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M« J .  Sametband.

1.- Princip ies  of operation of tándem electrostatic  accelerators 

and cyclotrons.

2.- Beam transport systems.

Magnetic spectrographs.

•
3.- Temporal structure of beams.

Uses of bunching and of the beam mícrostructure in nuclear 

physics .

4.- Time of f l ight  spectrometry,

Uses in nuclear physics with charged partióles  and with neu- 

trons.



PROPERTIES OF ACCELERATED BEAMS; SOMB USES IN NUCLEAR PHYSICS

M. J .  SAMETEAND.

DESCRIPTION OF THE TANDEM ACCELBRATORS AND CYCLOTRONS.

The tándem Accelerator .

This e lectrostatic  accelerator has been developed d^ 

ring  the last  16 years.  Its  basic conceptJ to use controlled a_ 

tomic coll is ion s  to change the ion-charge in order to double 

the energy of the accelerator,  has boen discussed since 1932 .

At Winsconsin University¡, R. Herb developed a high current ne- 

gaíive hydrogen ion source, which made possible the construction 

of the f i r s t  tándem accelerator by the High Voltage Engineering 

Corporation directed by R« J« Van de Graaff* This tándem was su— 

ccesfully  operated in 1958 ,  giving 1 ,  of 1 3 . 4  MeV protons .

The accelerator consists basically  of a c i l in d r ic a l  

tank f i l le d  at high pressure with a dielectric  gas; in i ts  cen- 

ter there is  a high voltage terminal charged with a moving belt 

to a potential V. The negative ions are injected  into the tank 

and reach the energy ZeV when they pass trough the central ter­

minal;  there they áre stripped of two or more electrons ,  so con­

verted into positive  ions which are accelerated by the terminal 

back to ground potential  , to an energy of a least  2 ZeV, depejiv 

ding ori the tándem typa.

There are at present several tándem types; the most re- 

presantative is  the two—state tándem accelerator^like  the HVEC 

Model EN is ta l le d  at the Comision Nacional De Energía Nuclear, in  

México. Its  main characteristics  are J terminal potential 1 . 5 - 6  
proton energy 3-12 MeV, analyzed beam intensity  2yu/ for 

We will  consider separately the following componentes

1) Ion source and in jectio n  system.

2) Acceleration tube.

3) Stripper canal.

Ion source and injecticn system

The ion source is  external and at ground potential ,  so 

there are no restricíions of space, cooling,  etc .  In principie  it  

is  possible to produce beams of all the isotopes of the periodic  

table either as negative ions or as accelerated neutral atoms.



To achieve the desired beam intensity  it  is  necessary to use di= 

fferent types of ion sources, depending on the physical proper-= 

ties of the elements, Before dxscussing specific  types, we w ill  

define the beam qualitys 

Emittance

The State of a partióle in the ion beam can be descri- 

bed by a position  vector in a six-dimensional phase-spacej the 

components of which are space coordinates q (t )  and the canónica” 

lly  conjúgate momenta f(fCt) j \/s/)nyrt k-1, 2, 3 .  The partióles 

density in_ the phase space is  4'Cq^Pí-fc) , and the total numtoer 

is  ^  p,t ) d q d p

If  none of the partióles  are lost  from the beam, we - ’ 

»pply L io u v i l l e 's  theorem from stat ist ica l  mechanicsS

In the phase space we express the conservation of matter 

by a continuity equation sinilar to the one used in hidrodynamics:

The density '4' in phase space remains constant i f  the 

particles  move due to forces which are not velocity  dependente The 

movements define a velocity v of components j ^ j ¿o

y  2 - 4^ ^

ívr>cl Ho.vir-n'l+OV7

introduced in V ' V  give

"V* V =. o
so •

vf ^ O

If  interacting  forces are negligible  and the paraxial 

aproximation applies ,  each two-dimensional subspace( ^ c a n  be 

considered independents
S.'nce

“ o •
"+'C'i-'P^) = H ' C i » - n )  = V ( ‘íí<p>)

and so the area encompassing the points which represent the partid  

d e s  in each phase-plane remains constant, but i t  may change shape, 

I f  the beam moves in direction S , the areas occupioá by the tota— 

lity  of particles  in p«) ancü (xy phase-planes are beam invariante  

and called x and z emittance respectively ( g ^ a n d  €-z. )

FormSllyj

£x = f  ^  ^ ^  pz  ¿2.

Generally p^i P are inferred  from the r e l a t i o a ^ h i p

f «■ x ' ^  p ,̂ íi



k ' , z ‘"b-̂ tiig che siopas  o i th& t r & j e c t o r y ,  which is  correct  

non-2* e i a t i v i s t i c  e a e r g i é s  for p a r a s l a l  r ay s .

The dietribiiicion of x* and z^foí* the p article-s nf 

a baeir, bh a function of x and z, can be experiMentaliy. deter- 

m¡ined*

The ^Jíiittsnce so o b ta in ed  i s  us'aally circBKscr’ib e d  

by aíi e i l i p s a  of jainimnn eres©~sectiot:

mase

£.fidi w ri 11eíí as
t

^  './¿rri!

which 'is  th« iii-áíH í>? t-hit: «11 ipae .

Ir» moar io.n tbe bea^s Las cylináricásl sy-

;nss's£ ts'y, *r..d oTíS áefineíi |i j‘síiaa& plañe dspenílng Oiily ra­

dial COGI'diiiate r  á.ad « Tiie erAÍtsaac© la c ftea  call&d  trie 

brightae3S of the source, snd is  e figure of íAeri.t: of beam 

quaiity *

Th-3 ¿ími'Ctanca of a source -lepeada upon the tesnpe-

ratuíe  and m.aa« c i  tiia c o a l t iv e  ioíis ia  t.ñ& etóitting jt»las!na»
i

It  is  sxrífsaed lia «ai-ss of chi rad MeV~, «ith  the maaS' of the

protoa raicea to be 1»

Beawi Hor.iogeneii;y

Measúrements of the beam intensity  of an ion source

as a function of time show a ”hash**, due ^o plasma oscilatioa^

this ’*hash’‘ has a contitiuous frequency spectrtsm with some ^

peaffs. The inhomogsneiti»s in the plasma which cause this s-

pectrum are caused by randOm processes,  and produce an appro-

ximately gaussian energy d is t r ib u t io n » Tlie «nergy spread

of the positive  ion beam emerging from the source plasma is

of the order of 40 eV for a Radio Frequency ion source, and

40 eV for a duoplasmatron.To this must be added the energy

straggling dwe to ion iz ing  c o l l i $ io n s ,  and electrón pickup

in the attachment target,  resulting  in a total energy spread

of about 50 éV in  most ion sources.

Production of negative io n s »

We may distinguish  two methods^of i^production 5
(witn plasma focusxng

a) Production by co ll is ion al  attachment l .
' Iwith a separate lens

k system.

b) Production by direct extraction .

a) Negative ion production by coll is ion al  attachment occur» 

in two stepss 1«- Positive  ions are extracted from a p la s ­

ma, and 2«- They pass through an attachment canal where



they capture electroüs.

A  high current negatlve ion source of this type was

developed by Brooks et

Hí

The geometry of the figure ,  we¿#e (a)  is tb.e anode apercure, 

ib) the plasma expansión cone, (c) rhe extractor elec^rode,

(d) suppression eiectrode,  (e )  the attacnment canal,  gives 

a He^ beam currenc of These positiva  ions pass throug.n

the charge-chaaging canal were they capture electrons from 

molecular hydrogsn; the He current is of 3 and the ami~

trance of tñis  ion sourc* is 2 cm m r&á

The d isadvantsge  of th is  plasma focusing  source is 

rhat once optiir,¿.zeá fcr one elem ent, ix  does not Kork ae 

w ell  for o th e r s .

Tb 1.s pro&.lem ig elimiaated by separatir.g "íie fu n c — 

tions of ion exrraction and focusing,  using a %&ns betwéen 

the source and Tbe canal to focus the positive  ions into the 

attachment región .  A source of thet type was developed by 

tose el al6) for the Tándem BN of 12 MeV, The beam-¿fcr ough-th<> 

canal is  7mÁ using a ¿£i/¿jp 1 asma tro n.

T^e H"  output is  35 m A, and the emittance is  6 
mrad cm M e ,

b) Negative ion production by direct extraction ,

ion production by co ll is icna l  atta­

chment takes'^in two steps, the emittance of the negative 

ion beam depends upon that of the i n i t i a l  positive  ion 

baaai and oa the soattering pt^oduced by the attachment 

processo Sxnce—irt ±"s—ítnportant—to—produce—hy th'g at:tach 

mon r̂ proco-»3. Since it  is  important to produce a beam 

of the smallest emittance, the direct extraction type of 

source has been developed, where the negative ions are 

taken directly  from the plasma of the souice.  As an exam- 

p le ,  the one síudied by Lawrence etal gives 100  m A 
of H“  cr d"". /

2) Acceleration tabe

Qt\d negative ion beam goes through an analyzing

rioagne 1 i s  in;jected ' into the acceler ator j eonsisting  of 

a cy lindrical  tank f i l l e d  with SF
6 at 15 atir,osph©i»es.



Ivs  lenght: is  about 1 0  meters and the diamacer is  2 ,4  meters* 

Tlie a c c s ls r a r ia g  t'abe c o in c id e s  w ith  rhe tahk a x i s ,  and i© 

sugported by g ia a s  and mstal columns, which are ±n tErn du- 

rrouad&d  by equ ijioteatial  r in g s  in  order to snantain constanr 

the gradie-i-c ot the e l & c t r i c  f i e l d  along the Tube„

The HVBC developed the i n c l i n e d - f i e l d  tube in  which 

the i a e l i n e d  f i e l  l i n e s  reduce the current  of  e le c t ro n s  pro- 

duced duriísg high-voltags  d is c h ar g e s ,  since the e le c t ro n s  are

n  i < \ \ \ \ \ \ \ \  í i i ! 
i . ¡ i  \ w w x W s  \ 1 1 /

— _________

/

áireci;eá a g a ia st  t:ke iísclined e le c tro d es *  Án im portant r e s u lt  

i s  a grest  r e d u c t io n  of  the ©lectrons- ioad  asad of the X-ray 

!>ackgr'i>«ad»

Át vh& tarik eesitar thsre is  a feigh~v.í3ltags ter>niiial  ̂

supplied tííi'eh current &y a t>elt charging eysteBi, whicfe co~ 

i le c t s  cíiarges fronn a eyat©». of poisits connected to a genera— 

tor of + 30 XV, Pos* a tande5jn o? 12 MeV^ tlig time nseded for 

the terminal to rs-ach is  3 seconds, and i f  there is  a

discharga, ¿r needs a time sf íhis order to recuperate the 

former voltage^ Á soütrcllsd  corona diacnarge from a system 

of points which surround the terminal eaables the stac-iliza- 

tion of ths high voltage u» to - 1 KV,

In aeveral tándems there has been observed a vo l ­

tage fluctuation ,  dw| to movements of the charge transporting 

^ e l t ,  or to a non—uniform charge distribution  on i ts  surface 

) • Also partióles  and dust from the belt may cause dischar- 
ges.

RoG, Herb, at National ^ e c t r o s t a t i c s  Corporation de— 

veloped a new tipe of tándem, called  Pelletron ,  and which 

should have a voltage fluctuation  of only + 50 V,

The Pelletron..  charging system consista of an en- 

dless Chain  made of alternate •> metaiic cylinders and Ínsula— 

ting sectionsj which connects a pulley in the terminal to a 

driven pulley at ground p o tential ,  The metaiic cylinders  are 

charged by induction when passing near a high voltage elec- 

trode, and transpo rt  the charges to the terminal which i s  in 

contact with the metallic  pulley ,  In that way the collection  

of charges by means of a corona discharge i s  a v o id s d , and 

there are no partióles  of dust generated by the gradual di- 

s integration  of the usual charging belt ,

Bach endless chain transporte lOOyM/íof equivalent 

charge, and four chains are provided for each accelerator .



Ths accelai?atlng tube i s  modaiarj witk u n i t s

a* 18 iJiches, vfliicn are rated  &t a gradient  of 1 M? ©v®íp t.ts 

18» .̂,

The f i r s t  v ers ió n  of th© Pelletran. i s  being  iimsítalled 

at the U a iv ersid ad e  dé Sao P a u l o ,  B r a z i i ,  and i t  caaslsí®  ®f 

an in j e r r a r  of 5 MV¡, and a two stages  tande*  of 8 , 5  MV, Thxm 

combiíiation r e s u i t s  in  a 3-stage beara es;i«rgy of 22 Me Y £©£■' a 

protons^ with  a currant  of l O y U  fi, *

^ ) StrippeF canal

The negativa  loas  i n j e c t e d  int-o th« tándem, «*•» facce- 

leíí’ sted  by the negativa  ion  a c c e le r a t io e  aic-d'

into the stripper  canal  which i s  insiúfe 'íhis higli volt-agra 

termináis There two or more e lectvo as  a¿*e ia  the

gas or f o i l  t a r g e t ,  so producing  a beaiR of posit iv©  ioíss 

whicb pasees  in te  the p o s i t i v e  ion  acceleiratién tubs and 

i s  e c c a le r a te d  back to ground potísntisl .

In  the case o? g ro to ns ,  thts fifia! erisr-gy i 8

- 2 c.i

-f/iheve V«- i s  the tersísinsl v o l t a g e ,  the energy oí? thn ia~ 

jected  p o s i t i v e  io n a .  With  heavier  elemeatSy i t  i.® posai-

fele to remoüe moire ©Isctroiss, and B-¿ i ,e '

= ( U J )  V^€ + £c 

viher'B Z i 3 the e f e c t iv e  charge oS tlie p o s i t l v s

The e le c t ro n s  are removed tron th»í iíicldeiit i s a s  

by success ive  c o l l i s i o n s  with th© atoms of  t̂ c© gtripjpiíig 

ffisterial, Ths f r a c t io n  of the i n c i d e a t  beara í<shicíi ’k&m 

the charge state i  and can be ccnverte ú to nsgativs  isins 

i s  a fwnction  of targst  thickness|  as the thicUcíiess i n c 2*©a- 

s©8, the attEchmeat and losa  process  reach  as. eq'üilibipittiín» 

The v a r i a t i o n  cf  the charge state  as a. fssnctioR 

of th© th ickneas  i s  given by a set of ÍI-^l) l in e a r  d if fe-  

r e c t i a l  e quations  

\  C i

á h  = L  Z
c\n

where n  i s  the number of atoms in  the target  ^er v

the sross- section  for the remoral of n elecSroíss from the 

i4'Ji charge state»

In general  those cross- sections  remain to be mea— 

sared the few data a v a i la b le  show that i® re<íixiifn®ía

when the ion  i s  moving with  a v e l o c i t y  Glose to that of 

th® o r b i t a l  v e l o c i t y  of the e lectró n  i  &¡nid the e lec tró n  jo 

S o l id  s tr ipp e ra  give a greater  fracti®® ®f high 

charge s t a t e s  than gaseous s trippers»  For fon- lo-

diñe ion® «sf 127  £g p o s s ib le  to o b t a i a  ® ckarge & i

17+  ttsing a molecular  oxygen s t r i p p e r ,  aaé ®f 24+ síith a 

carbón f o i l ,  The reaeon for that i s  the f s e t  that tfe® 

c iag  of atoms in  a s o l i d  i s  so cióse  that the po©itiv® ii®a 

does not have time to de-excise betweea c o l l i s i o a ® ,  ®ad
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*;l@ctro!ss &2*e strij-ped frosn the exciteá aicatasB

If  after the strippei* there were e© shang-a ©f the 

charge state of the ions,  the spectra of the an&lized  beajíí 

woald appear as a series  of well separared peeks

l>é am j 

s n d é

tter- 

has 

pe o

Tas disuribution  is  gaussl^ia, typiCHl cf & a'cvipped 

v?feen íhe mean charge State is  fat* ft-om both éictvem® O

But sin.ce the aaalyziag systeia has a resolíitioa fe»- 

thar* .1/1000, aod tfee beam which emerges froia t.he t«n«lem 

asi energy dispersión wiuch einalle? than 1 / xOOOy ® 

f the elemeat ia jected  as a negative loa is  weli resolved

I I

cessarj’ 

to asee 

magaiet, 

the

le

d if  fiSíf 

Q)f tfes

Tf it  i s  desired to use cnly ene isotope,  i t  Í8 »®“

to iíit.roduce separated isotopes xn the ion source^ ®r 

n iaj'sstion aystetn with a high ]i*esol«ti©n analysing 

i,ti order to select the desired beam| btót tfeat maans 

les; ©f identify ing  the cosnponent.

Ira p:.-actice it  is  impossible te avoid charg«5-state 

® ffiftísr tile stripper^j and a continuum cf partióles  of 

effiit chargss and energies appears eo giving the spectra

fig-aiP® s

H



IC­

IO'

ENERGY (MeV)
20 30 40 50 60 70 80 90 100 (10 (20 (30

% 10̂

tu -
a
53Z

(O'

(0°

PUl- SER -

V '(9

50 (00 150 200 250 
CHANNEL NUMOER

350 400

Fig. 2. Pulse hciglit spccirum  o f  iotlinc ions from  thc Oak R idgc Tándem  Van de GraaIT A ccclcra lor. The ions are deflecled tliroiigh
a 90°analy7ing magnct on to  a Silicon surfacc barriet delcclor.

lo'*

(O

glO*

o
CEU p 
g(0
r5

10

(0“

ENERGY (MeV)
30 40 50 60 70 80 90 tOO ((O 120

• T I --M'’

PULSER "

17 = (4

V=(5

300 350 400(50 200 250 
CHANNEL NUMBER

Fig. 3. Pulse height speclrum  o f  brom inc ions from  Iho Oak R idgc Tándem  Van do GraafT A ccelerator. The ions are <ieneciedthrough
a 90° a n a ly z in g  m a g n e t  o n t o  a  Silicon surfa c c  b a r r ie r  d etecto r .



sycletyoa

Tíi t!ie cyclctron  a jssgtstic fielsS B, iü  gea^peadictólají* 

to tlie trB.jectory c f  ions  whick have a v e lo c it y  síiaffgíe to 

«tsass ralioe^s ín that case the movease&t ±& a c t ic a l ly  sii'Cíílar, 

w;ltb. a r & l i u s  of curvature p  and an angMiigif freqísency u j ;

UJ~ -p- - ^

Thi« fffeqaeiscy i s  iatí»peíid*r.t of th« of th«

pfiSítiGleSj 5or aon-r-sia-civiátic energlesa

Tíl^ :Í0 :a& are accsles-sted bjr ©iecti-ic f i s l d  fe-st~ 

*»»»» elSítrodea  calleá de®sj tüe alcdrnstiag  volt&g@' fe«8 a 

frsqtíeEcy M4 which Cúiiiíiides «?ith.u¿ , ■so &. ^ss?ti.cla th&i; stEPta 

,at tñe s’igfct 'ciffle islll r-acelve an iiíer-eaes ^flñstic eneirg/ s>? 

3 e ¥ each tiíne i t  crosses the g&p betí-ieen slectsfod®»*

I t  i s  p o s s ib i e  to accéleiratft i a  that way pfototxs or 

d eu t^íoas  tip to abaot 30 M e V« Bat thfe ré i  ¡ati-'ií-rtic varí « t i c a  

o f  Kiass w ith  Bpeed isact-easee the maas la' &h<s%st 1%  tov pro ton» 

O.P 1 0  áí Vj til® rrequeíicy ui of the ton-; dce-í̂ ''-'; i" cc-iaci»5é t?itíí. 

Wg. , th® p a r t i c l e s  traveics® tlia gap out c f  píia&e- w ith  the «- 

ieetic*ic '¿nd eaii not be a c c e l& r a te d  &t «'.ore tfean 25 Me¥,

To iaoír««se ths eaeygy ovar 25 ífeV^ aar-» two

p o s s i b i l i t i e s  accofd ing  t© eq* ( i ) í

1 )  To Ise p  constant  the f i s i á  ire'^^'ancy ̂  s o Ui « c o n sc . 

ffle«.íí3 to iíxcreses B t&aeously  wxth í;fee í'el.a'civistic io- 

crease  o i

That ííteans that the magnetio f l e l d  sho-alá lacrease  

frofs cíífeter of the s p ira l  t r a je c to ry  to tke rAascimiam ra-

@ ,

2) To vary Wg aad mantain i t  équal to UJ , w.^icis dialíalé-hes when 

th® lo »  80 ,©i'gy l a c r e a s e s .

The f i r s t  p o s s i b i l i t y  was abandoleé  dwe to t&e aias- 

t®b±liti®gi sp|J©aring in  the o rb it  when the roagnetis f i e l d  do©® 

aot decrease  with  r a d i u s :

Let U3 consider  a magn«.tic f i e l á  B  ) wlisíJi w®akeo,s

r s,cSially

Theí*e i© a r a d i a l  cotnponent Br osstside the medi an 

p l s s 0 j, in c r e a s e s  w ith  in c r e a s in g  a x ia l  displaceiaeEt Z« Th©



sitiall valyea of 2 oniy whé f irst  ¿et‘h' rei^Lf-ir.a» 

Sinse  XE a s t a t ic  '.uagnetic f i e i d  í-v t E «0

B  ^  - Í S l  Ir - ^  ^
dr

Uhea a p a r t ió l e  of v e lo c i t y  \ ür.cveí- 1 2  tr¡a‘¡:. ?ie’l¿¡, 

ppeai's a Lorents  forcs evxB ,  which has a cor.^cr^snt íoward tfce 

median ¿ Ism e ,  and therefore  i t  actg s e  e . re&tcrifig forcé F̂-

i h  2 z € w r ^ 2  Z I

C B llln g

we have Kei'st-Ssr^^i* equatioa for axial  t^Tüxrc-c r.cti,£K“

í i  » ^ 2 «. O  
d fe‘

whlch  givás  a¿ simple h armo ule  me tica, cf freqi-er.cv w  

sf iC ss R f ^ a t sve

We Jí-ee that for axial  atabil ity  k <  O > '̂ 'í” ^  ^

In-that case the partióle  osc illates  exislly  Ix&e s ir.etr en 

a sprifl.g* The frequescy ,of thi&  axial kctícjí ie  fô r t-ie lií̂ tí&i 

veltfea of K .

w

otife axial  oscillatioR. íjccur® in 10 or SO par-icie revcititi.i'.fce* 

In a similar way c&ti lae foancí tbe 2*&ai&l e t&b il ity  

coííditians Let us consider & sa.all rad ial  .Sie.pl£.ce3t¡tct x frota 

the equilibriam  orbit  of radius  f“g »

The equation of motion in the i-aála.1 pl&ne i «

~ e  Vg 02 ~
r el t»-

The f ie ld  off  the equilibrium orbit  can be ^Txtxev.

80 WQ have

- e V 6 [ B , ( r , )  +  i|£ 4 . x )
Sin.ce ir V »

. 'V*'
I f  y «  í*e X -h ( l + K) X rO

where the rad ial  o s c i l la t io n  frequency i s

W r  í V I T k

The d i f fe r e n t ia l  equation can be put in-the form

In order t© havé a rad ial  harmonio motion, IC >  ~ 4.

So in order to have atable orbits^

o >  íc > -  i



/■'licli sBS&as tfeat i f  B isicreases nith  radiias, th&ve w ill  be ©y-

¿•oíieExi&l asfial and r a d i a l  ^rowth of fís© p a r t i d a  motion foa-

■shat i'e&S'ííía tfea soiiítioa 2) was adopted to XEcrease th<a ener —

g ie s  ICO r © l £ t i v i s t i c  v a lú e s ,  so developiag  tne freq-aesicy modu-

l a t e d  G.vcl©tSí?o¡aj or s;^nch.x*ocyGlotron#

we de fin e  the r a d ia l  and a x ia l  f r e q u e n c ie s , and

'/ r e s p e c t iv e l v  s 
•í.

ii» _  Ujy 
•V “  -----------

U J x
^2, “ “

O

KX)
- \ l - k

•r +'^7_ “  i
^lott,ic§ tíiese p^2-aír¡et&r5 oa« agálast tóa othsr

0.S ^
we describa a cii^clde The operatiag pbint moves along a 

draatj sSax'ting Ritiere K = Q^ '^~0  , s> **̂ «5 ending wiiereK-«d

Tíiere ia ao ©rlbi.-fe s ta b il ity  in tliose extreme poiíits, neither 

at ^evár&l cthasp points  of the c i r c l e , dws to the f «ct that 

tile aáiaJ and '‘Vertical betatrón o s c i l la t io n s  are in fact cou~ 

p iad ,  a.ad thers can be an energy tx'-aflsfeíeace frosi one motloc 

to tíie o tiíier.

Thos® cotiipjed resossances betwsen the tw© moéss of 

o s c i l l a t i o n  issay h& r e p re se ate d  in  tha form;

A V .  - B V ,  = C
e

p e r  

f ©r 

de

jB jC , are integerSj, as rep rea en ted  ±n the graph ,

TUiiere caa be a lo s s  o f  ion  beam i f  the esiergy gsiia 

trara i s  so small that the resonant  c o n d it io n  i s  m antaiaed  

a time l©ag ©aotiigh to allow  the energy tra n sfe r  froim one m£ 

to aa©tíi@r9 Tfei® i s  s p e c ia l ly  so for the syachrocyclotron  

where tfe© ®r¿ergy ga in  i s  of the order of 20 KeV per tu rn , and 

the f i r s t  resoaaase  eacotsntered at Ks» -0®2.-'t where y'̂  = 2.V^ , 

catines a Ibig iKcre®s© íe  the v e r t i c a l  am plitude»

At the- Bm©nos A ires  synchrocyclotrom  of 28 M©V deu~ 

te r o a s ,  for r=79 cm, The e x t r a c t io n  of  the beam starts

76 cifHi, MS®r® las - 0«12j there s  ( o.??')'**-= O. ^8 aĉvd.at rs

@o tker© are approxim ately  3 v e r t i c a l  o s c i l l a t i o n s  per each 

terE , which s @ in s ld e s  approxim ately  w ith  a r a d i a l  o s c i l l a t i o n ,

Sy c cfer o sy e lo t r ® ffi 3

Iffi tlfeo®® a cc e le r a to r s  the frequency  of the e l e c t r i c  

f i e l d  ¿s  sjsad® to» decrease  as the p a r t i ó l e s  ga ia  energy  in  order 

to match the freq®ency of the p a r t ic le s o  Since  the o s c i l l a t o r  

freíjmeaey i® ¡js@d«lated for that  reasom, i t  i s  easy  t© increa-  

se tfee degree of  m odalation  to compénsate for an in c r e a s e d



drop-off the f ie ld  with radius ,  in order to increase the orbi* 

Tsal atability  of the ion t ra je c t o r ie s ; at B .A ,  cyclotron, the 

radio frequency voltage is  22 KV peak, with an i n i t i a l  frequen- 
cy of 1 0 . 6  MHz,

The i.odulation frequency is  2 and its  amplitud

is  4%, The mass increase is  1 . 6 %  for deuterons of 28 MeV, and 

the magnétic f ie ld  decreases in 1 .8 %  from r«*0 to r=76cm. The 
total decrsase of ^ i s  then

^ w   ̂ /  4B. ~ \ M fe 
w  “  I ^  5  i  “  ‘

It takes 200 /sS te sccels-í’ Éte ® deuteron to maxi— 

iRun e^nergy, and the siumber of r®^olutio*s i s  Z0 0 % z

~ Z <10 ^so each p a r t i d ©  travsrses 4000 tisReg the gap between 

dees,  and in  ei^der te ^each 28 MeV i t  must acquire 7 KeV each 
time,

Isochronous cyclotronsII imiiawm ■ I ■III iifc<

In 193 8 ,  L ,  H, Thomas gave the solutioa to the 

problem of making a cyclotron r e la t iv is t ic  í **If the magnetic 

f i e ld  is  no longer rotationally  symmetric, the orbits  are not 

c ir cu lar ,  end the orbital  s ta b il it y  is  achieved by tneans of a 

strong aximuthal vnriation  of the siagcetic f i e l d ,  In that way 

the f ie ld  mean valué aloí^ an orbit may increase with radius ,  

without any defocusing of the beam” .

But the concretion of such a f ie ld  was impossible at 

that time. In 1950  two electrón cyclotrons were built  at Berke- 

ley  following Thomas p r in c ip ie s ,  The f irdt  isochronous cyclo­

tron to accelerate nucleons was operated at Delft ,  Holland,  in 
1 95 8 ,  and gave 12  MeV protons.

At the moment there are 20 functioning;  the practi- 
cal limit is  900  MeV for protons.

In the isochronous cyclotron the pole faces are di- 

vided in 3 or more sectors,  of alternating  strong and weak mag- 

netic f i e l d s .  The orbit  of a partióle  changes i ts  raáflius of cur- 

vature from one sector te another, and i t  has a radial  veloci- 

ty component directed alternatelly  towards the center of cur- 

vature or in  the opposite direction .  This radial  component 

forms a Lorentz forcé with thfazimuthal component of Uhe f i e l d ,  

&e  , Which>|?talled the Thomfes forcé.

___________



The m agnetic  f i e l  in  the median p lañe  Z»0  can be des» 
c r ib e d  fay a Fouríer se r ie sr

^ z (  ^  [ OOS

I f  there are N h i l l s  or v a l ie y s  and the f i e l d  v a r ie s  
s in u s o id a l ly  j,

< B ^ H >  ( i4- f  eos IV©) 

i^her© f i s  tfte f iü t t e r  fesiplitude

The snap© of a c lcs#d  o rb it  cae bs c a lc u la r e d  in  the 

r o llo w ia g  wayí the forcs F scting  oa a f  ar tiúie-; to deviate  i t  
from i t s  circuiai* teay ssts^y  is

» F - V < B> - < B>( t f f  oes ‘̂ 9}  ^  -

- - ^ v <  8>  ^ tos ©'

If  the ffadlai'i. displacemsat, X /  is  «  R  v?e
snay wrire  ' r f » -

Of" - R t t ¿>s N © d^)í^

íí
in t e g r a t in g  twice

= JÍB. eos y 9 
A'*

The oribital d isplacem ent has the same p e r io d  of the

m agnetic f i s l d ,  snd i s  p o s it i v e  in  the hills. The r a d i a l  veloci-  
ty i s

X = - - 1±l£ S  S *?n N e

and i s  maximal in  the border betwsen iíills  and v a l l e y s .

SiEc© th®r@ i s  azim uthal component of  »Pagnetio 
f i e l d ,  :

«"«< V n i -  o 

Bg-



So

> f í +• f  c^s N 9)

é ‘5- *

2 < l > t i  S m  N #
G*̂

Stttr aad the T&éítKt-. co®poc.ent of the par-ticlea v«*

locii-y^ p-odt!C& & foi^c* ‘“M ' t í i i ' e c t í i o a i  of 2s

%-n- tí &

which i s  2 6 r¿> &'c TChe lâ ísíi® otf a iiül, or v a l ie y  and ¡staxinsai at 

tiie Dordes- l^etsí'eTXi 'Cherij büt i.6 al^ay  éxr&cced towa£*ds ths jise— 

üigiü plarij, ss i'l alway$ focases  tiiié feeaj*:*

ÍIstx. Í'L y  th® crssKtittcy o f  vs-?istia-a Fg ± 3  larga  

cosspared Mith rlis t-estílriüg j^áí^ticl® sscillati^ss^  so S ( ¡ n ‘̂ 'Í^Q 

can be sverag&íj b«tween O and  ̂ ^4  ̂ SO

< F , > = : i m w = í ^

The fo rces  ©si the p a r t ió le  -«ili then be raw^kz, as xn 

thfe c l a s e ic a i  cyclotz-SE, biiU K itc  <f»'> , sad the equat¿on

K “ B. djáL§-? for ^/©í'tic&l moveriést
"  <B> é R

so

or

thert,

+  «4 tv® f \  - O

ñ  ^  i 'k f - - X )z - ~ 0  

( t , f =  

:zwb.icM shows til® naw contribtition to a x ia l  foeysiog^ f  f , propor- 

tioais.1 t© th@ square of  th@ flu .tter,

C o n d it io a  fon» i.soicürw?oa¿sg!

ri3i# fcasiG equ a tio n  f©r t!ie cyclotron  isi tesrms of the 

s^ifflttthEl ®¥©raged fx<®lá<|3>ia

Ui' = a < 1 >  ~ C| < B
^ 5í£o í mo

Ti:® sss®le2»®t®3? 5^111 h-B isochifOEious, tlaat i s ,  a ll  ions  

w i l l  fe&ve sass® f2"®c53snsy, i f

<  B >  “ ^  B .



where is  the f ie ld  at the center of the cyclotron.

The tonstant frequency w il l  then be 

Uí - 6c - 9- BcC^

So an example,

For 100 Me\/ protons^wUe» ' ?

V- *a^:r 'vhícU tWftt
5

the magnetic f ie ld  must increase in 10% from the center to th* 

f inal  radius»

The required  magnetic f ie ld  can be expressed as a 

Fourj'^.rx. series

< 6ír')>[n-£c,,ír) eos V - M>^(r)}]

R a d ia l ’ stabil ity  is  only possible  when the two f i r s t  

harmonios áre negligible  (’C i «  10*  ̂ , Cj <<* »0“* ) 

and to satisfy  this  condition the f ie ld  has triple  or gradruple 

symmetry around 2 a x is ;  the equation for B ( r , s )  has them only 

terms with N múltiple of 3 or 4 .

To produce triple  symmetry, 3 h i l l s  and 3 valleys  of 

60® tach are built«  Thé orbits  have a greater curvature on the 

h i l l s  than on the v alleys ,  and are not or^thogonal to the boun* 

dary between them.

The s ta b il iz in g  effect  is  greater i f  those boundariss 

spiral  outward instead  of being straight .

Ipis the angle between radius  OA and the tanget to 

the ridge at A, and it  increases with rad ius ;  that means that 

out of the median plan® there is  a radial  component Bj,, which 

is  directed outwards when the partióle  crosses the boundary 

from a valley to a h i l l ,  and inwards in the following boyndary<



Thst 3 j p ,  aasi the saosíseatujn ws.y^of tfee partidle produces an axi<^l 

forcé  whiefe alternativeiy  fosases and defocuses; the bounda- 

ries  are so shaped that the focusing forcé is  stronger,

Araotlier axial  focusing effect  of the spiral is  due to 

the difereece between the axial forcea on the boundaries, since 

the osies directed towards the median plañe are slightly  grea- 

ter ( s&e  f i g u r e ) ,  because Thomas angle ^  is  smaller in boundary

A, iáaclíi €̂ í 'Stisse- ia  & 'Céras íhi the ?Boveí«ettt

5 Thorfifis's foifce and ths two enes ars ooosed to

•che éefttísasiíig accioft oí the r a d i a i l y  iaereasiiag magaetic  f i e l d ,

Clorrectiinj; c o il  i

S&v sr&l  typea of c o ile  produce the d es ired  f i e l d i

1 )  P’t-incipal c o ila

2) Trissi C o x is — Thoae &ts> in d iv id u a l  r in g s ,  c o n ce n tr ic ,  

which cover the sur face of e&ch p e l e ,  They are sjsed 

to produce a f i e l d  which makes conetant ths tims fot* 

a co®»pl6te r a v o lu t io n ,  independently  of the r a d i u s .

3 )  F lutrsr  coila-  Goveriag  the h i l l e  &ná v a l l e y s ,  ccntrol  

the fosu.íiag.

4 )  Hsrmonic coils-  S itu a te d  on Cí'itical zo n ee , correct  

inhom ogeneities  and conform the i n i t i a l  c r b its *



Variable Bnergy Isochronous Cyclotron

Since the isochronous cyclotron has i t s  proper mag- 

netic f ie ld  shaped by means of several types of co ils ,  as we 

have seen above, it  seems feasible  tq optimize this f ie ld  by 

varying the corrent of the co ils ,  in Isuch a way that several 

d ifferent^energies  can be reached 6t the f inal  rad ius ,  and di- 

fferent part ióles  can be accelerated,  without correcting~the 

f ie ld  with iron p i ^ e s .

For each energy and kind of partióle  a d ifferent  os- 

cillator  frequency is  required ,  so iIá f fiiiaamí- f h P  f » > f r e q u e £  

cy must be variable ,  There are several possible plots  which can 

be made to represent the required valúes of frequency and mag- 

netic f ield  for a range of energies of several different  ions .

One of the most used ones is  ^  T as a func-

tion of T/Aj where T/A is  the kinetic  energy per nucleón, and 

r the final  rad ius :

Since

and

where

theh

r

< B > r r  E
e  c2

Since

^ 6 > r -

i  e c  

E = T  f  Eo

< B > r =  Í I L 1 1 1 ! í 1 " ‘

^ e c

multipying and dividing  by the mass-number A

>/z

for

( r - f )



where is  the rest énérgy per nucleón.

Henee i f  the 'f' ^or a proton is  plotte'd

against T /A ,  corresponding curves of ^  B> r for other 

partióles  can be obtained by multiplying <B>  ^ 

radio A /Z ,  I f  the scale of f*|r is  added, parallet  that of 

kinétic  energy, it  is  only necessary to multiply by

' Z e c Y z r r ^  f t o  get the differeilt valúes.

In such a chart^ as in the f igu re ,  for a machine of 

assumed radius  and oscillator  frequency^ two vertical  lines  

are drawn coreesponding to the máximunrj and minimusT) f . R ,  and 

two horizontal l ines  i t  the highest and loweat vali/es o f ^ 8 ^ ^  

The resulting  rectangle «hows the ions which cen 

be accelerated and the energy range they w i l l  haveS

<e> r> (KP^Crr,)

2o <3*

A o

A O Q



BEAM TRANSPORT SYSTEMS j

have been considering the motion of part icles  in
-the stages;

1 ) Inljection

2) Acceleration 

The stage s

3) Beam transport and analysis

is  the dieplecement of ths aocelerated p a rt ic les  in oi-der to 

perform physics experimenta. Botb stages X) and 3) are important 

from the point of vie«  of obtainlng maximun beam intensity  and 

-ne optimum oonditions for perfornting the experiment». Along the

“ ocel^i'ator, there n,ay 
be electrostatio  and magnitostatic lenses ,  switching and analy-

" ñ !  I T r ^ '  d e f lect i fg  and anaíy-
-ing the beam during its  travel from the source to the target.

ly^e the r e f ^ r  “ =P®ctrometer to ana-xyze tne reactxon productSo

gives the perfomance xn all  these elements.

Systems with external e lectric  and 

conaervative forcee act on the char-eed naT«+--i ,^1 j t on tne cíiar

e « e c t r d u i  í ’ °  r  radiative  e f fects ,  beam scatterin
rhf l ! „  * ' • «silual  gas molecules in the evacuated tubes. a

g

andi-i,„ „ , ----- - tívfcniuatea tuoes . and

T ben . the to ral p ^ r t L i ! : ” i T i : : ;i T

where, for the r e l a t iv is t ic  case

C p  ^  I  -4- e<^

tiole  defined,  to each par-

c o o r d i ^ í é r ( r ' ' \  >‘’° í r  «i*-dimensional phase space. with
quations.  movement is  described by Hamilton 's  e-

4 f e t Í i < i  P - .  3K-

«e consider the Hamiltonian as 

( P . q ) "  canonically conjúgate variables

.^=hge-s invariant  U  \ T o



I I

I f  both partióles  are on the transverse phase plañe S=Sjl and then 

pass to S-S'2 , the relativa  position  of the ,)&rticlef is  preser- 

ved under a linear transformation between 5=52 and S=5^ ,  This is  the 

a form of L i o u v i l l e 's  theorem, and is  expressed as

L = V ,  (i.'lp^CS.'.-'fiísAP, i S , ) =  p f {S j

IfC'f'ip) is  the position  vector of a partióle  at the input of an 

ion pptical  elemeíit of the beam transport system, and p̂ ) the 

vector at the e x it ,  then the linear transfer properties  of the 

optical  element depend upon the componentes geomértry and working 

conditions ,  and can be given in terms of a transfer matrix with 

elements ;
o

cx^
-

y * -

the determinant of the matrix being unity» 

Transfer matrices for some optical elements

1) Space without any f ie ld  (O)

Let US consider a beam trajectory in a space without any f ie ld ,  

( drift  space) which has a longitude jl ■:! S ,  — ^

and an input position  vector^^To ,

ds ^

We w il l  geometrically determine the exit  vector (r;

^ L  =  Yo+ Y¡, ■

The transfer matrix is  then

ro 

i \I \ J e  \

o  ( ^ l '<'o ^ ~ (  o 1 >

2) Magnetic sector.

líi a focusing magnetic sector with a constant gradient 

the equation for the trajectcries  has the form

+ KCS'la  = o  
a s ’ j  )



cnange enough to need a study for the optimization of the sys-
V

ge enough to need a study for the optimizatior
tem.

The use of those sjfstems is  to determine momenta. of 

charged partióles  emitted in nuclear reactions or scattering 

precesses .  I f  the rest  mass of the partióle  is  known it  iá po- 

ssible  to determine the energy, When -he energies are of the or- 

der of some MeV, the magnetic spectrograph competes with seve- 

ral detectors;  ion ization  chambers, sc int il la nt ing  counters, so- 

l i d  State detectors.  This last  one is  cheap, has a good rescflution 

and may determine the energy and identity  of the partióle when 

combined with a d ^ / d %  counter. But for high resolution  work 

with low intensity  beams, it  cannot compete with the spectrographs, 

Usually^equal momenta, emitted in nuclear reactúns.

The magnets which focus and analize che primary par- 

txc^les  extracted from an accelerator are called  analyzers,  and 
are part of the transport system,

Usually the magnetic f ie ld  is  perpendicular to the

trajectories ,  which means that the orbi±s are c ircular .  Here

O r = p /q  which is  correct even for i’ e la t iv is t ic  energies

For high energies ,  one measures the momertía p in  fifí or V which

numerically is  equal to the total energy of the particTe in 
iWeV or GeV.

For médium and low energies  the mass-energy product 

M E . / ^ 2  is  used ( M i n  atomic mass u n its ,  E in MeV).

For non-relativistic  partióles  it  is  

E - ( S  r

The d is p er s io l  r/easures the capability  to sepax^e two 
p a r t i d o s  with momenta p and p p

á l  -B-

where ilp is  the variation  in p which produces a displacement

u n going through an analyze^  or spectro­
graph, and R. is  the radius of curvature of the central ray .

resolution  is  determined by the size of the ob ject :

m L  t í T  brightness arid a width o, an'image is  for-
mea in th, detector of where M is  the magnif ication  for

the analysing system. The resolving power is  then

Rp ^  J .  - i
A P  M O

Bxample s of beam analvzers

The analyais  systetn for the Michigan State University 

n aesigned to provide doubly focused beams of

eich = * ■'-0
ve I r t t c ^ r í ' " ' ®  ’ %"» ■¡“ ««•■-upóle lenses  to gi-
ve vertical  tocusing s„ch that 0^= ¡ 2 that syste», the

if tWe spfc+rt>}^a pli5 on a. t h e  seconcie^r v

f > ^  i c I ? s • •



I I I

which^a linear equation of second order.

All the solutions of this equation satisfy  the re-
lation

l i

Where the elements of the transfer matrix M(S, 1S«) may be 

obtained in terms of two l ine^ly  independent solutions of the 

differentxal  equation,  which we cali  C (s )  and S ( s ) .  These "prin- 

cxpal tr^ectories»  are defined by their valúes and those of . 

their derivativos at the input S=So :

u>

CCSo')-- 1 

C ' (So ) ^ O

C'fe-I =  ^ C ( S ^  
d s

S (S o )

S'

We cali  C (s )  the cosin l ike  trajectory,  and S (s )  the sin like  
trajectoryo

The transfer matrix is  then

Cís,^ S i s , A  

C '(s ,)  s ‘ (s.)¡

where the matrix elements are the independent Solutions for the 
exit  S=S,, and their derivativos ,

a) Focusing sector (F)

For the focusing sector case, where k > 0   ̂ ^he general so- 

ution contains the two i n i t i a l  conditbns Y (s„')6n4 as indepen- 
dent constantso iKiS Sol \ tí, o x"

V  (s,'^ = Y(Sa\ eos í vT ■+- \Tk

1 Kcf hraY\<á^cr vY^aV'ny ,s i vv co-se

f ( s , l s ; o ) =

b) Defocusing (D)

The general solution in that case, in which K C O ^  is

Y l s . V  YíSo'icoí.K 4 Í E ’ y ' ( s » ' i ^  s m i  ü í t  

v ' t í . , ' ) - i i f k +  y ' ( i i c o iV ,  ü f t :

Therefore the linear  efEect of a defocusing sector is  descrihed
by tha transfer matrix



1> ÍSi i So )
l í í >  O

3) Series ot optical  elements

If  the transformation operators are known for each 

element in a beasn transport systcem, the total transfer matriX 

between soaa»ce and target is  the product of the individual  ma­

trices  multiplied  in the reverse order of application

. . . I j ' i i K i ' i i i

Where 1 is  the índex for the input plañe, and N for 

the exit  plañe» Since these matrices do not cominute, care must 

be taken not to interchange the order when perfotriing the pro­

ducís. This linear theory applies quite generally to the beam 

transport for paraxial rays of most beam handling components, 

and it  describes the partióles  motion in a plañe perpendicular 

to the direction of the central axial ray, Given a known emit- 

tance at the input of the beam transport, and applying the ma­

trices corresponding to the components along the beam for an 

adequate number of trajectories¡, the beam profile  along the 

system may be determir.ed, Generally the planes xz and yz are 

used when rhe beam has a plañe symmetry instead of an . axial  

one, and similar sets of equations for xz and yz helol separate-

l y .

Beam anaJLyzers and spectrographs

Ás nuclear physics moves into the región of heavier 

nuclei  and higher excitation  energies ,  the need of improvement 

in resolving power and accuracy increased ,  At this moment, there 

is  a great variety of magnetic analysing systems for charged 

partióles  corresponding to the energy range of cyclotrons and 

tándem beamso The beam accelerate by a tándem Van de Graaff has 

an emittance of the order of 5 mm mrad, and an energy dispersión 

of 0 .0 1 % ,  which makes it  an excellent  instrument for nuclear 

structure studies ,  On the other hand, cyclotrons and synchrocy- 

clotrons have an energy dispersión of 1% and an emittance for . 

the external beam of about 50 mm mrad and isochronous-cyclotron 

an emmitance of 20 mm mrad and an energy dispersión of 0 . 2 % .

The isochronous cyclotron compensates this poorer beam 

quality vith a higher intensity  and a greater energy,

At several laboratories  analyzing systems for cyclo- 

trons hava been éeveloped, which give an analyzed beam disper­

sión of J .0 1 %  in the case of Michigan State U niversity ' s cy­

clotron .

There the programing of the central orbits  is  being 

tried ,  by means of s l its  whieh define very well the fir t or­

b its  and it  is  hoped to get a low dispersión beam(A without 

any analysing system.

Every accelerator,  once b u ilt ,  needs a o ifferent  design 

for the analysing system,since the beam characteristics  in each

case



cnange enough to need a study for the optimization of the sys- 
tem,

The use of those sjfstems is  to determine momenta. of 

charged partióles  emitted in nuclear reactions or scattering 

precesses ,  I f  the rest  mass of the partióle is  known it  iá po- 

ssible to determine the energy. .Mhen Lhe energies are of the or- 

der of some MeV, the magnetic spectrograph competes with seve- 

ral detectors;  ion ization  chambers, s c intillanting  counters, so- 

l id  State detectors.  This last  one is  cheap, has a good resolution 

and may determine the energy and identity  of the partióle when 

combined with a d c/cíx counter. But for high resolution  work 

with low intensity  beams, it  cannot compete with the spectrographs. 

Usually*equal momenta, emitted in nuclear reactians.

The magnets which focus and analize Jhe primary par­

tíosles extracted from an accelerator are called  analyzers,  and 
are part of the transport system»

Usually the magnetic f ie ld  is  perpendicular to the 

ra jecto ries ,  which means that the orbits  are c ircular .  Here

B T correct  even for i ' e l a t i v i s t i c  e n e r g ie s
or high e n e r g ie s ,  one measures the momerlta p i n  H£y or 6>f ✓ whicn

M e r o r ^ G e v !  i "

For médium and low energies  the mass-energy product 

M E . / ^ 2  is  used ( M i n  atomic mass u n its ,  E. in MeV),

For non-relativistic  partióles  it  is  

E ^  _  í 6  r

D a r t ic l . . .  i/easures the capability  to s e p a M e  two
partióles  with momenta p and p-t- /I p

O-  á l

variation  in p which produces a displacement

ñraph I n T l  through an analyzer  or spectro­
graph, and R is  the radius of curvature of the central ray.

i f  it  resolution  is  determined by the size of the object :
i f  it  has an uniform brightness arld a width o, an-image is  for

: L T  « M w . e . e  M is  the ^ a g n i e l c f t i o :  L .
analysing system. The resolving poHei- is  then

Rp ^  i  ü

A p  M "o*
Examples of beam analyzers

cvclotrnn system for the Michigan £cate University 

O 01 r r  lesigned to provide doubly fooused beams of 

e¡oh  o'ne ^'¡ Bending magnets
ve vertical ’ combined with two quadrupole lenses  to gi-

vertical  focusxng suoh that 0 ,- .ZÚ r  . In that system the

)( tWe spe-c+TOj^n pkí on a. A e t e i A o r  se-co^e/«y¡(

p í v r l i c í e s
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Fig. 1. The layout of the experimental areas. The

Ítems indicated in this figure are: (a) a multi- 

gap electrón spectrometer; (b) beam stop as- 

sembly for the neutrón time of flight program; 

(c) gamma ray facility with a bending magnet 

to send the beam into a well in the floor; (c ) a 

beam of extremely small spot size to be used 

in biological studies; (d) polarization facility; 

(e) to possible future beam positions; (f) acti- 

vation facility; (g) high precisión scattering 

chamber; (h) low precisión scattering chamber; 

(i) broad range, split pole spectrograph.

\
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MI

Flg. 2. The analysis system. M I  and M2 are n - O bending magnets, quadrupoles Q1 and Q2 provide vertical 

focusing, and second order aberrations are corrected by sextupoles Sxl and Sx2. The slit SI serves 

as an object for the system. the acceptance soUd angle being controlled by S I ' ,  and an image Is 
formed at slit S2. &

HORIZONTAL SCALE ■ 2 0 to I 

V ER TIC A L SCALE ■ Ito l

3tom

Fig. 3. The results of Imear calculations on the analysis system of Figure 2. The positions of a represen­

tativa set of rays are calculated at the beginning and end of each eJement (excluding sextupoles) and 

the positions joined by straight lines. Note the = 2 Vj. character of.the system.



magnif ication is  one, and the system, similar to a single

magnet with K ~ ~ o .^   ̂ gives about twice the resolution  of a

system, which corresponda to 

The beam is  extracted from the cyclotron and focused 

on the slit  by means of four quadrupole lenses» When both 

magnets have the same polarity  an energy dispersión of 0 .0 3 %  is 

achieved; the sistem forms an image of If  the f ie ld  in

the second magnet is  reversed, low dispersión is  available at 

C ,D  and C ' ,  with a high intenslty»

In the University of Michigan 83 inch cyclotron,the 

acf€‘lt'^átor ^Tovides an affective  source S , the magnets and 

M ílements,M2 are the dispí* rs ! v €•

and s l i t s  and S 2 are placed at the image planes o'f Pj[̂  and

P2» 'The beam through the s l it  S 2 at the focal plañe of im- 

ping¿»s on the target,

The magnets are K= — Magnification =1, 

radius =2m, Eq - 40 MeV, and the dispersión is O ~ iO

The resolving power is  RP= 4000



MAGNETIC SPECTROMETERS

Magnetic spectrorneters are being wadely used in  measu- 

rements concerned with the energy level spectra of nucle i  í tliey 

range from measurements of energies of a few MeV for bets par- 

ticles  fmitted from radioactive nuclei,  to measurements on> the 

spectra of heavy ion reaction products, with e n e r g ie s  of several 

GeV,

In an experimentíQ. fa c i l ity  consisting  of an accelerator^ 

a beam transport system, a scattering chamber containing the tar- 

get, a magnetic spectfometer and a partióle  detector^ the total 

resolution is  affected  by each one of these componentSn The beam 

transport system is  designed to reduce the energy spread and e- 

mittance of the beam to match the requirements at the target»

The resolution of the spectrometer is of the order of 0^01%'-’ 

0 . 0 2 %  usualy,  and the resolution of detectors can be kept í£ the 

same order, when using spark chambersand emulsión plateso

There appears an energy spread due to e ffects  on the 

target! the incident p a r t i d a s  lose energy in the target stas~ 

t isca lly  ( Landau-Symon energy spread) ,  so partióles  vfhich inci- 

ded with the same energy may energe with different  energies» 

so ,the nuclear reactions within a target produce scattered or 

reaction part ióles ,  which usually have different  rates of ener- 

gyloss than the original  p a rt ic le s ,a n d  the eaergent partióles  

w il l  have energies which depend upon where the partióles  origi- 

náted in the target.

These effects  can be reduced using thin targetso

Basic Theory

Various magnetic f ie ld  configurations are used an spec- 

trometerso For all cases,  the radial  motion of a partióle  can 

be described by the equation

d ~ m r  9^  z. 
d±

The solution for small angles of divergence from the 

central ray is

l ^ ).-  ( ¥ ) ,



X» displacement of the particle  with respect to the central Pay 

at the entrance to tho magnet 

x ' »  divergence of the part ic le .

Those equations can be summarised in a matrix

x a / « M

x j '

Ap i 
p /

0

^Z2

0

?

The followings f irst  order optical properties  can be

determined uslng this equation:  ___

1) posltion of the radial  focus (BP)

The point where the p a r t i d o s  trajectory crosses 

the central ray or optic axis after leaving the spectjpometer 

i8  the position of the radiaiL focus, at the distance BP from 

the magnet e x it .  Prom the figure

O A s

Combining those equationa, for ,  q

?
X

t í ;

. ^  - Q>a. ^  O» (Xu

2) Magnification (M)

The magnifIcation is  the ratio of the size of the 

image to ttet of the ohiect .

It Í8 necessary to consider the traj^^uoií^y Kith maxi" 

mum displaceijient ^object  ( size of ob’ject) at tho origia  and síero 

divergence; the displacement K'iVrt focal distance d» ííí the

8ize of the image, Then tho magnificatiou is

^  - : ) ( i + d S  X'i

Xo



and sustituting  from the trasfer matrix, where - O , O

the n
K .<5

3) Disper s 'on

To calcuUfpthe dispersión a trajectory is  conside- 
red where in i t i a l l y

®

Then we define the dispersión as the dispkcement at 

the focus divided by the fractional difference of momenta:

D- - X i  -t- ds /d 

^P/p * ^P /p

■ 0 :  «jí ‘•>/p i- ‘■1̂ a»» *1̂ 1» ;  c „  + d s  rtií 

............. 'ipA'

The simp3est spectrometer has an uniform f ield  magnet> 

its  disadvantage is  that there are no focusing properties per- * 

pendicular to the median plañe,

The image ir^ 1 1 ó n s proporcional to Ci'o c 

It is  posible to produce a transversal focusing effect  

using the magnet's  f r in g in g- fie ld ; in that case> out of the me­

dian plañe there is a coivponent Bx^ and i f  a particle  comes in a 

trajectory which is  not perpendicular to the magnet: border; it 

has a velocity coivponent Vy , and so it appear a forcé

Fz, The fringin  f ie ld  acts as a lens of focus f  :

" 1 ^

Another typc of spectrometer consists in the double fo­

cusing spectrometer (h"~^)e In that case, a transversal focusing 

can be obtined, and a point object gives a point image, so it  

is  an ast|^:natic system, at least for gaps small relative  to ra- 
diu s .

It is  impossible to design a spectrometer ivhich focu- 

ses all the point objects as point images» neither the polnts 

as line images, unless the acceptance angle is  in f in ite ly  small ;



for a high precisión  spectrometer, "¿ftere is a limitation in the 

-olid angle of acceptance, due to the seveial kinds of a^berra- 

ti'ons and their e f fects  on the resolving power, Usually the abe- 

rrations are expressed as a series of powers of the acceptance 

angle x'o and the corresponding in the vertical  plane^ so

It is  possible to place the detector in such a way 

that the f irst  order term disappears ; Ct.o - ^ ( f i r s t

order focusing ) ,  If  it  is  possible*^°make q¿q negligible¡,  the 

instrument has second order focusing;  usually the focus in the 

transversal direction is  not important, since -i t dner not pffect

tbo roronta determination .
D i f f e r e ^ i  t > i p e s  o f  m a ^ n e t i c .  S p  e c t  r o  g r a  p h ^

Usually in nucleas structure studies the cosmic rays 

or the neutrons background is  low ; the important background is 

the tai in the low enrr^y side of pvery high intensity  peak, 

due to :
Scattering atthe defining  slitsj  with loss of energyi 

scattering  after the target.  The f irst  effect  is  made small u- 

sing a very clean beam; the second one is much reiuced by means 

of transversal focusing in th„̂  spectrograph, speCially near the 

entranees since in that case the probability  to do scattering 

on the pole faces or s l its  is  lower,

Double focusing spectrograph at C a lt e c h ;

It has a n=-i f ie ld ,  f irst  used by Svertholm-Siegbahn 

who designed it  to focus at 254®; at Caltech de deglecting an­

gle is  1 8 0 ° .  The main adyantages of the double focusing (or N») 

spectrorneters over the uniform f ie ld  fype are its  high resolution 

and acceptance solid  angle; it  is  therefore very useful  when there 

are experiments involving the separaUon of closely spaced ener'« 

gy levels  or where d ifferenctia l  cross-sections of a low cross . 

section reaction is  being measured. A spectrometer of that ty- 

pe was built  by B .L .  Cohén, for a 12 MeV tándem accelerator 

(Nucí.  Instr ,  Meth. 10 p.  4 (1 9 6 1 )  ).

Broad range spectrographs

It was suggested f irst  in 1951 by C»Po.* Browne  and 

W. W.  Buechner and designed for M . I . T .  and for University of Ber­

gen



curved boundairies, which produces a second or- 

der correction ( =  O^  for partióles  deflected 9 0 ° ,  but tnere 

are strong second order aberrations for the particles  with lo- 

'wer and higher momenta, The total range of momenta is  -

z 1 ,S  , and has e solid  angle of about 0 . 4  millisteradian  

(msr) ,  The theoretical resolving power at this solidangle for 

particles  deflected 9 0 °  is  '^ ( ,.000  , where Ap  is  the

full  width of the peak at hAlf máximum. Nuclear track plates 

are used as detectors,  usually 3 plates of 2x10"  each. Since 

the trucks are counted in strips mm wide, one gets about 1520  

data points per each set of plates .

The multigap spectrograph is  equivalent to 25 broad 

range Instruments working simultaneously. It has been conceiv'ed 

at MIT in 1955 and buiít at MIT, at Aldermaston in England, and 

at the Universidad Autonoma de México.

The basic unit is  the broad range spectrograph, with 

»he difference that there are now 24 air gaps, producced by cu— 

■cting a toroid shaped magnet from 7^® wedgeso There is a hole 

through which the incident beam impjí'inges on thue target, loca- 

Tced in the center of the toroid.  There are two 9 0 °  gaps, and 

in general the gap at O® is  not used, Since there are 24 gap& 

at which it  is  possible to put nuclear track p lates ,  each one 

giving 1520  data points ,  in one exposure it is possible to get 

3 6 . 5 0 0  data points .  To sean the 18 m of nuclear traí:k plates  

in ^mm strips requires between 3 and 4 man-months,

The energy range as 2 , 3 : 1 ,  so i f  l l . S  MeV protons are 

fócused at one end of the plates» 5 MeV protons are focusedat 
the other.

Elbek Spectrograph

It was designed by Blbek for the tándem at Copenhagen;

I t  is  a homogeneous~f ield  tr W r+h ig*» ^xit^

cf pc5rt« cl es  t ñor L to tlnp \o ô vx díari e ̂  ̂  ar\d li

íjiveí s a.Tciat

H i ii E n f r ̂

focusing.  The acceptance angle is  35 " ,  and i t  gives a median-pla- 

ne magnification of 0 .5^

<^Which is  important obtain a good resolving power (RP= 

and also because of the d if f icu lty  of mantaining tfta beam
IVO



spot constantly on the samo point at the ta r g e t .  It has a broad

range» of 6 : 1  in energy, with practically  no second order aterra- 
tion.

Split-pole spectrograph

It consists essentially  of two pole-edge fccusin g  s~

pectrometers arranged in series .  The object of t h is  arrange,T,ent is
i s :

1) The larger area of the second set of pole pieces means that 

a wide energy acceptance is possible (6 M  as in  bvoad í'ang
spectrograph)

2) The focusing properties of the four variable pole edges ena- 

bles second order focusing over the whole focal  p la ñ e .

The poles edges are shaped in such a way that the high e n e r ­

gy partióles  are twice focused in the fringing  f i e l d s ,  and 

the low energy ones are only once focused.

The split-pole spectrograph has the highest ratio D /n ,  

since the magnification M is  small at the mediin plañe : N\ 0 . 5

One disadvantage of this instrument is  that the Z plañe 

magnification is 4 to 6 so that the image width on the focal plañe 

is  4 times larger than the target spot size ,which  may make necce- 

sary the use of wide detectors. In the table the parameters of 

several nuclear structure spectrographs.

The actual trend for magnetic spectrograp' s i s  to ha- 

ve as many adjugtaf le parameters as possible ;  a de(,scí:ing magnet 

with straight boundaries has three parameters :enti*ar.oe and e x it  

angles,  and the deflecting  angle, The effect  of a change in  the 

entrance and exit  angles is  equivalent to the action  of a qua- 

drupole before or after the magnet, reppect i v e l y , ©o thfe3 e three 

adjustable parameters have the same action as p u tt in g  two qua- 

drupoles plus a dipole (a detlecting magnet with normal entrance  

and exit  angles) .

Using curved boundaries and varying the r a d iu s  of cur- 

vature (three adjustable parameters for the design) ,  the magnet 

w ill  have five parameters; the curved boundaries are equivalent 

to sextupoles.  In the split-pole spectrograph there are eight 

adjustafcle parameters.

Other desired features of a magnetic spectrograph are;

& high resolving powgr, a high signal to background ratio ,  which 

may be better Üan 10 , a reaction angle range © af C* to ISO®, 

and the correction for Doppler e f fe c t .

Detectors used in the spectrographs

Most of the spectrographs use photographic em ulsions  

as detectors, which are very reliable  and do not worsen the re- 

solving power of the instrument, If  on—line or c o in c id en c e  ex-= 

periments are wanted, it  is  necessary to use other detectors.  The 

time needed to get the Information out of the nuclear track p la ­

tee is  long even using an automatic track-count e r .
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sectional view is tw ice the horizontal scale.



To overcome tiñese d if ic c u lt ie s  other detectors are 

being developedj like the position sensitivo solid  state detec­

tors.
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I f  a particle  incides  on P, a signal E is  generated, 

which is proportipnal to the energy of the p a rt ic les ,  and simul-

taneously a signal proportional to S  • X / that isj to

the energy and distance from the point of incidence P to the e- 
arth contact.

Fifis e

C',' I i ( C l-, X

The detectors are prepared in strips of 5 x Icm and 1 

to 2. mm tKickness, and put on the focal plañe of the spectro- 
graph»

Other devices,  used before for the detection of high e- 

nergy partieres ,  are increasingly used in the range of 1 to 100  MeV 

like  the spa^k chamber which consists of a number of metallic pla- 

tes insulated  from each other and with a neon-filled gap of the or- 

der of a few mm between them, Every other píate is  groiinded, and 

the voltage is such that sparks will occur at places where the 

gas is  ionized ;  so the trail  of ions le ft  by a particle  víill tri-- 

gger such sparks and a photograph give an outline of the path oC 
the particle .



NUCLEAR RESEARCH WITH PULSSD BBAMS

During the last  decade there has been a continuous 

growth in the f i e ld  of experimentation with pullsed beams of neu- 

ti'ons and charged partióles» The tedaiques now in use can pro­

duce pulses of iona of the order of one nanosecond duration,  and 

simultaneously there has been a development of electronics  and 

detectors with speeds in the nanosecond range»

Tha general applications of nanosecond pulsed beams 

in the range from 1 MeV to 100  MeV are

1) Measurement of energies  by the time-of-flight method

2) Use of the time information for the discrimination 

of events

i ) Time-of-flight method

I f  a pulsed beam incides  on target A during a burst 

of duration Ahí reaction products appear starting  from the ini- 

t ial  time of incidence t=o. The emitted partióles  travelling  to 

the detector B located at the distance L w il l  reach it  after a 

time t which depends on L and their kinetic  energy T,

t-- -vr

vr\

The detector w il l  then give pulses whose time separation 

depends on the partióles  mass and energj^ and the spectra so ob— 

tained has an energy resolution which depends on time reso-

lution  '

AT _  2 ^

T "  t

This method, which we w il l  discuss in more detail  fur- 

cher-on, has been f ir st  used for investigation  of the eíftstic and 

in e la s t ic  interaction  between neutrons and various nucleip so 

giving  important information on MeV range neuton inelastic  sca- 

ttering  (nuclear models and nuclear reactora ) ,  It  is  now being 

used also in KeV range neutrón capture,; which is  important for 

fast reactors design and for nucleosynthesis .  The neutrón pro- 

ducing reactions in the l ight  nuclei have been under^investiga- 

tion at seveí*al la b o ra to r ie s ; ^ar example the D(dpn)  reac­

tion for deuteron energies up to 20 MeV, which is  ¿.mportant to 

determine the extent to which the continuum of neutrons due to 

the boak-up processes D(djn;^p)D and D(d|nj,npp)P contribute to 

the total neutrón y ie ld .

Ánother applicatiolO is  the measurement of isobaric  a- 

nalogue states ,  which have been known for a long time in l ight  

nuclei ,  and recently in heavy nucle i ,  where they have been obser­

vad in charge-exchange reactions such as the ( p , n )  reactions .



2) Use of time inforntation for the discrimination of events»

The study of gamma rays from neutrón capture or ine- 

last ic  scattering is  greatly fa c i l ita te d  by the time separation 

of the gammas from the aeutron-producing target from those ari- 

sing fromCv^j^f^ or

Most of the effort  pn reactions has been di-

rected toward the spectroscopy of excited  levels® The properties  

of levels  which are investigated are the excitation en er g ies , ga- 

mma-ray decay-schemes, and théLr angular momenta» When the gamma- 

ray branchinp ratios  and productAon cross sectioas are m easured  

the neutrón »±Elastic scattering cross sections are determ-i ned, and 

so the reactions enables the comparison of those cross

sections with the predictions  of a s ta t ist ica l  model.

Another application is  the investigation  of isomeric 

states :  the pulse burst is  used as a starting point in time, and 

then the frequency of - emission is  measured in the energy ran- 

ge of interest ,  as a funclix^n of the delay following the burst.

The nanosecond pulsed beams used in those experiments 

are obtained from the following acceleratora 5

a) Blectrostatic  accelerators,  like  the tándem Van de Graaf ,and  

the Cockroft-Walton.

Those are de current machines, and ia  order to oltain nanose­

cond pulses i t  is  necessary to introduce a radio frequency 

sweeping system which acts on the external beam.

b) RF accelerators,  l ike  the cyclotron^ which give a naturally  

puljed beam due to the phenomenoa of phase grouping, The in- 

terval between two pulses is  the inverse of the radi<^requen— 

c y , usually around 100 nsec, When a longer time interval is

required ,  a pulsed deflector in the neighborhood of the ion sour- 

ce is  used, which interrupts some bursts .  Another conventional 

method is  to use an electric  deflector for the external beam,

A synchrocyclotron has a double structurej as an e- 

xample, the Buenos Aires FM cyclotron has the following struc— 
ture ,



consifeting of macrosíopic bursts of 35yu.sac. widht and the re- 

petition  rate of the modulatsd frequency „ 2 KHzo

Bach macroscopic burst consists of pufess similar to 

those from a fixed  frequency cyclotron or from an isochronous 
cyclotron,

be-a-m

A
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with a width of about 3 nsec separated by a time interval  of 

about 95 nsec, which varies  íb 4% due to the frequency modula— 

ticn, It is  possible to alter ttee time structure of the beam in 

a synchrocyclotron, by means of a debunchei consisting  of a 

radiofrequency electrode which acts on the accelerate beam just 

before it  starts to get extractad,  spreading the particles  in 

all  the orbitj^ in such a way that the macroscopic bursts vanish 

and in turn new semi-microscopic bursts appear®

The interval  between those bursts depends on the de— 
flector frequency

Before going into a more detailed  study of the pulsed beams of 

tándems and cyclotrons, we will  discuss the use of the pulsed 

beam for studies of short-lived isomers,

P f  Shogt-Lived Isómera in the Range t4 ^Usec-nsec

We conSider an isomeric State of »rean 'lifetwhich is  

populated at t=o by a pulsed^i^eam of width A T  and interval  T  seo.
which defines a duty factorw ----  ^  „ The desintegration rate ,  or
ave-.'age number of states formed in  the beam is  lo per second 

and lo7” per pulsa« The emitted gamma radiation  is  detected with 

a detector of ovefall  e ff ic iency  £ ,  and time analysed.

^Usually the total counting rate in the detector sys- 
tem is  10  Gp sec at the mostj this





irr.plies that the mean xnterval of detector pulsess t^ j shall 

be tdi |oo/Xí.ec » General!;  T < < t a .  , and the beam is 

regarded as continuous regará less  of its  duty factor;  then, if  

rays are recorded only during each microscopic burst, the 

long-lived and background components are reduced by a factor T  

compared with the prompt components and the microscopic burst 

are useful even for taking prompt singles spectrao

The time d if fe ren tia l  counting rate of a ray

is

N t U M  =

for

Here the intergrated counting rate is

i r N l t U t  =  £ l o

By measuring the time difference between the pulses given by 

the detector and the beam pulse ,  it  is  possible to obtain the 

time distribution'*of all the preceding beam bursts must be ta- 

ken into account„ and ia  that case

oo

N(-k> = £ U l A e
A = 0

-  XCt +nT)

Measurem.ents in the región t^ as jULsec

Measurements in the región yi^óec-msec ha»^e been made 

by ToWo Conlon et al  ̂ at H arw ell , and by H,F<, Brinkmann et al ¡, 

at

The method generally used to measure time distribu- 

tions is  to trigger a saw“ tooth generator to each beam burst ;  

the analog puls» height taken at an instance of a detector sig- 

nal corresponde to the time delay between the beam burst and th3 

detector pul^

Dl'áC.ttíMlVili.TOa,

^í),W~t o o t h

SEHe«.íkTt»R
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The time signal and the energy signal are then analy 

zed by a tw© dimensional pulse-lieight analyzer®

Aaother way to get the time difference is  to use a d o c k  

pulse generator triggered by eacfc beam burst,  and count the num- 

ber ©f tlie digital  pulsas o

Measurements in the región tj-'^nsec

Ü3 ing & nanosecond p'uJ^e'd tándem Van de Graaff or the 

natural beam bursts of a cyclotron it  is possible to measu^ t -| 

nseca Yamasaki and Bwan analyzed ^ rays emitted in 

reactionsj using the Berkeley 8 8 ” isoehronous cyclotrén:
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Fig .6 Part of the 256 channel (energy) x l6 channel (time) spectrum

observad in the 208pi3(a,l+n)208Po reaction at 50 MeV, taken from 

ref.it). These data were obtained with a 2 cm̂  x 5 mm thick 

thin-window Ge(Li) detector. The lJ+7 keV and 176 keV y rays 

have delayed components i îth tj_/2 = 8 ± 2 nsec and ti / 2  = 

i+00 nsec, respectively.
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Fig.T To the left are shown the time distribution curves of three 

transitions observed in the reaction 208p-b(a ,2n)2 lOPo at 28 

MeV. To the right is shewn a tentative level scheme for 210po, 

Taken from ref.U)
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The Y Signal from a Ge{L i ) detector is amplified

by a fast preamplif i e r , and then split  into one puC'S® for energy 

a n a ly s i 3 and one for time analysiso Th© pube for* time analysis  

xs afterwards amplified by a fast amplifier ,  which triggers a 

fast discriminator to give a timing signal¡, whose threshold is  

slightly  bigger than the noise lev el ,  The fast signal gives 

the start for a time-to-amplitude convertir o The stop signal 

is  generated from the cyclotron rf  osciliator  using a fast di_s 

criminator’ and a delayj only every second puíiír from the cyclo- 

tron oscillator  was usedj, for practical  reasoas ,  and

that gives rise  to two prompt peaks with a time separation of

o The overall width of a prompt curve was found to 

be 5 nsec.  T. Yasiazaki and G» Ewan determined in that way the 

spectrum in the Po at S O H e v ,  The da­

ta were obtained with a 2  5  ^  thick thin-window G e (L i )

detector e Only a few of the spectra are showíQo Corresponding 

to five different  time channels spaced by approximately 18 nsec» 

There are some peaks, l ike  ^ 4 5  , which decay very rapidly 

and give the prompt time d is t r ib u t io n ; otíjers decay more slowly 

like 44*1 and ATfcíCe.'/’ which have delayed components

1 1/^ a t'/^ nsac, 5 respectively  o Thejf rays

may either come directly  from the isomeric state or from a le- 

vel fed by an isomeric state»

Usually an isomeric decay involves more than one delayed J'- ray 

especially  a high-spin and high-lying isomer em.its many high- 

energy rays,  and the placement of these delayed rays can 

be reasonably assured áf one measures the whole time distribu- 

tionsj including  prompt components and in t e n s it ie s  of all  the 

transitionso The isomeric transition  i t s e l f  can not have a 

prompt componentj, the prompt transitions  that are preceded by 

an isomeric decay have both prompt and delayed componentes so 

the relative  in t e n s it ie s  of the prompt components of transitions  

following the decay of an isomeric state give a powerful clue 

about the determination of the order of the transitions ,  since 

a lowsr lying level  receives  more prompt population than a 

higher~lyÍD,g level  o
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Fig.8 a) Time distribution of the 2k5 keV y ray in the pulsed beam 

of 5-nsec width and I . I 7 ysec inverval. The initial growth 

is due to the partial population of tha 8+ state through 

the 2 Í+-nsec 1 1 - state.

b) Level schene of 210po established. Taken from ref.9 ).
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F i g .9  Time d is tr ib u t io n  o f  the U38 keV 6+ -> U+ y ray  em itted in  the 

^ 0 C a (o ,2 p )^ 2 c a  reaction  at 25 MeV. A  lon g- lived  component due 

to the b e ta  decay a fte r  the ^ 0 C a (a ,p n )^ 2 S c  r e a c t io n  has been 

s u b tracte d . The prompt peak is  due to the Compton backgroiind 

from prompt high-energy y ray s . Taken by  Nomura et a l . 1 0 ) .
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Narvwa me-asure d the time di stribu tions of the «X, 2.p^ Ccx

^ rays emitted for = 25  M e v  « The figure shows the

time spectrum of the ^38 fe — 1> l¡*- ^  -r ay ; a

long-lived components due to the beta decay after the

reaction has been substracted, The prompt peak is 

due to the Compton background of higher energy "íf rays, and the 

beam width is  of the order of 2 nsec in this case»

Other p o s ib i l i t ie s  of the time analysis  methcd using/beams is 

the measurenient of the g-f actor J by choosi.ng the proper target 

and beam energy a large variety of new isomers can be reachedj 

and very high spin states can be studied.  This kind of study 

is  in the beginning stage, and it  seems there is a large number 

of unknown isomers. It is  easy to find an isomer and to measu- 

re its  ha lf- life ,  but it  is  d i f f ic u lt  to establish  its  isomeric 

decay scheme ; coincidence studies and measurements of conversión 

electrons are often required in order to enable to draw some 

conclusión.



. FLIGHT SPECTROMETRY FOR CHARGED PARTIOLES 

AND NEUTRONS

The nanosecond beam pulsing and pcecise time-of-flight 

rechniques have improved durirjg the last  few years,  so it  ás po- 

ssible in many cases to resolve groups of charged partióles  or 

neutrons with a precisión  comparable to tíiat obtained by the 

magnetlc analysis of charged partióles  from nuclear reectionso 

A survey oP the literature  showlv nanosecond worl

zte i-eg:loa o? Cast neutrons and charged j^aiticles I 3 Lí-.lng 

done mainly m  cyclotrons and de acceleCators such as tanderas and 

.ockroft- Walton. Interest  in fast neutrón spectra comes from

necessity of data on nuclear energy levels  te check ncdelo 0 = 

...e nucleus and from the fact that inelastic  scatterlug cross 

s e c t i o ^  are increasingly in demand for the design of fast reac- 

tors.  The use of time of flight  for charged partióles  is  more re­

cent, and has been used for partióle Id e n t i f ic a t io n .

L ^ the flight  path
L and kinetxc energy T is

t-. L f ^  L j ^
’ -2 T c * 2 T

which, for neutrons, is

t - 7 L t 'Iz ki s ec 

whor» L Is  measured in metres and T in MeV,

The energy resolutlon T / i te q u a ls  , a n d „ e c a n
^ncrease xt e .ther  by increasing  t ,  ( increasing  the ñ i g . t  path ,

- ty decreasing a  t ¡ since the beam flux  reaching the detect->r

í-t eee .s  betíer to d e c e . -

a i l  b l i r  .  r  • consider
°  duration a u  which incides  on the target .  A par-

in target w ill  then have an uncertayíinty Ato
in the determination of ite  b irth ,  and there ai-e other soui-ces

P - : L  l " e r ‘ f  '■'“  - a , u r e „ e n t  of the tiñe t which the
p a .t ^c le  needs to reach the detector,

d , .  t i t s e l f  or ig inales  on uncertainty ,  m
due to its  thickness á;

z i _ t  
L

le n g t h í  the detecting 

Procesaes have a total ti-

" L e  r n  í ' '« 1 -  “ f 'O® fliSht
-■es.k ^ distance L, which is  determined by the

°  reaching the detector, and it  is  required  to

signal to background ratio for the de- 
Once f .x e d  the valuea of l and t. the valué of A t o i .



íissed as the burst duration which gives the necessary precisión 

üíf time tíetermination, and the time between consicutive bursts,  

Kñish is  roughly equal to the flight  time t. As an example, the 

figuíTa gives therenergy spCead a T  for neutrons as a function 

oíf neutrón energy, for an uncertainty At of 1 nsec. The dashed 

'Sü2‘Y© sfcGws the 4T for L=5m which results  from an additiofi.al 

ssssed by an one inch thick detector.
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If  ái<

hy

j t td  and -átp are stnaller than the demanded

he peak current availab¿e> and the precisión in the measurement 

isne 5 the distance L can be shortened, so improving the signal 

background rat io ,  That shows that the figure of merit to use for 

a time-csf-flight spectrometer is  the quantity instrumental resol- 

/irg  time per unit f l ight  path ,  better t h a n M /t  , sincs a giveri 

T,m~íẑ gy w ill  be measured with the same precisión  by two spectrome- 

“ ers haTing the same lesolving time per unit flight  path,, For high 

exj.ez'gies the attainement of a goofl resolution implies time rasolu- 

tions ^praachiiig the limit  of the actual availablb techr.iques. For 

l'OW energies the factor which determines the resolution. is  the 

fcsam homogeneity^ and consequently the energy spread of the prima- 

táam « Thus i f  the puiSed beam reaching the target has an ener- 

then the spread in the energy of the emerging par-gy spread AT

t il le s  or neutrons w il l  be of the same order. i f  the yfeld curve

ior populating a certain  level  does not very appreciably over this 
enrergy internal .

Pip.gdlKction of Pulsed Beams

seen, it  is  necessary to produce beam bursts

or? time duration with a peak current as lar ge as possible .

s:.ll no-w review the methods used tb obtain the pulsed fceams: 

^ItjCtrostatic Accelerators

It  is  possible  to produce the pulsed beam using a radio 

ion source, in which the plasma gives a moáulated beam 

a p^equency equal to the excitation  radio frequency. This 

has the dásadvantage of needing to control the gas dis- 
cí:.£:r*goj which is  rather d i f f i c u l t .



The methods commonly employed are;

a) The beam chopping, in which one interrupts the beam 

^■"opping Ljx wiiicii- o-oe- inat̂ arrup-t-s- tb«- a-m¡¡ choppir^ out parts 

W'.'ii-sii ai‘ 8 discardedo

b) The bunching of the beam, in which the beam is  divi- 

Íííd into equal parts and then the parts are compressed in time  ̂ the-

producing a pulsed beam which has the same average current as 

t.-.e de be arrio

Bsam Choppjgg

The method consists in sweeping the beam across a s l it  by 

a radiofrequency voltage applied to two paralled  plates ,  like  in thí* 

Bí-ookhaven National

H,T. Trrminí?,l

____________________ - rf [ T .

ping 

- l ú .RF

Oscl.

SL,t.

Lar^oratory experimental 4 .5  MeV Van de Graaff ,  where tht sweeping 

„ia‘:es are located in the high voltage terminal,,

V  V

J
f/ 1

*

Le'; US suppose that the deflecting plates have a lenght 1  , and are 

at a distance 1  from the s l i t ,  If  the transit time through the p la ­

tes is  very small with respect to the period T of radiofrequency of 

^'■oltage y, we consider that the accelerating electric  f ie ld  between 

p lates ,  is  a function

r  - V . Vo í ^  U' í« )
T '  i r   ̂ T  ^  ^

I f  the beam enters the plates with the constant velocity and ener-

^  ~ ‘tu f ie ld  Ej w ill  displace it  vertically  with an
ation

a,-- t l s

ana w':.eh _it reaches the exit  of the deflector,  the vertical  displa-
cemen" Ofl i s .a f t e r  the time

/

_  2 , vm Vx*’
..•■'The vertical  velocity  is

V, 3 -tí¿ i l
VVí Vo

A:id the particles  move from now on in a straight line  towards the 

s l it  plañe 5 where they hit the point Z, It can be seen in the figure
tfeat



Z r ~  Of \  _ V,

and so

where

2  - 1  ^ o. _L í* ^ 2-
- - a ~ E ~ ~ ~  ^ ~ ~ r~
e : m y,* 

then^for an axial ray

á í

or

A l

\Aje'̂ o -̂, (Í.-^A)

As a typical example, for E 5 keV^ d -_ 0.5

T - lo y\^ec a y'̂ cl z S" cirtry ¿Ítij-1n^c*c

mayAn important remark has to be made about the sweeping; it

be obserbed that the pulsed beam is focused in two spots instead 
OI? one.

O e flec ti Oii
^  P Lates

Í(r

^Cce l ion It/loe 
E n i rart c e Lens

Focus po'~ 
<io-.\frt zweep

f- ¡>

k-'T'CKr^et

because the "up *' sweep produces a virtual  source which is  d ispla ­

ced from the center by an amount equal and opposite to a similar 

source displacement produced by the "down" sweep, Thus two images 

are formed at the target,  and this leads to ambi^uities  in the 

interpretation  of data. This is  usually  corrected eliminating  ene 

of the sweeps, by following the pair of rf  sweepin-g plates  with a 

pair of de refractor plates ,  whose effect  is  to elevate depp->-ess 

the two virtual  sources in the same direction ,  untij o^e is direc- 

tly on the optical axis  and the other is  suppressed by a collimator,  

In general it  seems that it  is  better .o perform the pul- 

between the ion source and the target, and not in the high- 

/oltage terminal, because the pulse width Ato is  shorter in the for- 

rner case.  This is  .due to the fact that in the terminal the ion 

beam xn general is  not so well focused spatially  and energetlca- 
Ixy as it  is  after acceleration



5K) .1 . i f .  n í : i í j : r  a n o  w .  m . r ¡ o o o

■ 'i _ .'•9

zo<
s
oz
</»13ü
P

O
2
O

c:DO
’o.
2OO

U ^
O U-UJ

SsLÜ: uo

< J  f  l-'

■ 1 1 1

•!vX-y c

í ; í : í î í í í í |
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Be ain îyr>ĉ V> m ^

The compression of bursts of ions can be achieved in 
two d ifferent  ways:

1) By speeding the last  ions in a train of part ióles ,  so that 

after a certain time they catch up with the leading ions.

2) By causing theyieading ions to take a longer path to get to 

a given point,  where they meet the later ions ,  This second me- 

thod was proposed h y  Mobley, and is  usually known as the Mo- 

bley magnet buncher, " t̂ employs a double focusing magnet with 

deflector plates at one focus a and the target at the other 

focus g. The path lengths from a to g get progressively shorter 

for paths enteringthe magnetic f ie ld  successively from K to e.

A triangular voltage pulse applied at a rf  frequence 

to the deflector at a, w ill  section the beam off

appt«e<5< a t  c / ^ ^ l e c f o r q

A ___ í i __________^_________a

There is a l i a it a t io n  to this method: i f  one changes the 

the energy of the partióles  at the accelerator,  i t  is nece^ary 

to change the sweep voltage and the magnetic f ie ld .

Also, there remains the problem of background arising  
from the unused beam.

The Mobley magnetic compression methcd has preved to be 

a popular and reliable  method for achieving shatp ion bursts with 

Van de Graaff accéleratorsj as an example, a f f  ion source and a 

beam chopper located in the high voltage terminal, produce puífes 

of 1 0  nsec width and 1 0 0 0  nsec spacing; after acceltration the A5o- 

bley magnet system compresses the pulpes to about 1  nsec width, 
and the peak current i s  several w\A,

But this methods increases the be»m ijivergence; also 

the energy homogeneity deore .ses ,  to 1 : 2 5 0  in the case oitea .  ^hich

1 8  comparal „ i t h  v alú es  oí 1 : 2 0 0 0  comm.n with do team fron, Van de
t»r aaf f s .

The KlystrOn Bunchin^

 ̂ method a rf  voltage is  applied through a gap and

at a certain time or dxstance the consecutive ions in the i n i t ia l  
burst arrxve all  simulataneously

Consider the Klystron buncher of the f igure .
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a bunch of ions enters gap , with

V r
L

a potential across it

M  -  \ / o  C - o r  < -o  t  

then the arrival time at a plañe away is  ( '^)

t ' x ,  t +  L ^ [  ^ 4 ‘ I ?  Ci.J CJÍ ■

where E is  the energy J- the incidena parcicleo

He re 

where

dfc'-o i f UJ 7-^

i'~w 2- :í(V-> ía>

The drift  length 2̂.

^ » v;

whex'-e T is  the period of bunching voltagec,

A tyyical example of Klystron bunching is the compt*ession of a 

500  deut-4'on beam, with bursts,  to 3 ojtet ’óursts¡, and

gaining a factor* of a 6 in curí-erit. The bunching frequency was 

in that case 10 and AS^ across the bunch.ing gap was

A disadvantage of the Klystron bunching is  that the method i n ­

troduces a large energy spread in the ir,., dent ion beamo 

R F Sweeping plus Klystron Bunching

At Livermore, C a l i f .  a combined method was used in the Gockroft- 

Walton accelerator ;  a rf set of sMeepiñg plates is  followed by 

a Klystron buncher. About 95% of the beam is diiscarded on the 

rf  sweeping slitsf  and the S% resnaining are bunehed in bursts 

of 2 ní«C » The diameter of the beam spot at the target is 

lo5 c»*  ̂ „ without any beam focusing affsei* its  eatry into the pu_t 

Svv.g apparatusq

.. similar method is used in Tándem &SG(el(H3pa1:.sií.’̂ ; a eontinuous 

i!?gative ion beam from the Tándem i©.»! injeetár is  swept by
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means of deflection pla'ías acrcss an aperture to cbtain puíjfts 

which mav varied in duration from 25 te 70 nscc »

This puijed beam is then passed through a bunching section where 

Klystron bunching techniques are u t i l iz e d  to obtain puíj^s of a 

few n^noseconds duration at the high end of the Tandeir,.

The minimuni pulse length is limited primariiy by the random ener- 

gy spread present in the negative ion beam»

As an example, H v /A C  of?ers a -n^m^econú pulsar for Model 

cr Fa/ tándems, with a pu^je duration of nftc and a bunching 

tactor (ratio of the peak amplitude of the piltre, ro the availa- 

ble de ion current at the same point of moasurement) of 7 . 0 , 

with a repetition  rate of 2 , 5  Al H

Tf the Tándem is equipped with a diode sou :ce ,  which provides 

negative ions by direct extraction ,  the puHt duration is 2 ^rtc 

and the bunching factor 1 5 . 0 ,  for the same repetition rate of 
2„ 5 M  Mí. .

The Pu,í«̂ g  Beam of Cyclotrons

The cyclotron phase grouping was discussed by Bohm and Foldy 

in their theory of the Synchrocyclotron; the phase grouping is 

connected with the i n i t i a l  motion of the ions in a cyclotron 

before entry into the field-free región of the dees, Tn the 

fixed  frequency cyclotron the complex motion of the ions be­

fore they enter into the dees results  in a spatial and phase 

grouping which is mantained throughout the rest o. ifs accele-

ration .  The phase width in a cyclotron without feelers is (r-ef,
9 » —)

A Vo

and with perfect feelers

. . . . . .  ( - ^  f

V
where »o is  the peak voltage between one of the dees and ground,

tí is  the gap between dees^ cj is the cyclotron radial  frequency!

As an example. the Brookhaven Nat. Lab, 18 «cyclotron ha s a beam

packet widtij/of lo2n/<toc 0 . 1 4  radians,  and the (X u  Ridge Nat.

Lab. 8 0 "  cyclotron has a beam packet width of 3,5nJ<for 0 .3 1  ra- 
d ia n s .

The repetition  rates are usually of 50 to 100 r̂ Stc , and this in 

some cases causes d i f f i c u l t i e s , because the higher is the enefr- 

gy of the beam which bombards the target, the more complex is 

the velocity spectrum issuing from the tarp,et. When the period 

between target beam bursts is shor . ,  the s 1 o,.m' velocity compo- 

nents wxll overlap one, two or more periods,  producing a confu­

sión in the measured spectrum. If  the period between pu^es is  

lenghtened, also the fl ight  path w ill  increase,  and also the ener



F io . 1. Scheme o f the bunching deflection system. (a) T op  view. (b) Schem atic drawmg.
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gy resolution .  This tenda to lower the beam intensity ,  but at 

liigher bombardment energies there is a tendency in most nuclear 

reactions  towards a concentration in the forward direction oír 

the p a r t i d a s  emitted from the target, which compensates partly 

the inverse square law loss and thus encourages the use of Ion- 

ge r f l ight  paths and longer periods between bursts at higher 

energies .

The method of using the naturally pufjed beam of cyclotrons, witt^ 

out any change, has been frequently used, and for the experirien- 

t a l ist  there is no important difference between it and a puJsed 

Van de Graaff or tándem, For instancej at the Brookhaven Natio 

nal Lab, the time-of-flight electronics  used in the 1 8 "  cyclo- 

tron was installed  without changes in the 4 .5  Van de Graaff .

The only important difference was the rf f ie lds  which are in the 

v io in ity  of a cyclotron, and are picked up by the electronics ,  

However, when considering the applications of the pulpad beam^ 

it Í 3 usually  desirable to have lower repetition  rates,  and for 

that iu is necessary to elimínate one or more cyclotron burstsj 

by blocking the external beam or by stopping the beam near the 

ion source, The first  method has the disadvantage that the 

stopped beam activates the metáis it hits  and gives a high ra- 

diation back ground, ^

The second method consists in stopping N out of N  p a r t i ­

óle micropufjes by a collimator on the f irst  turns, by applying 

a de voltage to a deflector located near the dees,

When the repetition  rate is high,  as in the isochronous cyclo- 

crrns, it  is  necessary to introduce a device which eliminates 

pulses; such as described in references 1 0  and 1 1 ^ the figure 

shows the central región of the Kalsruhe isochronous cyclotron, 

v^here the f irst  orbit is defined by a set of s l its  mounted in 

the dees, Here the rf frequency is  33 M  so the spacing bet- 

vreen beam l'ursts is  30r>-ítc , and the defining s l its  enable to 

achieve pukes of Co2 to 0 ,5  nJtc length,  The reduction of putUc, 

repetition  rate and "bunching” was accomplished with two coupled 

pairs  of deflection plates ,  as can be seen in the figure ,

The deflector I is made of two tantalun^pxutes separated by 10 

mm, and it  is located at the fourth ion orbit in a h i l l  section 

of the magnet pole faces.  The deflector II  is made of copper 

plates separated by 14mm and -¿t is  located in the last remaining 

h i l l  section,  In the normal operation of the cyclotron, three 

ion bunches per revolution cycle are delivered fron the source, 

and the deflector I eliminates two out of three pulpes by defle£ 

tion to a beam stop, and it  also forms ion bunches of several 

microseconds duration^ each consisting  of about 50 microstruc- 

ture puUes, with a repetition  rate of 2 0  ,

The óeilector I I  serves to deflect simultaneously the whole set 

cf puifes to a neutrón target above the median plañe of the cy- 

cloti-on,

Fcu" the elimination of two out of three microstructure pv.ljes a



Fio. 9. (a) T>picai energy ¿pec- 
trum. (b) T\-pical neutrón t¡m e-of- 
flight speclnim .



sine wave as shown in t’ • figure is  used. The f irst  microstruc 

, xure puise passes the plaxes at a monent when the deflection vol 

tage is zero¡ the two following pu^^es arrive after 30 and 60nS<fc 

respectively and are removed from the beam,

Fcr neutran production a natural uranium target,  thick enough to 

stop the 5 0 M e v  deuterons, is used.

The neutrón time“ of-flight spectrometer has a 57 meter flight  

path;  there are two collimators defining  a narrot-í neutrón beam 

with a solid  angle of about Z trad.

The figure shows a typical spectrum obtained using a liquid  

sc intillato r  at the end of the flight  path, The maximun at about 

16-20 Mev is due to neutrons from the deutrcn break-up in the 

coulomb f ield  and at the nuclear surface»

Ihe distribution  at enei'gies smr.i i er than 6 Mev represents main- 

ly the distribution  of neutrons from evaporation and f ission  

processes,  The energy resolution for neutrons of 30 nevj

y At- íkíSií'c was de termine d as ^ E t O, K’ í’V   ̂ ^ for

U l . H  K e ^  , and for in  stfc

ClHf/ L ;  i f O w  IS áEs. ¿5^.5 k€</ 
so the overall resolution of the spectrometer is J , O Z ^

with an integrated neutrón flux at 3 target current of 

Í 2 ) 10  ̂ /)(?!; S - aLc V  ̂ 2€ O ñt 5? ^  e f f f

The figure shows the total cross section for neutrons on calcium^ 

measured with a 1 -2 % stat ist ica l  error.

Measurement of the Flight Time 

Tlie measurement of the flight time is  esentially  a de terminatioii 

of a delayed coincidence between a reference time and the time 

at the event; in contrast with the nuclear decay determinations, 

it  involves the precise and simultaneous determination of the 

positions  of the peaks in a energy snoctrum, This can be done 

by means of a multichannel coincidence wliere the number

. o f c h a n n e l s  depends on the characteristics  of the experiment,

When dealing with times of the order of monoseconds, it is  nece- 

, ssary to determine accurately the i n i t i a l  time at which the burst 

,i-start3 ; in principie  this can be determined frotrythe radiofrequen 

j ^ c y  deflection  pattern ,  but in practice it  is  done by calibra-

the time scale with a known structure which is readily  iden 

such as the -rays from inelastic  scattering ,  the ela¿  

. _ t i c a l l y  scattered neutrons, etc, Another technique for deter- 

v’jvminiiig the start time s  the associated particle  method. As an 

■ :example, let  us consider the reaction ; here a ne^

tron and an alpha particle  are produced at the same time, and 

the pulse from the alpha particle  detector, which is  cióse to 

the source, gives the start for the time-of-flight measurement.

The stop signal is obtained when a scattered neutrón is subas— 

quently detected. These pu¿ses are then sent to a time to ampli- 

tude converter.

This method can also be employed with some d if f ic u lty  with the



D  ( 1̂ ) reaction ,

In order to measure the time interval it  is  important to eva­

lúate the resolving time or full-width at half  maximun of the 

delayed coincidence curve; for multichannel systems the curve 

can be directly obtained when coincident signáis are used to 

operate the twr inputs.  The coincident signáis may be obtained 

from a fast pufeer, from two separate detectors which observe 

coincident ^ rays such as annihilation  radiation ,  or alterna 

tively a single detector may tie used to observe the ^ rays or 

neutrons produced from the putsed accelerator,

An ideal time analyzer should have ( r e f ,  3 ) Jtimenrsolution of 

1  nsé’c for detector signáis ,  a d if feren tia l  l inear ity  of about 

57o, an integral l in ea r ity  of about 1 % over each of the time 

scales ,  s u ff ic ient  number of channels to cover each time scale, 

insensivity  to variations  in counting rates over the range 1 0  
to 1 0  ̂ counts per second, short term stabil ity  of the order of 

Ool of the channel resolution ,  and long term stabil ity  compa­

rable to the channel resolution .



A special device for the delayed coincidences is  the 

chronotron, which operates by determining the superposition lo- 

cus along a transmission line of two putses whose relative  time 

interval  is to be measured; the pulses of the partióle detectors 

are applied one to each end of the transmission l in e ,  and they 

travel towards each other, their point of intersection  being de- 

termined by a suitable array of detectors along the l i n e ,  I f  one 

pulse is  delayed with respect to the other, the meeting point 

w il l  not be in the middle of the l in e ,  but it  w il l  be shifted  

towards the side of the delayed pulseo The time between the two 

pulses is  2 x /c  where x is the distance from the center of the 

line to the point of intersection  and c is the velocity of pro- 

pagation of pulses on the l i n e .  Lefevre and Russell ( r e f .  1 2 ) 

have developed a chronotron which has gate widths of the order 

of 0 .5  nsec, which are stable to lO” ^ nsec.

The systemF rtOrmalt/ ased are not as complicated as the 

chronotron; a time to voltage converter usually s u ff ic es .  This 

device operates by the conversión of re lat ively  short time in- 

tervals to pulse heights proportional to the intervals ,  and the 

pulse heights may then be analyzed in an ordinary commercial muí 

tichannel analyzer.

Usually it  is  not the electronic timing system that li- 

mits the resolution  which can be obtained but the size and jitter  

of the detector.

Detector^ for Time of Flight Spectrometry.

Most of the detectors used for fast timing have been 

l iqu id  or plástic  s c i n t i l l a t o r s , although the solid  State detec­

tor is  being increasingly  used.  Several characteristics  should 

be considered in discussing the different  types of detectors:

a) The energy p ropo rt ionality .

b) E fficiency

c) Background sensitiv ity

d) Speed of recovery

Some of the most used l iq u id  or plástic  organic s c in t i l  

l lato rs  are l is te d  bellow ~

Pho sphor Bleqtrons/cm^

X 1 0 2 ^

Anthrancene 4 . 0

Stilbene 4 , 0
Tolvene + p- 2 . 8  
terphenyl

Hydrogen atoms/ 

cm X 1 0 ^^

4. 2 

4 . ^

4 .5

Sc in t i l la t io n

decay time 
nsec

35

6
2,2

For energies  above 100  keV the pulse amplitude respon­

so is linear  with the recoil  electrón energy, the responSe to 

heavy charged partióles  is  not l in e a r ,  although the d if fe re n t ia l  

response approaches l inea r ity  for protons of 5 MeV. In order to 

detect a large number of neutrons, the detector shall be as large



as possible ;  but i f  too large,  the differencQ in time between 

a neutrón arriving at the point in the detector which is  nea- 

rest to the source and one arriving at the furthest extremity 

of the detector can be large compared with the desired resol- 

ving time. Thus, i f  a plástic  scintillator  which has a thickness 

of 2 cm detecte a 1 MeV neutrón, that partióle needs 1 , 4  nsec 

to traverse the detector and this means that a neutrón detected 

at the front of the scintillator  w ill  be 1 . 4  nsec in front of 

a neutrón detected at the rear ,  thus intróducing a 1 ® 4  nsec t i ­

me spread. In order to obtain better time resolution , i t  is  

neccesary to use smaller detectors.  Plástic  or l iquid  organic 

sc intillato rs  coupled to fast photomultipliers are widely used 

to defect fast neutrons, A fíat continuous distribution  of pul ­

se heights result  from the fast neutrón interaction  with the 

Scintillator ,  and in order to mantain a high counring rate it  is 

desirable to use a wide dynamic range of pulse heights for timing, 

I f  the scintillator  area is  not large and the pulses 

used for timing are a small range of the larger* pulses,  i t  is 

possible to detect neutrons of several MeV energy with a time 

jitter  well under Insec .

r ise  time of the pulse from the detector is  gover- 

ned by the decay time of the sc intillator  (2-4 n s e c t h e  time ta- 

ken by the photons to arrive at the phptocathode, and the rise 

time of the photomultiplier ( typically 2 nsec) ,

In 1957 L, Cranberg suggested that an effective  me- 

thod to reduce background would be to detect ¡f rays in coinciden- 

ce with the source neutrons. E f f ic ien t  derection of the "¡f ray 

requires that the detector be Nal (Ti) or some other dense, high 

Z s c in t i l la to r .

The l i s t  below shows the characteristics  of some neu­

trón detectors which use reactions :

6  ( n, if )  ̂Lí j with a sc intillator  of N « .r (T l )  , 

whose sc in t i l la t io n  decay t i m e j i s  ot‘ 2S0 nsec¡ and which de- 

tects rays

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ " B  ( ' / / T h . c k )

\jŷ o vy \. WaT (Tí)

3''

y' /

‘ C a  i  h  o  c / e

Fo  í L O'^i? r

Neutrón detector u t i l i z in g  the reaction B (n, ) L\

detects and "T ^with a 

Lil (E u )  and a de cay time Z  of 2 0 0 0  n s ec .

detecta X and T  w! t:h n sc intillator  of

de te c ts'^whe n a H<? + X? (> ) sc intillator  is  used,  and where

a quaterphenyl wave length shifter  is used, Ilere Z is  less  than 

15 nsec.



A solid  St a te  d e t e c t o r  whiehx is sised for experiments 

such as (n ,^ 'í ) is  the G e ( L { )  d e t e c t o r ,

Applications in Nuclear Reaction Studies

As an example we can discuss the method developed by

H, Brückmann ( r e f . l l )  to study the reaction products n , p , d , t ,

‘ in the energy range between'^OoB and 6 m. the co-
rresponding times of f light  extend from 1 0  nsec to 2 0 0  nsec; but 

the separation between bursts of the primary beam is only 30 nsec, 

and the partióles  created by different  ceam pulses will overta- 

ke each other, as seen in the figure ,  were it

í Z  3  T  '¿I

is  assumed that only neutrons are detected,,  In the upper part the 

neutrón energy versus time of flight  is  shown, and in the lower 

part the arrival time for successive beam pulses 1 , 2 , , ,

The point T marks the arrival time of a neutrón at the detector 

and is the time difference with the preceding beam p u ls e .

The neutrons with energies Bz , from pulses

1 , 2 5 3  arrive simultaneously to the detector, The total time of 

flight  is  evaluated from

C z. A C -t S'o

where the integer n = l j 2 , , ,  is  determinad by a second independent 

measurement, and using the l e l a t iv is t ic  expression for the rela- 

tioii between time of f l ig h t ,  lenght of f l ight  path^ mass and ener- 

g>^the exact energy of the partióle  is  calculated ,

In this determination the energy resolution has to be 

good enough only^'^separate tho different  branches at time T;the 

position of the reference pubes n is  calibrated  using the prompt 

radiation  from the target,  The me asúreme nt of the neutrón ener- 

gy is  made with a proton recoil  telescope, consisting  of two fíat 

s c i n t i l l a t o r s ; the first  ene of 0 .5  to 2 cm thickness emits the 

recoil  protons, which losg_part  of their energy in the s c i n t i l l a ­

tor, and the rest of the recoil  energy is  Icst  in a second scin ­

t illator  of the same size placed Zo to 40 cm behind the f irst  

one. The pulses of the two detectors are addedj, giving a sum which 

measures the total proton recoil  energy and determines the neutrón 

energy with a precisión which depends on the geometry. For the

thi? isockrrynous C'jcl 0 "t ro*^ Cíi K íLf i s r u ^
Por- fl,gUt pci-tk



Schem atically show n are ths three dees [, H and Til, the ion 
source and the beam definingslits L , B [, B H and B III.
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Fig. 9. M ap display o f  protons, deuterons. tritons, ^He and 
a-particles. T hese reaction products were sorted accord in g  to 
their charge into the right and left halves o f  the n icm ory. The 
mass separation is achieved with {h e  time-oí'-tlight technique.



determination of the rime of fl ight  the timing signai is  taken 

from the f irst  s c in t i l l a t o r , When determining the energy spec- 

trum of charged partidas ,  a solid  scate detector is  used to give 

the energy signal ,  Since the time To is fixed by the radiofre- 

quency of the cyclotron and is  then ..now with an accaracy of 1 0 ”  ̂

to 1 0 “ ^ ,  the error introduced by the term r\Gg , where n is  lar- 

ge, is  very small, and the main contribution corresponda to the 

accuracy in the determination of ü 5” „

The determination of the time siífference ■A5' implies 

that for each event the preceding beaim pulse •',5 selected out 

of the structure of r f  pulses,  and that A£ is  converted into 

an amplitude. When T is very cióse to a beam pulse,  special care 

must be taken to avoid errors,  since the re a very stnall change 

in the position  of T relative  to the reference pulses w ill  switch 

the output signal for 41^ from the máximum valae to nearly zero.  

If  a conventional time-toí)ulse-height converter ia used to mea- 

sure } the single pulse T starts the converter and the pul­

se Chain of radio frequency has to stop itj  but this mode of o- 

peration is nonlinear,  so a more elabórate method is  used»

The time-of-flight method can give a very accurate d£ 

termination of absolute energies,” at last  as precise as using a 

magnetic analyzer,  since only two absolute quantities ,  the dis- 

tance L and the time-of-flight T  have to be determined. As a. 

fxample, the measurement of the txme Z may have an error of 1 . 5  
X 10 for L=10m and 50 MeV deuterons, so the absolute energy of 

the beam is  determined with an uncertainty of - 3 xiO*̂ ôr E z “j o H eV + lí ke\/

o

The method can be also used for particle  i d e n t i f i c a t i o n * 

since it  is  only able to discrimínate between different  masses of 

the reaction products, it  is  necessary to combine a dE/oiyt 

measurement,^and so determine the charge and the mass of a par­

ticle separately,

A t h i n  S i l i c o n  t r a n s m i s s i o n  d e t e c t o r  g i v e s  the t im in g  

s i g n a l  as well as the c/e/dx s i g n a l ,  This gene-

r a t e s  a r o u t i n g  signal for p a r t i ó l e s  wxth charge two, and the E 

s i g n a l  i s  o b t a i n e d  from the sum o f  the couiiter and a so-

l i d  State  c o u n te r  placed d i r e c t l y  tehind the t r a n s m i s s i o n  d e t e c ­

tor .

The figure represents a 64 x 64 channel map display of 

particle  energy time-o f-f ligh t ; on the le ft  side particles  

with charge one are displayed;  on the right side with charge two; 

buth spectra were taken simultaneously, using a gas target f i l l e d  

with bombarded with 50 Mp V ieuteronso In this case the

reaCi,xon ( d , i )  ^■He ..as of special interest ,  s in ­

ce the comparison of reactions and ( (i,  ̂ was being rea-
l i z e d ,

Other applications of the time-of-flight method for 

charged particles  consist in the measurarient cf d if fe ren tia l  cross 

sections,  coincidence experiments for the study of three-parti- 

cle reactions ,  polarization  phenomena»

thi* ii ^  f 3 ^ r« rti ...



NEUTRON MEASURBMSNTS BY TIMB OF .aiGHT

The uíse of time-of—fligh t  ±n th® one percent energy 

región for neutrón® up to 100  M®V i® incr ea s in g 5 this technique 

has been used to study neutrons of energies from 0 . 2  MeV up to 

5 GeV. Since the range of energy is  so wide ,  the equipment used 

to measure the tiaae of f i igh t  varies  ©nough to justify  the d i ­

visión  in three different  snergy intervalssslow neutrons, up to

10  keVj fast neutrons, up to about 100  MeV, and high-energy neu­

trons, for more than 100  MeV, We w ill  consider the characteria- 

tics  of slow and fast neutrons techniques»

Slow neutrons

Neutrons produced in  nuclear rcfactions are usually

fast ,  and i t  is  necessary to slow them down before their inter-

actions can be studied.  The thermal neutrons of energies below

about 0 ,5  eV are used primarily to obtain Information about so-

l i d  and l iq u id  S ta te j for energies  between 0 ,5  eV and 10  keV the

main use is  the study of nuclear structure.  In that range, the

cross sections are comparatively simple to measure and analyse,

since mainly 1 = 0  interactions  take place ,  the scattering is  al-

ways e last ic  and usually all angular d istributions  are isotro-

p i c .  Nevertheless,  many resonances are observed in each nucli-

de, and the spacing between the peaks is  of a few eV, so the a-

nalysis  of a large number of levels  may result  complicate, T/^e

use of those neutrons is  primarily to study resonances in  the

compound nucleus for nuclei of intersaediate and heavy mass,

which give a déscription  of the levels  of the compound nucleus

near the binding enerfey of the neutronj and the time-of-flight

roethod is  the only one giving ©n®«gh high resolution  to in v e s t í ­
gate these le v e ls ,

Since there is  an inevitable  intensity  loss  resul- 

ting from the method, the production of neutrons in^harp bursts 

of the highest  possible  intensity  is  necessary.  The time-of- 

f i igh t  technique is  th© same whether the*buirst is  produced by 

the modulation of the beam of an accelerator  or by a mechani- 

cal chopper in  a reactor ,  althoagh in the last cas© the f l ux  

of thermal neutrons is  about two ordsrs of magnitude higher,

The counting rste is  constant with energy for the 

time-of-flight method, and ±f we compare this method with the 

alternative one of using a crystal monochromator as a spectro- 

meter, «e see that the crystal has a very good intensity  in  the 

0 , 1  to 10  eV región ,  and i t  rapidly becomes worse than the time 

of f i ig h t  due to the decreasing of crystal r e f le c t iv it y  as the 
energy i s  increased ,

The measurement of the time of arrivel  at the detector 

is  usually  done with a path l^nght of 5 fio 1 0 0  moters, and th@



As can be seen, most of the measurements have been 

done for energies up to about 20 MeV¡, which corresponds to beams 

delivered from tándem Van de Graaf accelerators.  Very l i t t le  ex- 

periments have been done for higher energies,  which can be ob- 

tained using óyclotrons.

Neutrón sources

By bombarding targetS with charged part ióles ,  or 

with photons, fast neutrons are generated in reactions like (p ,n )  

( d , n ) ,  (oí,n), ( t , n ) ,  ( )f, n) and f iss io n .  I f  the ion beam is  

monoenergetic, the neutrons are also monoenerge t i c ; the reac­

tions most frequently used are:

T) C ) He^
Thas reaction has a Q valué of + 3 .3  MeV, a range of mo- 

noenergetic neutrons at O® of 2 .45  to 7 , 7 0  MeV, and a tbr«Shold 

of 4 .5  MeV for the competing reaction D (d ,  n p ) D, which becomes 

morepossible as the fcombarding energy is increa sed .

TCpin^He Q -0.76 MeV, with a laboratory threshold of

1 . 0 2  MeV. The monoenerge tic neutrons e m i t t e d i n  the forward direc- 

tion are produced for a range of energies from 0 .3  to 7 .5 8  MeV,

'rhe competing reaction is  T (p ,n p )D  with a threshold of 8 , 4  MeV.

Li (^P'’̂ )^^xhe Q is  -1,65 MeV, with a threshold of 1 ,8 8  MeV, The 

range of energies within which monoenergetic neutrons are produ­

ced at O® is  ^ *12  to 0 ,6 5  MeV; since tritium became available ,  

the T (p ,n )  He reaction has replaced the Lt"^Cp/n ) as a neu­

trón source in the 0 ,6  to 4 MeV energy range, The competing reac­

tion is  l-;’̂ Cp,v^)6 e’'’*with a threshold of 2 .4  MeV.

I2ero degree d if fe ren tia l  cross sections for the production of 

neutrons from the D-D reaction (Ref37)*
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Zero degree d if fe ren tia l  cross sectio n for neutrons from 

U  -»-p . The upper points refer to neutrons leaving Be"^ in the 

ground state.  The lower to the formation of Be.~̂  *  Cf^tJf.-So)

Has a Q of -0.28 MeV, a t/^reshold of 0 .3 3  MeV, a range 

of monoenergetic neutrons at O® of 0 .0 3  to 2 .76  MeV, and a tbr€shc/d 

for the competing reaction of. ’i.O'i M tV .

B e " ( o / .n )C '^

The r e lat iv e ly  large Q valué of this reaction ,  5 .7 1  MeV 

permits experiments in the 7 . 7  to 1 0 .6  MeV neutrons energy range 

by use of 2 .5  MeV o( part ióles .  Be Low  2 MeV^ the small cross sec- 

lii'iits i ts  usefulness as a neutrón source. The competing reac — 
tion is  C o<,n ) with a O threshold.



C^'^C<^,r> ) 0

With a Q=2 . 2  MeV^ it  is monoenergetic up to an o< par-  

ticle  bombarding energy of 5 .0 5  MeV, in which case the neutrón

energy at O is 7 .0 6  MeV; tliis bonbr.r'ii n;] enorf^y i n tho . 06

s this bombarding energy is  the threshold for the competing 

reaction («í, n) 0 ^ ^

Monoenergetic neutrona from 1 4 , 0  to 20 .7  MeV at O are 

supplied by this reaction .  which has the exceptionally large Q 

valué of 1 7 ,6  MeV, and due to this hií^h Q the neutrón energy is 

relatively  insensitivo  to the angle of emission for the región 

of low deut®ron bombarding energy, The competing reactions are 

T (d jn )  pT and T (d ,n )  nHe , with threshold valúes of 3 .71  MeV and 4 

4 .99  MeV respect ive ly ,

Time spectrum for neutrons from 8 ,2 3  MeV deuterons on 

tritium ( R e f , 5 j ) .

t ,'0



NEUTRONS OF MORE THAN 20 MeV

The increase of energy of the incident charged partióle 

allows other neutrón producing rmctionsj however those have an in- 

creasingly large energy spread, since many competing reactions be- 

come energetically  possible ,  The most conyenient way to work with 

these large energy spread5 is  to use the time of f l igh t  to define 

the energy of the incident neutrón beamo

A technique for generating high energy neutrons uses the 

charge exchange in nucleon-nucláon collisiono The figure shows the 

neutrón energy spectra obtained at several angles bombarding LiH 

with 95 MeV protons (Ref .  5 .Z )« At O® the peak y ie ld  appears at a- 

bout 85 MeV, Similar Pesults were ohtained for LiD and Be.

d»'S 1 ObtCI-v-eiC tv-V \/Ojn,-OU4 

^ovir» Li H isojroti A w  5 5  M



ACt£lgRATORS USBD FOR NEUTRON PRODUCTION

The tándem accelerator witli p-alsed beam can y ie ld  bear. 

pulses lengts of about 1  nsec at a current of several miliamperes 

and a repetition  rate of 1 0 ® per secend? the high intensity  pul- 

sed beam has permitted considerable progress  in ine la st ic  scatte- 

ring  studies,  partióle induced ¡neuti^oE reactions and fast neutrón 
capture.

The epithermal energy región  up to several keV can be 

sítudied by means of the linear ele c tró n  actielerator, which i s  a pul- 

sed machine providing gamma raya aEd, tferoiigh the nuclear photo 

e f fe c t ,  neutrón bursts of grat intejislty» With this type of machi­

ne it  i s  possible to carry out studi©® of the total rad iat ive ,  cap­

ture and scattering effectSj in v o lv in g  angular momeftta 1 =0 , 1 , 2 . and 

to allocate 'the  spin involved i á  a p a r t ic u la r  resonance interaction,  

Another useful acceleratos? is  tlhie synchrocyeiotron, which 

has a high instantaneous intensity  and a pulse  length of about one 

nseco I f  instead of fast-neutrons, low energy ones are wanted, it  

is  necessaryfe place a moderator i n t o t h e  cyclotron tank to modify 

the original  neutrón spectrum; the , slowing down in the moderator 
increases the pulse length,

The isochronous cyclotron i s  an intense neutrón source 

for fast neutrón time of f l igh t  experiments; u t i l i z in g  a bunching 

system, i t  has been possible to ob tain  109 neutrons in a 1 . 5  nsen 

burst (Ref ,  5 ) ,  and that converts the cyclotron into a time-of- 

-flight fa c i l ity  with a very impres®ive perfomsnce,

Cyclotrons, both FM and SF, have been used for total 

cross section measurements of nucleons and nuclei as a function of 

energy, polarization  experiments, and nuclear reactions .  The neu­

trón energy d istribution  corresponds to that of an evaporation - 

ípectrum with a peak of about 1  MeV„ and a tail  reaching into the 
100  MeV región.

Nî -ÍTO,->j/cm̂  /rec /  
(Xi 2 7

fVto+Too Encrj'i (^ktV^

The figare shows the neutrón spectrum of the Harwell 150 Mev syn-

chrocyclotron ( Ref . T h e  cio-fft<g

ntxjWoYM *Kc rUvtc*,-oo.



The following table compares order of magnitudeperfo- 

nance figures for a number of very intense neutrón sources (Refo5) 

They are arranged in order of increasing  efficiencyp measured in 

neutrons per MWatt-sec® The columns ares

pulse width 'f in sec, r ep it it io n  ratee ff ic ien cy  in n M sec ^

-f peak neutrón iatensity Xp 5 average neutrón 

intensity  Ií'-, where , neutrón y ie ld

per burst N, and figure of merit M, where M= N ,

Parameters of very intense neutrón source s

FACILITY
r> pí-r 
fAyj ÍÍ.C

r
(Je-)

Tp
Cí^c-')

lo,
Cstc->)

N
(sec-

RPI Linac 3x 9y tO-̂ 10-0 1 4 < 1 ■* «o''» H % -1 0 ^^

GA Linac 

(pulsed fast 4C0 5  K '10 ®̂ 5  tc 5 X 5 ¥

booster )

Harwell FM 

Cyclotron
1 re ■4 Xeo Sy. A V 5 V -«C'® A y

Karlsruhe 

Isochr.  Cycl» 

IB ,  Reactor

a «

/#

A k IC?*'

6 1* 3i X '1 0 '̂̂

■i « 'lo'’ 

a y AÓ'* A K

As may be concluded from the different  valúes of T  3 the 

reseapch areas suitable for those intense neutrón sources a r e ;

3-) "T ~  Q.Ó — {pulsed react®rs)í solid  state stu-

dies,  radiation  e ffects  including  relaxation  e f fe c t s ,  isotope pro- 

duction,

2 ) ~  ^ {electifon l i n a c s ) ;  solid  state studies (same as 

pulsed reactor but with higher r e s o l u t io n ) , nuclear systematxcs below 

1 0 0  eYj, radiation  e f fe c t s ,  isotope production,  experiments on proper- 

ties  of fast neutrón assemblieso

3) -c ~  O, © 0  i _  S ( cyclotrons) o

Nuclear reactions  and nuclear structure, neutrón resonance spec- 

troscopy, s i id  state studies ,  isotope production,  radiation  e f f e c t s ,  

fast neutrón parameters measured with high r^olution*



Experimenta in Neutrón Physics

Fast neutrón time-of-flight spectroscopy is  able to 

supply unique data on nuclear lev els ;  during the last  decade 

the x’esolution has been improved by an order of magnitáde, 

using the increased intensity  of the new pulsed accelerators,  and 

it  is  now possible to sepárete low-lying nuclear levels» Bxpe- 

i'iments which can give Information on nuclear structure are thé 

following í

Measurements of total cross sections.

The total cross section of nuclei is  usually  measured 

by means of a transmission experiment in which relative  neutrón 

flux  measurements are ma de . The behavior of the total cjposs sec— 

tions of nuclei for fast neufrons as a function of atomic weight 

and bombarding energy is  well known, particularly  beiow 15 MeV, 

Further experiments up to 100 MeV are iateresting^to  examine the i 

maxlma and minima which appear in this range, The ex ist ing  results  

have given Information concerning the properties of individual  

excited  states in the.coumpound nuclei formed in various reactions ,  

and also have given important iñformation about the character of 

the average interaction  between a neutrón and a nucleuso

As an example, the time-of-flight f a c i l i t y  at the Karls- 

ruhe Isochronous Cyclotron has been used for the total cross sec— 

tions of ^^Na and Ca, for theoenergy range from 290 keV to 40 MeV 

(Refo 2 0 ) .  The fast neutrons were produced in bursts of about 1 

nsec by bombarding a U target with deittCfor^' of the internal  beam 

at a repetition  rate of 2 x 10'*  ̂ Hz„ With a f l igh t  path of about 

57 m an overall  resolution better than 0«05 nsec/m was obtained 

which corresponda to an enjfgy resolution of O» 22 keV at -300 keV 

and 2o5 keV at 1 .5  MeV.

The cross sections measurements were analyzed b^eiaw 

1 MeV using the multilevel R-matrix description with a single 

open channel for e last ic  scattering ,  since the^resonance widths 

approach the level  spacings for Na and Ca in that energy región,,

3 0  making im^ossible the application of the usual Breit-Wigner 

single level formulad» ^

The results  for Na from 0 .2 8  to 1 . 0 2 rare shown in the 

figure ,  where the solid  curve was calculated using resonance para- 

meterso Here the inelastic  scattering cross section is  CJn,n'— ^COrr>\ 

and since a satisfactory two channel f itt in g  procedure was not 

availabfe i t  was decided to extend the e last ic  scattering formu- 

la e .  Due to ine la st ic  scattering^the true total cross section 

was reduced from that given by the one—channel formaüsm by a 

factor of approximately

ü  
Hn + Hn'
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BLASTIC SCATTERING

Ttie experimental valúes of the differ,«ntial cross 

sections for elastic  scattering of fast neutrons by nuclei can 

provide considerable information concerning the neutron-nuclsus 

interaction  in the en trance channel| because of the inter f ex'^en- 

ce e ffects  between the scattered wave and the incident  wave, the 

dxfferentxal  cross section gives an indication  of the properties 
of the interacción «

Two methods are used to obtain the angular d is t i ib ut io n  

of e la st ic a l ly  scattered neutrons l observation of the energy or 

the emissxon angle of the recoiling  nucleus, and direct detection 

of the scattered neutrons. The former method has been used exten» 

sively with l igh t  nuclei f^here the momentum transfered to the re-

* coil nucleus is  s u ff ic ient  to allow an accurate determination of 
its  energy,

INBLASTIC SGATTBRING

i

At low energies  the e last ic  and inelastic  scattering 

are coupled through the compound nucleus, since an incoming neu­

trón of energy E ¡nay form a compound nucleus with the subsequent 

emission of a neutrón of equal energy B; in this case there is  

a compound e la st ic  scattering ,  and not a shape e last ic  scattering 

and the cross section for this process may be of the same order 

of magnitude as for inelastic  s c a t t e r ih g . ; Bxperimentally both t y -  

pes of e last ic  scattering are d i f f ic u l t  to separate, although they 

may be dxfferentiated  in part by a study of the angular distribu-- 

tion of the scattered neutrons» For neutrón energies above 10  MeV 

theCy^,2 r>) reaction compates favorably with the ( r » ,  n ' j  reaction¡, bu t  

at all enw^ies the elastic  s(5attering guides the selection of the

potential  to be employed in the interpretation  of the in e la s t ic  re- 
sultSo

As the energy and scattering mass increasee the levels  

become broad and closely spaced and f inally  overlap,  Were the 

Jverage resonance width P is  much smaller Jthan the level  spacing 

D, and D is  much smalfer than the incident  ensrgy s p r e a d m a n y  

compound states are excited  resulting  in average cross sections 

that are symmetric about 90*  and re lat ive ly  smooth functions of 

energy though small fluctuations  w il l  remain» The average CN crosa 

sections are given in the Hau«er and Feshbach theory as

o-c« Z f

WhereCfe i s  the cross section for incoming part ial  waves of angu» 

lar momentum l , ^ t h e  wavelángth of the iítcoming neutrón, and is

the transmission coe ff ic ient  for the -fcarget nucleus for thia i and 

As the incident  neutrón enrgy increases ,  direct  in e la s t ic  scattering  

becomes more probable and the compound excitation  of single states 

drops as the number of available ex it  channel^  increases .

When neutrón ine la st ic  scattering occurs^ the residual  

nucleus is  l e f t  in  one of i t s  excited  states ,  and i t  decays either 

directly  or by a cascade process,  with the emission of V ray s^



therefore the nature and decay properties of the state ca. 

tained studying this radiation ,  which w il l  also give the pr 

b il it y  of inelastic  neutrón scattering to this particular  st^ 

te» Using the time-of-flight method, it  is  possible to discrimi. 

nate between y  rays due to inelastic  scattering in the target 3 
and the backgrotind due to neutrons scattered from the target in- 

to the detector.

NEUTRON INDUCBD RBACTIONS

Those are reactions in which charged partióles  are emi- 

tted as a result  of bomb«r<iír\^ target nuclei with fast neutrons. 

In general the neutrón induced reactions are simpler than theii 

charged partióle counterpart; other advantages of stydying them 

are: the fact that neutrón rich isotopes can be formed, and con- 

sequently they are used to determine the stability  cŵ r-ve o n N > ^

o f  + W e .  n t w - h r o n  í r j < i u c t < t  re.a,cWons  a r e ' .

(V>/p) j where the uotal (njp)  emission cross section is  not li- 

mited to the exchange between a target proton for a bombartting 

neutrón, but includes such processes as ancfl C*^jFP) *

The most elementary processes are conventionally described by 

the si^mbol ? corresponding to processes whose inver-

se is  pi~' decay. The mechanism of the C*^¿fp]reaction depends 

Strongly in the incident  neutrón ena?gy; St energies  and for 

heavy targets the Coulomb baprier binders proton evaporation,  so 

a direct interaction  mechanism is  importante 

reactions .

Here the techn*<jue for measurtng cross sections is  s i ­

milar to the one used for p) reacti onsj with direct detection oP 

the emitted alfa  part ióles»

s which can be related  to 

the reaction (d^lrit^) or which deais with the same

residual  nucleus, similarly to , which has as counter—par^;;

the reactian «

In general the nuclear reactions  which lead to theee^ 

four  or more rearfcf^n products have been l i t t l e  studied because ( 

of their complexlty^ but many of them can give interesting  in- 

formation ,

FUTURB OF NEUTRON PHYSICS.

Neutrón physics is  becoming a more and more important 

chapter in physics ,  not only because of the Information i t  gives 

about nuclear structure^solid  state and ^strophysics, but also 

for its  application  to technological f i é i s ,  like  reactor theory, 

Here there is  required  neutrón nuclear data for the energ yran -  

ge from almost O to at least  15 MeV. The Panel on Neutrón Data 

Compilation,  in a meeting at Brookhaven in  February 1969^, repor- 

ted the necessity of the following data types (R e f .  5 3 )S



a) microscopic cross sectioB for a il  neutrón induced reactions

- between O and al teast 15 meV (for example (n, f  n ) >

other tlreebody~break-up reactions)  together 

with quantities  involving cross section ratios  such-as

= ¿ny/á-r.f V/>l+o( ;

b) angular distributionj for e la st ically  scattered neutrons and

- elastic  scattering  polarizatíon data;

c) a n g u l a r W i T S I b u t i o i y  for in e lla s t ica ly  scattered neutrons;

d) d if fe ren tia l  angular and energy dependent excitatxon data for 

outgoing neutrons, protons^ o( partióles^ gamma-rays, e t c . ,  out- 

going combination of these part ióles ;

e) number, energy spectra and angular distributions  of prompt 

and delayed f iss io n  neutrons and the half-lives of delayed

neutrón precursors;

f) resolved and sta t ist ica l  resonance parameters, s ta t is t ica l  

d ist i ib utions  of resonance partial  half  widths and level  spa- 

c in g s ;

g) Legendre polynowial coefEícients of scattering angular d i s t r i ­

bu tions;

h) nuclear temperatures and single partióle levels  deyjsities 

derived, e . g . ,  from neutrón inelastic  scattering to the"con-

tinuum* range of residual  nuclear etc rgy levels  and similar phy- 

s ically  • Jíignificant parameter.s derived by experimenters from 

their meadurements;

i )  f iss io n  product y ie lds  and cross sections;

j) "c le a n ” integral  data having immediate application  in  expe­

rimental neutrón physics and in evaluation ,  The principal  

tupes are average cross sections measured in well-defined neu- 

tron termal reponer -ntuiron-fWoh spec+ra^-b^dher ío callM

íor neutrón absorption and f issio n  processes.
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