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Although AVF cyclotrons have been in operation 
only for a relatively short period an im- 
pressive number of experiments have been per- 
formed and much work is also currently being 
done. The available time for this talk is too 
short, of course, to give an exhaustive sur- 
vey of what has been achieved in Europe during 
the last year and I must select some typical 
experiments for presentation, apologizing to 
those authors, whose work I cannot mention. 

I want to discuss four types of experiments: 

1. Experiments with High Energy Resolution 

When extracted beams became available it was 
found that the beam quality of most AVF cyclo- 
trons is surprisingly good. Of course such 
properties depend on the tuning and the dee 
voltages. But in most cases energy spreads 
well below l00 keV were observed correspond- 
ing to re ative energy resolutions of a few 
times 10-'. After analysis the resolution can 
be better than 10 keV allowing the full ex- 
ploitation of the capabilities of solid state 
detectors. Since many of these cyclotrons 
have variable energy and since they allow the 
acceleration of different particles they are 
as convenient and powerful as tandem accelera- 
tors but will permit the carrying out of pre- 
cision work at energies much higher than 
12 MeV. 

As an example of what has been achieved with 
the Saclay AVC cyclotron I should like to 
show in Fig. 1 the energy distribution of 
protons with an ig4tial energy of 18,6 MeV 
scattered from Fe . The energy spread of the 
beam was about 40 keV. Litium-drifted silicon 
detectors 2.5 mm thick were used giving an 
overall resolution of 120 keV. It should be 
remarked that polarized protons are used in 
this experiment and I think that AVF cyclo- 
trons offer for the first time the possibili- 
ty of using polarized particles with high 
energy resolutions at energies above 15 MeV. 

3 A resolution of about 10- could be obtained 
at Saclay by using a magnetic spectrometer de- 
signed according to Cohen's compensation me- 
thod. Here no slits exist close to the target 
and background is negligible. The particles 
are located by a spark chgefger. Results for 
proton scattering from Pb will soon be 
available. 

Very high energy resolution is required for a 
study of fluctuations of the excitation func- 
tion, since the width of the fluctuations is 
about 50 keV in the mass region A=30 and de- 
creases to 5 keV for A=50. Hence, the in- 
vestigation of these Ericson fluctuations was 
a domain which in the past was reserved for 
tandem accelerators. However, Put et al. using 
the Philips 30 MeV prototype cyclotron were 
able to e end tan m measurements of the re- 
action AIZ'(pa, Mg" from energies of 12 MeV 
up to 20 MeV. The energy spread of the ana- 
lysed beam was 10 to 15 keV and the excitation 
function was measured in steps of 25 keV. 
Since this experiment will be described in a 
contributed paper I shall not go into further 
details. 

2. Optical Model Studies 

Under this heading I should like to discuss 
briefly the investigation of angular distri- 
butions for elastic and inelastic scattering 
and for various nuclear reactions carried out 
with moderate energy resolutions. 

As an example I should like to show the re- 
sults of the scattering of deuterons fron car- 
bon, which were obtained by Briickmann and 
base at the Karlsruhe cyclotron (Fig. 2). 
The full curve is a theoretical fit to the 
elastic data. It is remarkable how well the 
experimental results are reproduced. This de- 
monstrates that the optical model fits have 
been refined to such a degree that it be- 
comes possible now to attack the really 
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i n t e r e s t i n g  problem i.e. t h e  determination of 
spectroscopic  f a c t o r s ,  which contain  t h e  r e l e -  
vant nuclear  information. 

Using the  p a r t i c l e  identificationmethodsthat 
w i l l  be descr ibed i n  s e c t i o n  3 Briickmann and 
Haase obtained, i n  a d d i t i o n  t o  t h e  s a t t e r i n g  
da ta ,  r e s u l t s  f o r  t h e  (d,p) and (d. 'He) react. 
ions.  Fig. 3 shows t h e  r e s u l t s  f o r  t h e  (d ,p )  
ground s t a t e  react ion.  For t h e  t h e o r e t i c a l  f i t  
the  p o t e n t i a l 6  a s  deduced from t h e  e l a s t i c  
deuteron and proton s c a t t e r i n g  d a t a  have been 
used and the re fo re  t h e r e  a r e  no f r e e  parame- 
t e r s .  The curves r e f l e c t  t h e  general  behaviour 
of t h e  measurements q u i t e  wel l  although some 
discrepancies  still  ex i s t .  

In tens ive  i n v e s t i g a t i o n s  on l i g h t  nuc le i  a r e  
a l s o  c a r r i e d  ou t  a t  t h e  Birmingham cyclotron. 
I.B.A. England and c o l l a b o r a t o r s  a r e  study- 
i n g  t h e  l a r g e  angle  s c a t t e r i n q  of  a p a r t  
i n  t h e  20-24 MeV region from 2 ~ ,  1 4 ~ ,  

and20#e. Analysis of  these  d a t a  is  at  pre- 
s e n t  i n  progress.  In  add i t ion  England and W i l -  
ne a r e  measuring t h e  angular  d i s t r i b u t i o n  of 
t h e  ( h e  t )  and 3 ~ e ,  d )  r e a c t i o n s  from t a r -  d g e t s  of g ~ e  and A 1  a t  an inc iden t  energy of 
32 MeV. Resu l t s  w i l l  soon be ava i l ab le .  

Deuteron s c a t t e r i n g  from heavier  nuc le i  has  
been inves t iga ted  by Schmidt-Rohr e t  a l .  a t  
t h e  Karlsruhe cyclotron. Some r e s u l t s  a r e  
shown i n  Fig. 4. For these  n u c l e i  t h e  d i f f r a c t -  
i o n  p a t t e r n  is  r a t h e r  s t r i k i n g .  This  group 
a l s o  c a r r i e d  ou t  a t h e o r e t i c a l  a n a l y s i s  of  t h e  
yt t r ium and gold d a t a  both  with t h e  s t r o n g  
absorpt ion model and t h e  o p t i c a l  model. The 
b e s t  f i t s  toge ther  wi th  t h e  p o t e n t i a l  parame- 
t e r s  a r e  shown i n  Fig. 5. 

Many of these  experiments have been performed 
i n  t h e  p a s t  wi th  o t h e r  acce le ra to r s .  l ever the -  
l e s s  I b e l i e r e  t h a t  AVF cyclotrons  o f f e r  con- 
s i d e r a b l e  advantages even i n  t h i s  c l a s s i c a l  
f i e l d .  Because o f  t h e i r  f l e x i b i l i t y  and above 
a l l  because of  t h e  high beam i n t e n s i t i e s  more 
and b e t t e r  d a t a  w i l l  become avai lable .  This 
w i l l  c e r t a i n l y  he lp  dec i s ive ly  t o  make t h e  
s t e p  from t e s t i n g  d i f f e r e n t  o p t i c a l  models t o  
a determination of  t h e  re levan t  nuclear  para- 
meters,  such as spectroscopic  factors .  

3. Time-of-Fliaht Experiments 

AVF cyc lo t rons  can be operated i n  such a way 
t h a t  t h e  width of t h e  ind iv idua l  p a r t i c l e  
b u r s t s  becomes l e s s  than  l nsec and hence 
they provide an e x c e l l e n t  opportuni ty  f o r  
t ime-of-fl ight measurements. However, i n  most 
a p p l i c a t i o n s  t h e  t ime-of-f l ight  of some par- 
t i c l e s  is longer  than t h e  time-spacing bet-  
ween ind iv idua l  p a r t i c l e  pu l ses  and from t h i s  
an ambigaity a r i s e s .  This d i f f i c u l t y  can be 
overcome i n  two d i f f e r e n t  ways: 

One p o s s i b i l i t y  is  t o  suppress a l a r g e  number 
of p a r t i c l e  pu l ses  and use  only one pu l se  ou t  
of  severa l  hundred. This,  of  course,  r e s u l t s  
i n  a considerable  reduct ion of i n t e n s i t y .  An 
elegant  s o l u t i o n  f o r  t h e  production of neu- 
t r o n  pu l ses  with a width of about 1 nsec has 
been found by Beckurts, Cier jacks  e t  a l .  a t  
Karlsruhe. Since i n  t h i s  case t h e  inc iden t  
energy of t h e  deuterons which produce t h e  neu- 
t r o n s  does no t  mat ter ,  about 50 deuteron bun- 
ches l i n e d  up along one r a d i u s  a r e  de f lec ted  
simultaneously on t o  an i n t e r n a l  t a r g e t  with 
a r e p e t i t i o n  frequency of 20 kHz. I n  t h i s  
way t h e  beam i n t e n s i t y  i s  reduced only by 
about f a c t o r  30 with  a pu l se  spacing of 50 
psec. A neutron f l i g h t  path  of about 50 m has 
been used. The f l u  a t  the  d e t e c t o r  was ap- t proximately 5 . 10 neutrons/cm2sec. The re-  
s o l u t i o n  obtained was 200 eV f o r  a neutron 
energy of about 500 keV. This spectrometer 
and r e s u l t s  a r e  descr ibed i n  more d e t a i l  i n  a 
contr ibuted paper t o  t h i s  conference. There- 
fo re  I s h a l l  only show one i l l u s t r a t i v e  
example ou t  of the  l a r g e  amount of da ta  ob- 
t a ined  thus  fa r .  Fig. 6 shows the  t o t a l  c r o s s  
s e c t i o n  f o r  Ca as der ived from a t ransmiss ion 
measurement i n  t h e  energy range 1.4 t o  2.2 MeU 

Another way t o  determine t h e  time of f l i g h t  
unambiguously without supress ing beam pu l ses  
was pursued success fu l ly  by Briickmann and 
Haase a t  Karlsruhe. Here t h e  neutrons pro- 
duced on an e x t e r n a l  t a r g e t  a r e  detected by a 
s c i n t i l l a t i o n  counter te lescope c o n s i s t i n g  of 
two t h i c k  p l a s t i c  s c i n t i l l a t o r s  spaced about 
40 cm from each other.  Neutrons impinging on 
t h e  f i r s t  s c i n t i l l a t o r  produce r e c o i l  protons  
Those r e c o i l  protons  t h a t  e n t e r  the  second 
d e t e c t o r  a r e  r e g i s t e r e d  i n  f a s t  coincidence. 
An energy s i g n a l  approximately equal t o  t h e  
neutron energy is  obtained from t h e  sum of 
the  energy s i g n a l s  of t h e  two s c i n t i l l a t o r s .  
A two dimensional d i sp lay  is used showing 
t h i s  energy s i g n a l  ve r sus  t h e  t i m e r  r e l a t i v e  
t o  t h e  last preceeding r f  pulse. Fig. 7 shows 
such a neutron spectrum from t h e  I2c  (d ,n )  
react ion.  One has s e v e r a l  branches correspond 
i n g  t o  neutrons emitted from success ive  p r i -  
mary p a r t i c l e  burs ts .  A s  t h e  neutron energy 
is  determined from t h e  time of f l i g h t  t , 
t h e  energy r e s o l u t i o n  hae only t o  be good 
enough t o  d i s t i n g u i s h  between the  branches, 
and th i s '  r e s u l t s  i n  a much higher te lescope 
eff ic iency.  The neutron spectrum can be i n -  
f e r red  from t h e  counting r a t e  along t h e  ridge. 
An example f o r  t h e  r e a c t i o n  I 2 c  (d ,n )  is 
shown i n  Fig. 8. 

I want t o  mention t h a t  t h e  pu l se  l eng th  a t  
the  t a r g e t  could be made a s  s h o r t  a s  0.25 
nsec. Normally pu l se  widths of about 0.5 nsec 
were used (Fig. 9). This is  q u i t e  remarkable. 
Since t h e  t a r g e t  was 17 m away from t h e  
c y c l o t r o n t h i s  a l s o  impl ies  a narrow energy 
of  the  beam. I n  our  case of 52 MeV deuterons 
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t h e  energy spread of  t h e  machine w a s  l e s s  than 
10P keV. 

This t ime-of-f l ight  technique can a l s o  be used 
f o r  the  i d e n t i f i c a t i o n  of charged p a r t i c l e s .  
One makes a  two dimensional measurement of  t h e  
energy s i g n a l  from a  s c i n t i l l a t o r  o r  a s o l i d  
s t a t e  d e t e c t o r  versus  t h e  time d i f fe rence  bet-  
ween the  time of a r r i v a l  and t h e  l a s t  preceed- 
i n g  r f  pulse. The r e l a t i o n  between v e l o c i t y  
and energy determines d i f f e r e n t  curves o r  
d i f f e r e n t  p a r t i c l e s  i n  a y  versus  E p lo t .  This 
i s  shown i n  Fig. 10. The p a r t i c l e s  o r i g i n a t i n g  
from a bombardment of I2c  with 52 MeV deute- 
rons h  ve been analysed. The s p e c t r a  f o r  p,  d ,  3 t and He p a r t i c l e s  a r e  wel l  separated from 
each other.  The example shown i n  Fig. 10 was 
obtained with a p l a s t i c  s c i n t i l l a t i o n  counter. 
A combination of  a  t h i n  and a t h i c k  s o l i d  s t a -  
t e  d e t e c t o r  de l ive red  much b e t t e r  r eso lu t ion .  
The r e s u l t s  presented i n  s e c t i o n  2  have been 
obtained with t h i s  p a r t i c l e  i d e n t i f i c a t i o n  
method. 

I n  Fig. 11 t h e  proton spectrum from t h e  bom- 
bardment of carbon with 52 MeV deuterons is 
shown a s  an example. Besides t h e  sharp peaks 
corresponding t o  t r a n s i t i o n s  t o  d e f i n i t e  l e -  
v e l s  of t h e  f i n a l  nucleus a  broad maximum at  
lower energ ies  can be seen. This stems from 
t h e  break-up process  of t h e  deuteron. This 
process has been s tud ied  f o r  d i f f e r e n t  t a r g e t  
nuc le i  and t h e  dependence of  t h e  c ross  s e c t i o n  
a s  a  funct ion of t h e  atomic number of t h e  t a r -  
g e t  i n d i c a t e s  t h a t  t h e  break-up process  a t  
t h i s  energy must be predominantly caused by 
nuclear  forces .  An attempt t o  measure the  pro- 
ton and neutron i n  coincidence has  unfortu- 
n a t e l y  f a i l e d  up t o  now, because t h e  time 
s t r u c t u r e  of t h e  cyclotron beam made coinci-  
dence experiments impossible. 

4. Po la r i za t ion  Experiments 

AVF cyclotrons  have contr ibuted considerably  
t o  the  improvement of p o l a r i z a t i o n  experi-  
ments i n  two ways. F i r s t ,  because of t h e  high 
i n t e n s i t y  double- and t r i p l e - s c a t t e r i n g  o r  
r e a c t i o n  experiments can be performed with 
much higher  accuracy. Secondly, i t  has been 
demonstrated t h a t  p a r t i c l e s  from polar ized 
ion  sources  can be i n j e c t e d  success fu l ly  i n t o  
such cyclotrons  i n  var ious  ways. 

Since t h e  i n j e c t i o n  and a c c e l e r a t i o n  of pola- 
r i zed  ions  has been discussed i n  t h e  paper 
by Powell I s h a l l  r e s t r i c t  myself t o  p resen t  
two examples. In  Fig. 12 r e s u l t s  a r e  shown 
t h a t  were obtained with t h e  Birmingham polar- 
i zed  deuteron beam. Deuterons withaenergy 
around 10 MeV were s c a t t e r e d  from carbon at  
forward angles.  In  t h e  f igure  t h e  l e f t - r i g h t  
asymmetry is  displayed a s  a  funct ion of t h e  

energy. No r a p i d  f l u c t u a t i o n s  with energy were 
found and hence deuteron s c a t t e r i n g  on carbon 
might be a  u s e f u l  analysing process. 

I n  Fig. 13 t h e  angulmdependence of t h e  
asymmetry is shown, which was observed a t  t h e  
Saclay cyclotron i n  s c a t t e r i n g  po la r i zed  pro- 
t o n s  from d i f f e r e n t  n u c l e i  i n  t h e  in termediate  
mass range. This f i g u r e  c l e a r l y  shows t h e  high 
accuracy of p o l a r i z a t i o n  d a t a  t h a t  can be ob- 
t a ined  from AVF cyclotrons.  Their i n t e r p r e t a -  
t i o n  seems t o  provide some evidence f o r  micros- 
copic form f a c t o r s .  

I n  s p i t e  of these  successes t h e  polar ized i o n  
sources  have no t  superseded double s c a t t e r i n g  
experiments. Above a l l  the  production of po- 
l a r i z e d  protons  by s c a t t e r i n g  a p a r t i c l e s  
from hydrogen (demonstrated f o r  t h e  f i r s t  
time by L. Rosen) o f f e r s  many advantages.if 
performed with  t h e  higher  i n t e n s i t i e s  of AVF 
cyclotrons.  Espec ia l ly  proton p o l a r i z a t i o n  
with values  l a r g e r  than 80% have no t  been 
achieved s o  f a r  by o t h e r  methods. 

G r i f f i t h  and Roman (Phys.Lett. 19, 410, 1965) 
have s e t  up a  po la r i zed  proton beam u t i l i z i n g  
t h e  ex t rac ted  24 MeV a p a r t i c l e s  from t h e  Bir- 
mingham cyclotron. They inves t iga ted  t h e  
e f f e c t  of t h e  Coulomb b a r r i e r  and the  l imi ta -  
t i o n s  of  t h e  o p t i c a l  model by s c a t t e r i n g  these  
protons  from s i l v e r .  Other i n t e r e s t i n g  double 
s c a t t e r i n g  experiments a r e  being c a r r i e d  ou t  
a t  Birmingham by Burcham and Harris.  They a r e  
i n v e s t i g a t i n g  t h e  p o l a r i z a t i o n  produced i n  the  
e l a s t i c  s c a t t e r i n g  of 32 MeV 3 ~ e  i o n s  from 
I2c  and '?AI. A maximum p o l a r i s l t i o n  of 389 
was found f o r  I2c  and 45% f o r  A l .  Since no 
3Iie po la r i zed  i o n  sources  e x i s t  so  f a r  t h i s  
type of  experiment i s  t h e  only way t o  ge t  
t h i s  important information. 

My survey d e a l t  exc lus ive ly  with nuclear  re-  
act ions .  However, AVF cyclotrons  proved t o  
be very u s e f u l 1  t o o l s  f o r  the  production of  
r ad ioac t ive  nucle i .  Indeed t h e  f u l l  c u r r e n t s  
of 100 pA o r  more, which can be de l ive red  by 
these  cyc lo t rons  a r e  mainly exp lo i t ed  f o r  
a c t i v a t i o n  s tud ies .  However, I have no time 
t o  d i scuss  t h e  many i n t e r e s t i n g  inves t iga -  
t i o n s  i n  nuclear  spectroscopy and radioche- 
mis t ry ,  which were made poss ib le  by these  
f a c i l i t i e s .  

Several  AW cyclotrons  i n  Europe, which came 
i n t o  operat ion only r e c e n t l y  have not  y e t  
y ie lded physical  r e s u l t s .  I am s u r e ,  t h i s  
w i l l  change i n  t h e  near  fu tu re  and t h e  
abundance of information coming from AVF 
cyclotrons  w i l l  r e s u l t  i n  a  b e t t e r  and new 
understanding of t h e  phenomena i n  t h e  i n t e r -  
mediate energy range. 
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hauser,  Papineau, de Swiniarski  and Q,, 
Thirion, t o  be publ ished)  Fig. 2 The e l a s t i c  and i n e l a s t i c  s c a t t e r i n g  

of 52 MeV deuterons from carbon. The 
s o l i d  curve i s  an o p t i c a l  model f i t  
(code 'JXALLY ). The p o t e n t i a l  para- 
meters a r e  a l s o  given. (~riickmann and 
Haase, t o  be publ ished)  
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Fig. 3 The an u l a r  d i s t r i b u t i o n  of the  I2c  19 (d ,p)  C ground s t a t e  r e a c t i o n  in- 
duced by 52 MeV deuterons. Three 
DWBA f i t s  with d i f f e r e n t  proton po- 
t e n t i a l ~  a r e  a l s o  shown. (Briickmann 
and Haase, t o  be published) 

Fig. 4 
E l a s t i c  s c a t t e r i n g  of 52 MeV deute- 
rons  from heavy nucle i .  The r a t i o  of 
t h e  measured c r o s s  s e c t i o n  and the  
Rutherford c r o s s  sec t ion  is  p l o t t e d  
( D u e l l i  e t  a l . ,  t o  be published i n  2. 
Naturforschg. 21 A (1966)) 

Fig. 5 
~ l a s t i c  s c a t t e r i n g  angular d i s t r i b u -  
t i o n s  o f  52 HeV deuterons on Y and 
Au. The s o l i d  curves a r e  t h e  bes t  
o p t i c a l  model f i t s  (Abacus). The po- 
t e n t i a l  parameters are a l s o  given. 
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Fig. 6 Total  neutron absorpt ion c r o s s  sec- 
t i o n  f o r  Calcium from 1.4 t o  2.2 MeV. 

Fig. 7 Neutron time of f l i g h t  versus  neutron 
energy E f o r  a f l i g h t  path  of 8.4 me- 
t e r s .  The time of  f l i g h t  is longer  
than the  spacing of t h e  primary pul- 
s e s  P. The photograph is  a twodiaen- 
s i o n a l  analyser  spectrum of neutrons 
produced by 52 MeV deuterons on car- 
bon. 
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Fig. 8 The t ime-of-f l ight  spectrum of neu- 
t r o n s  from 52 MeV deuterons  on car-  
bon (Bruckmann and Haase). 

Fig. 10 Energy versus  t ime-of-f l ight  spec- 
trum of  var ious  r e a c t i o n  products  
from 52 MeV deuterons on carbon. 

A u g u s t  

Fig. 9 Time-of-flight spectrum showing gam- 
ma r a y s  and neutrons  from t h e  bom- 
bardment of a t h i c k  copper t a r g e t  
with 52 MeV deuterons. The f l i g h t  
pa th  was 30 cm. The width of t h e  
y-peak is mainly caused by t h e  time 
and t h e  energy width of t h e  machine 
pulses .  

Fig. 11 Typical  proton spectrum with a NaJ 
(T1) detector .  
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Fig. 12 Energy dependence of asymmetry in 
the elastic scattering of deuterons 
on carbon. (Dore et al., Proc. of 
the Int. Conf. on Polarization Pheno- 
mena, Karlsruhe (1965)) 
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Fig. 13 The angular dependence of the asymme- 
try in the elastic proton scattering 
from various nuclei (Garin et al., 
to be published) 
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