 

3 . 1  Time-of-Flight Measurements 

The t i ~ n e - o f - f l i g h t  (TOF) measurements were made using a 40.1 MeV 

deuteron beam from t h e  ORIC. This beam i s  pulsed a t  the  cyclo t ron 

o r b i t a l  frequency of 12.97 MHz, providing 2x1s wide pulses  every 77.01 

n s .  With the  maximum a v a i l a b l e  f l i g h t - p a t h  of 3m t h e  r e s u l t a n t  energy 



r e so lu t ion  var ied  from % 4% a t  a neutron energy of 5 MeV t o  % 15% 

a t  40 MeV. However, neutron energies.below 5 MeV could not  be r e l i a b l y  

measured with t h i s  f l i g h t  pa th  because of overlapping events  from 

successive beam burs t s .  Accordingly most of the  measurements were 

repeated using a f l i g h t  path of  0.75 m, which allowed t h e  d a t a  t o  be 

extended down t o  E 2 MeV. 
n 

The experimental arrangement is  shown i n  Fig. 3. The deuteron 
2 

beam passed through a t h i n  (7.5 mg/cm ) gold s c a t t e r i n g  f o i l ,  used i n  

monitoring t h e  beam, and onto t h e  th ick  ( 6 . 3  mm) beryllium t a r g e t .  

Neutrons and gamma-rays emitted a t  an angle 8 were detec ted  i n  a 
11 

c y l i n d r i c a l  c e l l  of NE213 l i q u i d  s c i n t i l l a t o r  ) 37.3.mm i n  diameter 

by 34.1 mm long viewed by a 56AVP photomult ipl ier  tube.  The f a s t  

t iming s ignal  from t h e  photomult ipl ier  tube was used t o  s t a r t  a 

time-to-amplitude converter ,  t h e  s top  s igna l  being derived from every 

second cycle  of t h e  cyclotron RF. A neutron-gamma discr iminat ion  

c i r c u i t  was used t o  rou te  an event i n t o  one of two 400-channel 

t ime-of- f l ight  spec t ra .  Background events ,  f o r  example neutrons 

sca t t e red  from t h e  experimental room f l o o r  o r  wal ls ,  were measured 

by placing a 20 cm t h i c k  lead shadow sh ie ld  mid-way between 

the  t a r g e t  and t h e  de tec to r .  When t h e  lead sh ie ld  was removed it was 

displaced by t h e  smal les t  poss ib le  d i s t ance  ( 6  cm), so t h a t  t h e  e f f e c t  

of i n - s c a t t e r i n g  from t h e  lead was s imi la r  f o r  both foreground and 

background runs.  

The beam cur ren t  required f o r  these  measurements was small, 

c 0.1 nA. The beam was monitored by counting deuterons sca t t e red  a t  
% 

+ 4S0 from t h e  t h i n  gold f o i l .  Two d e t e c t o r s  were used t o  e l iminate  

e r r o r s  due t o  movements of t h e  beam spot  on t h e  gold f o i l .  This 

secondary monitor was ca l ib ra ted  a t  i n t e r v a l s  during t h e  experiment by 

inereasing t h e  Isea~~ currer~l; arid using t h e  second s c a t t e r i n g  chamber a s  

a Faraday Cup. 

The neutron d e t e c t o r  threshold was s e t  r e l a t i v e  t o  t h e  half-height  
22 

of t h e  Compton edge from a Na source. Following t h e  d e f i n i t i o n s  of 



Verbinski  e t  a1.12 t h i s  corresponds t o  0.89 l i g h t  u n i t s  (LU). For 

t h e  3m runi the  threshold  was s e t  t o  be 1.00 LU (E % 3.5 MeV), while 
. n 

f o r  t h e  0.75 m d a t a  a  s e t t i n g  of 0.266 LU (E % 1.3  MeV) was used. 
n 

The d e t e c t o r  e f f i c i ency  a t  each threshold was -ca lcula ted  f o r  a  number 

of  neutron energies  i n  t h e  range 1 - 50 MeV, using the  Monte C a r l ~  
13 code 05s ) .  

For d a t a  a n a l y s i s  t h e  p o s i t i o n s  of t h e  two gamma-peaks i n  t h e  

appropr ia t e  spectrum were obtained by f i t t i n g  a gaussian peak t o  t h e  

d a t a .  The time c a l i b r a t i o n  was obralned f r u n ~  these peak l oca t ions  by 

a.ssilmi.ng a l i n e a r  dependence of t ime-of- f l  ight  versus  channel n u ~ r ~ l e r .  

The neutron spectrum was then converted t o  an energy spectrum, d e f i n i ~ g  

t h e  f l i g h t  path t o  be t h e  d i s t a n c e  from t h e  geometrical cen te r  of the  

t a r g e t  t o  t h e  geometrical c e n t e r  of t h e  l i q u i d  s c i n t i l l a t o r .  Allowance 

was made f o r  neutron absorpt ion  i n  the  aluminum wal ls  of t h e  s c a t t e r i n g  

chamber (% 3 mm t h i c k )  and t h e  s c i n t i l l a t o r  c e l l  (% 1 .5  mm th ick )  as 

well a s  t h e  a i r  along t h e  f l i g h t  pa th .  The measured energy spect ra  

from d + Be a t  0" and 90" a r e  shown i n  Fig. 4, with t h e  e r r o r  ba r s  

showing s t a t i s t i c a l  u n c e r t a i n t i e s  only. The d a t a  from d + Be a t  a l l  

angles  s tudied  a r e  shorn as smooth curves i n  Fig. 5. The curves f o r  

7" and 45' do n o t  extend below 5 MeV a s  no runs were made a t  these  angles 

with a 0.75 m f l i g h t  pa th .  Monitor u n c e r t a i n t i e s  fo r  t h e  0.75 m d a t a  

were t y p i c a l l y  8 - 15% a s  aga ins t  3 - 4% for  t h e  3 m d a t a .  Accordingly, 

t h e  r e l a t i v e  normalizat ion f o r  t h e  two d a t a  s e t s  was derived from t h e  

t o t a l  neutron y i e l d s  f o r  7 .5  MeV < E < 12.5 MeV, and t h e  overa l l  
n 

normali.za.ti.on defined by t h e  monitor counts f o r  t h e  3 m da ta .  

The experimental u n c e r t a i n t i e s  f o r  these  d a t a  come from t h r e e .  

sources.  F i r s t ,  t h e r e  a r e  t h e  s t a t i s t i c a l  u n c e r t a i n t i e s  indica ted  by 

t h e  e r r o r  bars  i n  Figure 4. These a r e  genera l ly  small.  Second, 

t h e r e  i s  a beam monitor unce r t a in ty  a t  each angle,  which amounts t o  

approximately 4% a t  a l l  angles,  except f o r  45" where it i s  6%. 

F i n a l l y ,  and most important,  t h e r e  a r e  u n c e r t a i n t i e s  due t o  t h e  e r r o r s  

i n  t h e  e f f i c i e n c y  c a l c u l a t i o n s .  The r e s u l t a n t  o v e r a l l  n o r m a l i z a t i u ~ ~  

u n c e r t a i n t y  is  estimated t o  be 2 15%. Errors  i n  t h e  measured shape 



of the  energy spectrum due t o  e r ro r s  in  the  shape of the  ef f ic iency 

curve a r e  d i f f i c u l t  t o  assess ,  but a r e  probably l e s s  than 10%. 

3.2 Foil Activation Measurements 

The neutron y ie lds  from the  d + Be react ion a t  E d  = 39.9 MeV were 

measured using the  high i n t ens i t y  source described i n  sect ion 2. 

Rectangular f o i l s ,  50 mm x 120 mm, were mounted on a support in  the  

shape of a c i r cu l a r  a rc  76.2 mm in  radius ,  and the  whole assembly 

located with the  center  of t he  a r c  a t  t h e  center  of the  d + Be 

in te rac t ion  region, a s  shown schematically in  Fig. 6. After  

exposure fo r  4 hours a t  a  deuteron beam leve l  of 20 PA the  f o i l s  were 

removed, allowed t o  cool f o r  several  days, and 6.3 mm diameter d i s c s  

were punched from them i n  the  pa t t e rn  indicated in  Fig. 6. The 

d i s c s  were weighed and the  gamma a c t i v i t i e s  l i s t e d  i n  Table 1 were 

measured using a Ge(Li) detector  whose e f f i c iency  was ca l ib ra ted  

using a standard source. 

To convert the  measured a c t i v i t i e s  t o  neutron yie lds  t he  spectrum- 

averaged c ross  sect ions  f o r  the  th ree  reac t ions  were computed a s  a 

function of s ca t t e r i ng  angle by folding t he  spectrum shapes ds measured 

in  the  t ime-of-fl ight  runs with the  exc i t a t ion  functions shown in  

Figure 7.  For energies ; 20 MeV the  ava i l ab le  da ta  14'15) f o r  t he  

"co(n,2n) and 93~b(n ,2n)  reac t ions  appear t o  be i n  reasonably good' 

agreement, but considerable s c a t t e r  of the  experimental r e s u l t s  is  
5 8 apparent f o r  t h e  Ni,(n,p) cose.16) Above 20 MeV there  a r e  no d.ata, 

so the  exc i t a t ion  functions were extrapolated using the  shapes 
17 calcula ted writh the  code THRESH. ) The overa l l  uncer ta in t i es  in  

the  calculated spectrum.averaged cross-sect ions  were estimated t o  be 

+ 10% for  the  59~o(n ,2n)  and 93~b(n ,2n)  reac t ions ,  and + 15% f o r  the  

5 8 ~ i ( n , p )  reac t ion .  In Fig. 8 we show the  experimental values of 

neutron yie ld  (E >. 2' MeV) versus lirlgle obtained from the  th ree  n 
ac t iva t ion  f o i l s ,  corrected fo r  absorption in  the  tantalum end-plate. 

The tirne-of-flight data  a r e  a l so  shown. The e r ro r  bars  ind ica te  



s t a t i s t i c a l  unce r t a in t i e s  only. The sol id  l i n e  represents  the  mean 

of t h e  TOF and ac t i va t i on  r e s u l t s .  The four s e t s  of data  a r e  displaced 
59 

from t h i s  curve by an average of -10% (TOF), + lo% ( Co(n,2n)), 
5 8 

+1% (93~b(n ,2n) )  and -15% ( Ni(n,p)) ,  i n  reasonable agreement with t he  

est imated unce r t a in t i e s .  In Table 2 t he  various sources of uncer ta inty  

a r e  summarized fo r  a l l  s e t s  of da ta .  

In Table 3 t h e  r e s u l t s  of  t h e  four separate  measurements of neutron 

y i e ld s  (En > 2 MeV) a r e  l i s t e d ,  together with the  average values 

represented by Llre so l i d  line i n  Fig. 8.  Estimating probable e r ro r s  

f11r  thcse  average values from the  cnmplex e r ro r  matrix implied by t he  

information i n  Table 2 I s  11ut pract icable .  Thc uncer ta in t i cs  were 

t he r e lo r e  derivcrl fro111 the  s c a t t e r  of t he  cxperimental da ta  points  

themselves, leading t o  e r r o r  est imates of  2 5% a t  each angle, urld an 

ove ra l l  normalization uncer ta inty  of + 7 % .  

Thick t a rge t  neutron y i e ld s  from the  d + Be react ion have previously 
18 

been measured by Schweimer ) a t  Ed = 40 MeV and 53.8 MeV, and by 
19 Meulders e t  a l .  ) a t  Ed = 16 MeV, 33 MeV and 50 MeV. Schweimerls 

measurement of t he  neutron energy spectrum a t  0" extends down t o  a 

neutron energy of 11.5 MeV, and t he  shape i s  i n  good agreement with our 

r e s u l t s ,  however, h i s  est imate of Ll~e avora l l  y ie ld  is approximately 

35% lower. Meuldersl da t a  include enorgy spectra a t  a  number of 

angles  f o r  ~leutrori el~clrgios E > 3 MeV. No d i r e c t  comparison with 
I1 

t hese  da t a  i s  poss ib le  due t o  t h e  d i f f e r i ng  deuteron energies,  but 

our da ta  follow the  same t rends  a s  regards spec t ra l  shapes, angular 

d i s t r i bu t i onq  and overa l l  y ie lds .  

4 .  Dosimetry f o r  the  d + Be Neutron Source 

Both the  neutron f l ux  and eilcrgy. apcctrum vary s t rongly  with 

d i s tance  from.the beam a x i s .  Thus the  dosimetry must provide a 

measure of both with a s p a t i a l  r eso lu t ion  Q, 1 mm. The bas i s  of the  

method i s  t o  assume t h a t  thc neutrnn energy spectrum a t  any point  

on the  sample i s  adequately represented by t h e  neutron spectrum seen 



f a r  from the  t a rge t  a t  some e f f ec t i ve  sca t t e r ing  angle (eeff ) .  Then 

t h e  neutron dose a t  a  given point  on the  sample can be completely 

described by two numbers, the  t o t a l  neutron yie ld  f o r  E > 2 MeV 
n 

and t he  spectrum shape parameter 8 e f f '  
The response of the  nickel  and cobal t  f o i l s  in  terms of these  two 

parameters i s  obtained from the  yie ld  measurements described i n  the  

preceding sect ion.  From the  ac t iva t ion  measurements done i n  a  

well-defined geometry, t he  r a t i o  of t h e  cobal t  and nickel  a c t i v i t i e s  

a t  each sca t t e r ing  angle a r e  obtained, and used t o  ca lcu la te  t he  
- 

r a t i o  of the  spectrum averaged cross-sect ions ,  a (CO) /;(Ni), as a 

function of angle. The r e s u l t s  a r e  shown i n  Fig. 9. The so l i d  l i n e  

i n  Fig. 8, which i s  our best  est imate of the  t o t a l  neutron y ie ld ,  is  

used i n  conjunction with the  same ac t iva t ion  measurements t o  

ca lcu la te  the  values of ~ ( c o )  and a ( ~ i )  a s  function of sca t t e r ing  

angle. These r e s u l t s  ( a ) . a r e  given in  Table 4, together with t he  

values (b) previously estimated from the  t ime-of-fl ight  da ta  and the  

published cross  sect ions .  ( S t r i c t l y  speaking the  nickel  values 
58 include a  contribution from competing reac t  ions such a s  'Oli(n, t )  Co, 

however the  co r r ec t i on - i s  probably < 5% and does not a f f e c t  t h e  

present  d iscuss ion) .  The dosimetry procedure which we use is t o  

measure the  a c t i v i t y  induced on the  cobal t  and nickel  f o i l s  a t  a  
- 

given locat ion,  compute the  r a t i o  u(co)/;(N~) and then obtain ee f f  
from Figure 9. Knowing 0 t h e  value of ~ ( c o )  (or ;(Ni)) can be ef f  

obtained from Table 4, and the  t o t a l  neutron fluence calcula ted.  

An example of the  method i s  i l l u s t r a t e d  i n  Fig. l o .  The cobal t  

and nickel  f o i l s  were in  the  form of 25 mm diameter d i s c s ,  approximately 

.05 mm th ick ,  placed perpendicular t o  t he  beam ax i s  a t  a  d is tance  of 

10 mm from the  center  of the  beryllium t a rge t .  After  an i r r ad i a t i on  

l a s t i ng  Q, 26 hrs ,  the  p a i r  of f o i l s  was removed and.allowed t o  cool 

fo r  several  weeks. Discs 1.5 mrn i n  diameter were then punched from 

the  f o i l s  i n  the  r ad i a l  pa t t e rn  shown on the  i n s e r t  of t h e  upper pa r t  

of  Fig. 10. Each small d i sc  was weighed, and the  810.5 keV 

,- y-ac t iv i ty  measured with a  Ge(Li) de tec to r .  From these  da ta  t he  



l o c a t i o n  of the  c e n t e r  of  t h e  neutron spot  ( i . e .  t he  maximum a c t i v i t y )  

was est imated,  and t h e  a c t i v i t y  of each d i s c  p lo t t ed  agains t  i t s  d i s t ance  

r from t h i s  cen te r ,  a s  shown i n  Fig. 10 . There is an impl ic i t  

assumption i n  t h i s  procedure t h a t  t h e  n e u t r o n ' i n t e n s i t y  countours a r e  

c i r c u l a r ,  which appears t o  be well j u s t i f i e d  by the  small s c a t t e r  of  

t h e  d a t a  po in t s  i n  these  p l o t s .  From t h e  d a t a  i n  t h e  upper p a r t  of  

Fig. 10 t h e  two dose parameters,  O e f f  and neutron y ie ld  were 

c a l c u l a t e d  and p l o t t e d  a s  a  function of r a s  shown i n  t h e  lower p a r t  

o f  t h e  f i g u r e .  The neutron spot  is  seen t o  have a rouglily gaussian 

prof i le ,  with a f u l l  width a t  ha l f  ma.ximum of 8 . 5  mm, and a maximum 
17 2 12 2 

of Q 2 x 10 n/cm , corresponding t o  a  average f l u x  Q 2 . 1  x 10 n/cm /sec  

dur ing  t h e  i r r a d i a t i o n .  

The o v e r a l l  u n c e r t a i n t y  i n  t h e  neutron f luence  is estimated t o  be 

f '10% due l a r g e l y  t o  t h e  7% uncer t a in ty  of the  y ie ld  measurements used 

t o  c a l i b r a t e  t h e  a c t i v a t i o n  f o i l s .  The uncer t a in ty  i n  t h e  d e f i n i t i o n  

o f  s p e c t r a l  shape i s  d i f f i c u l t  t o  quant i fy ,  but  i n  terms of t h e  

e f f e c t i v e  s c a t t e r i n g  angle  it amounts t o  f 2O, a s  indica ted  i n  

Fig .  10. 

Although w e  can g ive  no r igorous j u s t i f i c a t i o n  of  t h i s  procedure, 

a  p l a u s i b l e  argument i n  support of t h e  bas ic  assumption can be made by 

no t ing  t h a t  neutron energy spec t ra  shown i n  Fig. 5 a l e  COIII~GSCJ of two 

components, a  broad peak centered near  E = 16 MeV and an underlying 
n 

background with a roughly exponential energy dependence. The i n t e n s i t y  

of  t h e  broad peak decreases  r a p i d l y  with angle  while t h a t  of t h e  

underlying background v a r i e s  much more slowly. We may express t h e  

yie ld  4 at  an angle  A a z  

where 



f (E) represents  t he  shape of t h e  broad peak, 
P 

f (E) represents  t he  shape of t h e  underlying background, b 
and g(8) a r e  the  corresponding angular d i s t r i bu t i ons .  

When a sample is  placed c lose  t o  t he  source, so t h a t  t he  beam spot 

subtends a s ign i f i can t  angle a t  t he  sample, t he  spectrum seen by t he  

sample $(E) may be represehted! by an in tegra l  of 4 (BYE) over the  , ' 

appropriate angular range, i . e .  

. 8 
$ (E) = Jemaxx(e)c (8 , ~ ) d 4  

min 

where x(8) depends upon the  beam in t ens i t y  p r o f i l e ,  divergence, e t c .  

Subst i tu t ing (1) i n to  (2)  we obtain 

8 max 

= a f (E) + abfb(E) . 
P P 

This spectrum has the same form a s  the  spectrum 4(8 ,E) a t  an angle 
e f f  

from a point source, where 

Thus, provided t h a t  the  functions x (8) , g (8) and gb (8) a r e  reasonably 
P 

well behaved, the neutron spectrum seen.by a sample placed c lose  t o  the  

source can be characterized by the  spectrum measured f a r  from the  source 

a t  some angle 8 
e f f '  



Given t h e  assumption represented by Eq. ( I ) ,  i.e. t h a t  t h e  

spectrum a t  any angle i s  t h e  sum of two. components whose energy 

dependence i s  independent of angle,  t h e  above argument is s t i l l  not 

r igorous  because t h e  f i n i t e  th ickness  of  t h e  source has been ignored. 

This  e f f e c t  cannot be evaluated without a  knowledge of t h e  t h i n -  

t a r g e t  neutron y i e l d s  f o r  t h e  ' ~ e ( d , n )  r e a c t i o n  over t h e  f u l l  

deuteron energy range o f  0 t o  40 MeV. 

5. Neutron Yields from t h e  d + L i  Reaction 

8 
In  t h e  recent  ORNL proposal ) f o r  an in tense  neutron generator  based 

on t h e  d + L i  r e a c t i o n ,  r e s u l t s  were reported f o r  t h e  t h i c k  t a r g c t  

neutron y i e l d  from 40 MeV deuteron bombardment o f  l i th ium.  These 

d a t a  a r e  i n  disagreement, by a f a c t o r  o f  two, with o the r  prel iminary 

r e s u l t s  repor ted  ' i n  t h e  s i m i l a r  BNL proposal .  ') We have repeated 

these  measurements us ing t h e  t ime-of- f l ight  apparatus described 

previous ly  and t h e  r e s u l t s ,  shown i n  Fig. 11, a r e  cons i s t en t  with t h e  

e a r l i e r  ORNL d a t a .  The t o t a l  neutron y i e l d s  f o r  E > 2 MeV from 
n 

t h e  p resen t  work, which a r e  given i n  Tabie 5, have sources of e r r o r  which 

a r e  s i m i l a r  t o  those  l i s t e d  i n  Table 2 f o r  t h e  beryllium r e s u l t s .  

From the  beryllium d a t a  we s e e  t h a t  t h e  t ime-of- f l ight  r e s u l t s  a r e  

10% lower ' than t h e  average values  f o r  the  t o t a l  y i e l d s ,  accordingly 

t h e  l i th ium dat,a should be renormalized upwards by t h i s  amount, as 

shown i n  t h e  f i n a l  column of  Table 5. The e r r o r s  quoted i n  t h i s  

column r e f l e c t  not  only s t a t i s t i c a l  e r r o r s ,  but a l s o  those due t o  

u n c e r t a i n t i e s  i n  the  shape of  the  d e t e c t o r  e f f i c i e n c y  curves. 

The r e s u l t s  i n d i c a t e  a  s l i g h t l y  higher y ie ld  f o r  t h e  d + L i  

rea.r.t.inn as compared t o  the  d + Be reac t ion  a s  might be expected 
18 

from t h e  systematics noted by Schweimer ) The forward angle 

s p e c t r a  a l s o  show a reduced contr ibut ion  a t  t h e  lower neutron energies .  

However, t h e  o v e r a l l  s i m i l a r i t y  of the  spec t ra  from the  two reac t ions  

suggest t h a t  d + Be sources w i l l  be use fu l  i n  examining t h e  neut ronics  

of t h e  proposed d + L i  sources,  and t h a t  t h e  dosimetry techniques 

descr ibed here w i l l  be app l i cab le  t o  such devices .  
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TABLE 1 

Reactions used f o r  a c t i v a t i o n  measurements. 

Foil  Reaction Q-value '1/2 E 
Y 

(MeV) (days) (keV) 

Nb 9 3 ~ b  (n, 2n) 92% - 8.95 10.16 934 

*Contributions t o  t h e  5 8 ~ o  y ie ld  from reac t ions  i n  o the r  n ickel  
i so topes  such a s  6 0 ~ i  ( n , t )  were assumed t o  be neg l ig ib le .  



TABLE 2 

Summary of  Uncerza in t ies  i n  t o t a l  neutron y i e l d  d a t a .  

Data Source Source of  Uncer ta in ty  Magnitude Cmxnments 

TOF Counting s t a t i s t i c s  

Monitor s t a t i s t i c s  

Monitor c a l i b r a t i o n  

Detec tor  e f f i c i e n c y  

Small Ind ica tzd  i n  Fig. 4 

4% - 6% Indica ted  i n  Fig. 8 

3 % 

15% (est imated)  Considerable c o r r e l a t i o n  
between d i f f e r e n t  
angles  

Coun:kg s t a t i s t i c s  1% - 5% Indjcat.ed i n  F ig .  8 

Ge (L i) d e t e c t o r  5% 
e f f i c i e n c y  

Same fsr a l l  a c t i v a t i o n  
d z t a  

Cms.s s e c t i o n s  ) 15% (est imated)  . ( Cansiderabl  e c o r r e l a t i o n  
TOF Spec t r a l  shapes between ang le s  

'Counting s t a t i s t i c s  1 - 8% I Detec:c.r e f f i c i e n c y  5 % 58 A s  f o r  Ni(n,p) 
Cross-sec t ions  

) 1 o w e s  t b a t  ed) 
mF s?ec t r a l  shapes 



TABLE 2 (cont . ) 
Magnitude Comments Data Source Source of Uncertainty 

9 3 ~ b  (n, 2n) Counting s t a t i s t i c s  1 - 8% 

I Detector ef f ic iency 5 % AS f o r  5 8 ~ i ( n , p )  

Cross-sect ions } 10% (estimated) 

TOF spec t ra l  shapes 



TABLE 3 

Thick t a r g e t  r e u t r o n  y i 3 l d s  (E > 2 MeVl from d + Be, Ed = 40 MeV. Uni ts  a r e  10 10 

neutrons/u C/sr . n 

*Corresponds. t o .  so l  i d  B ine i n  Figure 8 .  

Average* 

36.0 , +  1.8  

30.0 + 1.5  

26.6 + 1 .3  

22.2 + 1.1 

15.4 + 0.8 

11.7 + 0.G 

8 .1  + 0.4 

5.9 + 0.3 

5.05 + 0.25 

4.30 + 0.22 

3.14 + 0.16 

2.30 + 0.12 

S c a t t e r i n g  angle  
(degrees) 

0 

5 

7 

10 

15 

20 

3 0 

4 0 

4 5 

5 0 

60 

70 

8 0 

90 

Scale  u n c e r t a i n t y  

TOF d a t a  

33.6 + 1.3  

25.1 2 1 . 3  

13 .2  + 0.5 

6 . 8  + 0.2 

4.2' + 0.25 

2.77 + 0.1 

1.26 + .04 

+ 15% 

Neutron Yields 

9 3 ~ b  (2,2n) 

35.7 + 10.4 

29.9 + 0.3 

23.1 + 0.2 

11.6 + 0.2 

8.19 + 0.2 

6.65 + 0.2 

4.36 + 0.16 

3.34 + 0.11 

2.31 + 0.14, 

- 
59 13 (n ,2n) 

38.7 + 0.4 

33.7 + 0.4 

26.0 + 0.2 

18.5 + C.3 

13.4 + Cl.2 

9.26 + 0.17 

7.29 + 0.23 

4.86 + 0.15 

3.30 2 0 . 1 3  

2.31 0.16 

Act iva t ion  d a t a  
5 8 

~i (nYp)  

30.9 f 0.3 

24.8 + 0.3 

18.0 + 0.2 

9.51 + 0.13 

6.59 + 0.11 

5.12 + 0.12 

3.74 + 0.06 

2.79 + .07 

2.10 + .08 

1.66 I 3.16 

5 10% 

1.68 + -06 

+ 15% 

1.39 + 0.081 1.67 + 0.08 

2 10% 

1.21  + 0.06 

+ 7% 



TABLE 4 

Estimates of the spectrum-averaged cross-sections (in mb) for various 
reactions as a function of scattering angle. Values labeled (a) are 
used for dosimetry (see text). Values .labeled (b). were calculated 
from time-of-flight data and available cross-section data. 

- - - 
a (Ni) a (co) a (Nb) 

e (a) (b) la) (b 1 CaI (b 1 
(degrees) 

-- - --  

* 58 
Includes contributions from competing react ions such as 60~i (n, t) Co . 



TABLE 5 

Thick t a r g e t  neutron g i e ld s  (E > 2 MeV) from d + L i ,  Ed = 40 MeV 
Units  a r e  1 o1 O n e ~ ~ t r o n s / p c / s r .  n 

Sca t t e r ing  angle Neutron yie ld  
(degrees) TOF dataa Renormal i z ed 

b 

Scale  uncer ta in ty  + 15% 1 7% 

a S t a t i s t i c a l  errors '  only 

b ~ e e  sec t ion  S .  
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Fig. 1 .  A schematic of the water-cooled beryllium target.  Samples 
to  be irradiated are placed within the irradiation volume immediately 
downstream of the tantalum end-plate. 



a=: F;g, 2. A photograph of the whole target assembly. The nwnbers are 
referred t3 in the text. 
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Fig. 3. The lay-out of  t h e  t ime-o f - f l i gh t  apparatus.  



4 4 ORNL- DWG 76- 1'3770 

I I I 1 -  TIME-OF-FLIGHT -I 
DATA 1 . 3 m FLIGHT PATH 

En ( MeV 1 

Fig. 4 .  Tin~e-uf - f l ight  data from 40 MeV deuterons on a  t h i c k  Be 
t a r g e t ,  showing r e p r e s e n t a t i v e  e r r o r  bars .  The 0.75 m da t a  (open 
c i r c l e s )  have been normalized t o  t h e  3 m d a t a  i n  t h e  energy ranges 
7 .5  MeV < E c 12.5 MeV. The system r e s o l u t i o n  (3m d a t a )  v a r i e s  
from ;l: 200 Rev a t  En = 5 MeV t o ;  6 MeV a t  En = 40 MeV. 
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Fig.  5 .  Time-of-f l ight  data  obta ined  by drawing smooth curves 
through t h e  r e s u l t s  t y p i f i e d  by those  i n  Fig. 4 .  
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TANTALUM 
END- PLATE 

Fig. 6 .  The experimental arrangement used f o r  tF-e ac t iva t ion  
measurements i n  a well-defined geometry. The dir-ensiGns of  the  
i n t e r a c t i o n  region were ,length 6mm, diameter < 5 m. 
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Fig. 7 .  Exc i t a t i on  func t ions  used t o  c a l c u l a t e  spectrum averaged 
c r o s s  s e c t i o n s .  The s o l i d  l i n e s  r ep re sen t  t h e  energy r eg ions  f o r  
'which da ta14 ,  15, 16) were a v a i l a b l e  ; t h e  do t t ed  p o r t i o n s  were 
ex t rapola t i .ons  der ived  from Ref. 17. 
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Fig. 8.  Experiment31 va lues  of neutron y ie ld  obtained i n  the  
present  work f o r  40 MeV deuterons on t h i c k  b e r y l l i m ' t a r g e t s .  
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Fig. 9. Experimental dependence of ; ( C O ) / ~ ( N ~ )  as a funct ion  of 
angle f o r  neutrons emitted from a t h i c k  t a r g e t  bomlxirded with 
40 MeV deuterons. 
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Fig.  10. Dosimetry method used f o r  d  + Be neutron source. The upper 
graphs show the  d i s t r i b u t i o n  of 5 8 ~ o  a c t i v i t y  f o r  t he  cobal t  and 
nickel  dosimetry f o i l s .  The lower 'p lots  show t h e  s p a t i a l  dependence 
of eeff  and neutron yie ld  inferred from these  measurements (see 
sec t lon  4)  . 



Fig. 11. Neutron y i e l d s  from 40 MeV deuterons  on a t h i c k  L i  t a r g e t .  
The curves were obtained from t ime-o f - f l i gh t  d a t a  i n  t h e  same manner 
R.S those  f o r  d + Be (Fig. 5) . 
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