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l.- Principles of operation of tandem electrostatic accelerators
and cyclotrons,

2.,- Beam transport systems.
Magnetic spectrographs,

3+=- Temporal structure of beams.
Uses of bunching and of the beam microstructure in nuclear
physicse

4,- Time of flight spectrometry.

Uses in nuclear physics with charged particles and with neu-
trons,
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DESCRIPTION OF THE TANDEM ACCELERATORS AND CYCLOTRONS.

The tandem Accelerator:

This electrostatic accelerator has been developed du
ring the last 16 years. Its basic concept: to use controlled a
tomic collisions to change the ion-charge in order to double
the energy of the accelerator, has been discussed since 1932,

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

gative hydrogen ion source, which made possible the construction
of the first tandem accelerator by the High Voltage Engineering
Corporation directed by R. J. Van de Graaff. This tandem was su-
ccesfully operated in 1958, giving l.SfLA of 13.4 MeV protons.

The accelerator consists basically of a cilindrical
tank filled at high pressure with a dielectric gas; in its 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 are 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, depen.
ding on the tandem type.

There are at present several tandem types; the most re-
presantative is the two—stste tandem accelerator,like the HVEC
Model BN istalled at the Comision Nacional De Energia Nuclear, in
Mexico. Its main characteristics are: terminal potential 1.,5-6 MV

proton energy 3-12 MeV, analyzed beam intensity QfAA for fwnhnh
. We will consider separately the following components:
1) Ion source and injection system.
2) Acceleration tube.
3) Stripper canal.,

Ion source and injectiom system

The ion source is external and at ground potential, so
there are no restridions of space, cooling, etc. In principle 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 discussing specific types, we will
define the beam quality:
Bmittance )
The state of a particle in the ion beam can be descri-
bed by a position vector in a six-dimensional phase=~space, the
components of which are space coordinates q(t) and the canonica-
1ly conjugate momenta fk(b) )y whee k-1, 2, 3. The particles
density in the phase space is W (q,p,t) , and the total number
is ¥ (§,p.t)dqdp. :
If none of the particles are lost from the beam, we
3pply Liouville’s theorem from statistical mechanics?
In the phase space we express the conservation of matter
by a continuity equation similar to the one used in hidrodynamics:
The density in phase space remains constant if the
particles move due to forces which are not velocity dependent., The
movements define a velocity v of components én )<ik y SO

\i/ - ¥ V’\7
Since - . . . ) .
' Vv = Zk %E_‘.‘ + gﬁ‘ 5 and Homilten 25U adions
P~ G
introduced in TV give
-V = O
so \i/ .o

If interacting forces are negligible and the paraxial
aproximation applies, each two-dimensional subspace(q,fh(can be
considered independent:

ption W oW a et
t $ o L3
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and so the area encompassing the points which represent the parti-
cles in each phase-plane remains constant, but it may change shape,
If the beam moves in direction $ , the areas occupiad by the tota-—
lity of particles in (x;Px)an@(ﬁ,?z)phase-planes are beam invariants
and called x and z emittance respectively ( €y and €7 )

Formg&lly:
&;:§Fx‘d“ ) Ez:§deZ

Generally py, p, are inferred from the relation_ship

Pe= x's 2meV Pz = Z'A[ 2 meV
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elativistic energies for paraxial rays.

The distribution of x’and 2°fov the particles of
& baem &8s a Punction of ¥ 2nd z, cen be experimentally deter-
mined,

The @mittanse =9 obtained is usosally circomscribed
by an eilipse ¢f minimnn cr cssjsnctl on

)
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1
apurese tre bHeawm Las cylindricul 8y
s plane degending only in ra-
wee is often calisd the
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38 of the source, snd is & Pigure of merit of beam

The gmictance of & svurce depends upon the tempew-
rature asnd wmsss of the positive ipns *a tig ewitting plsasma,
It is exresssd iao naizts of cm rad Mefu, witp the mass of the
protoa taken to be l.

Beam Homogeneizy

Measurements of the beam iantensity of an ion scurce
as a function of time show a2 "hash", due $o plasma oscilationg
this "hash" has & continuous freguency spectrum with some
peaks. The inhomogeneitiss in the plasma which cause this s-
pectrum are caused by randém processes, and prcduce an appro-
Xximately gaussian energy distribution., The energy 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 dve to ionizing collisions, and electron pickup
in the attachment target, resulting in a total energy spread
of about 50 ¢V in most ion sources.,

Production of negative ions.
We may distinguish two methods of Hrcfuctio

asma ¥6cusing
a) Production by c¢ i n attachment
) ) Yy collisional ac with a sepag§g Lens

em,
b) Production by direct extraction,

a) Negative ion production by collisional attachment occurs
in two steps: l.- Positive ions are extracted from a plas-—
ma, and 2,- They pass throygh an attachment canal where
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F they capturs electrons.
4 high curpent negative ion source of this type was

developed by Brooks et gzl 5)
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The geometry of the figure, wese (aj is the snode apercuvre,
{b) the plasma expansion cone, {(c) the extractor elecvtrnde,
(d} seppressiocn @lectrode, (e) the attacnment canal, gives
a He* beam curreat of=3grnﬁ These positive ions pass through
the charge-changing canal were they capture electrons from
molecular hydrogen; the He current is of 3 4A and the emi-
ttance of this ion source is 2 cm mred Meyia
The disadvantsge of this plasma focusing sour
that once optimized for one element, it does not wWork
well for others,
Ttis probdblem is eliminated by geparating the func=
tions of ion extracticn and focusing, using a iens between
the source and the canal to focus the pesitive ions into the
attachment region, A source 2f that type weas deve;oped by
Rose el al6é) for the Tandem EN of 12 MeV, The H' beamihrough the
canal is 7mA using a dyoplasmatron.
The H™ output is SS/EA, and the emittance is 6
mrad cm MeV?,
b) Negative ion production by direct extraction,
Since negatlve ion production by collisicnal atta-
chment takesef; two steps, the emittance of the negatiwve
ion beam depends upon that of the initial positave ion
beam and on the scutterlng ppoduced by the attachment
process, ree mp-ort 2 rduee—byth ot
meat-process, Since it is 1mportant 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 source. As an exam—
ple, the one studied by Lawrence etal 7) gives lOO/wA$
of H= ¢r D ,
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2) Acceleration tube

a The negative ion beam goes through an analyzing
¥

magnet,/is indected into the accelerator, consisting of

a cylindrical tank filled with SF6 at 15 atmospheres,

~



Its lenght is adbout 10 meters and the diamacer is 2,4 meters,
The acceleratiang tube ceincides with vhe tahk axis, sand is
supported Dy glaess and metal columns, which are in turn su=
rrounded by eguipotential rings in order to mantain comstant
the gradlienr of the electric field along the tTubde.

The HVEBC developed the inclined~field tube in which
the inclipred fiel lines reduce the current of electrons pro-
duced durdang high«voltage discharges, since the electrons are
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directed against vhe iawcliiaed elecuredes, An important resulz
is a great reduction of the electrons—icad aed of the XYwray
Sackgrowud.

At the tank center there is s highe~vsltage terminsl,
supplied with current by = belt charging eystem, whick co-~
ilects charges from a system of points connected To & genera-
tor of + 3O XV, For a tandem nf 12 M=V, ths time nseded Pfor
the terminai To rsach J4V is 2 seconds, =znad if there is &
dischargs, i1t nsede a time of this order to rscupzrate the
former voltege., 4 controllsd corous discharge from s system
of pointes which surround the terminal enables the staciliza-
tion of the high velitage up to £ 1 EV.

In several vandems there has been observed a vole
tage fluctuaticen, du% tec movements of the charge transporting
gelt, or to a non-uniform charge distribution on its surface

) o AlSoparticles and dust from the belt may cause dischare-
ges.

R.G. Herb, at National Electrostatics Corporation de-
veloped & new tipe of tandem, called Pelletron, and which
should have a voltage fluctuation of only + 50 V,

The Pelletron. charging system consists of an en-—
dless chain made of alternate- metalic cylinders and insula-
ting sections, which connects & pPulley in the terminsl to a
driven pulley at ground potential. The metalic cylinders are
charged by induction when passing near a high voltage elec-
trode, and transport the charges to the terminal which is 4in
contact with the metallic pulley. In that way the collection
cf charges by means of a corona discharge is avoided, and
there are no particles of dust generated by the gradual di-
sintegration of the usual charging belt,

Bach endless chain transports IOQﬂAOE equivalent
charge, and four chains are provided for each accelerator.
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Tne accelerating tube is moduiar, formed with units

13 inches, whicn are rated at & gredient of 1 MV over the

The first version of the Pellsztron is being installed

at the Universidade de Sao Paulo, Brazil, aad it counsists of
5

an indjertor of 5§ MV, and a two stages tandem of 8,

MV, This

~

combpination results in a J~stage beam eu=rgy of 22 MeV for a

protons, with a current of 10

3)
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Strippar canal

The negative ions injected inute the tandenm, #r¢ nOCew
ratad by the negative ion saccelsration tudbe acd focused

ley
into the stripper canal which is inside
terminai, Thers tws or more election

L;

:‘

wha high valtage

4,8 removed dn the

@

gas or fpil target, so producing 3 beam of positive ions
which passses inte the positive ion acceleration tube and
is agcslsratesd back to ground potentisi.
In the case of protons, the finsl energy Hp is
E§ T 2N 4 EQ
where Y. is the terminal voltage, B; tha gasrgy of the ine-
sected positive ions. With heavier elemeuts, 2T i3 posui-
tle %o remore more elsctross, and Bp e
Eg={{+2) Ve + EC
waere Z 1s the sfective charge 0f the g@siaive AGM,
The electrons sre removed fr the Lacidsnt Lons
by successive collisicus with the atoms @” the stripping

r i
material, The fraction ¥; of the iancideut beam which lhes
the cherge state i and cazn be converted toc nezative isns
ig & Punction of targst thicknese; as the thickness increa-
gsee, the attachment and loes process resch an eguilibrium,.

The variation ¢of the chsarge state as & function
of the thickness is given by a set of {(K+1) liresr diffe-=
rential equations 1)

s

A . K-:. LAYV
E. o : X
é_t_._ﬁ = 1 \:\'._.mg{-n)“‘ FLLG\.,C-\-V\ - Lv‘u - ,L_ Fian O"_\,n 3
C\n N U nz\ =i
where TI is the number of atoms in the tearget wy-cmz,ﬁwqa

the cross-section for the remorsl of n ¢lectrons from Tthe
i+h charge state.

In general those cross=sections remain to be mea-
sured the few data available show that O} is maximun
when the ion is moving with a velocity c¢lose to that of
the orbital velocity of the electron i a&nd the slectron 30

Solid strippers give & greater Pfraction of high
charge statss than gaseous strippers. For example. for lo~
dine ions of 127 I, it is possible to obtain a charge of
17+ uweing a molecular oxygen stripper, and of 24+ with &

carbon foil. The reason for that is the Fact that the spa-
cing of atoms in a solid is so close that the positive ion
does not have time to de-excise between collisions, znd the
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slectrong &ce strizped from the excited states.

1¢ sSter the etripper there were zno change of tThe
charge stste of the jone, the spectra of The analized beam
would sppear as a series of well separated peaks

&

mo= 5 [ g
<y £
Taz dist typical of & wisipped
beam, when The mes from both sxsvems €

and Zt

Byt since the ansiyzing system hus a resglution be-
tter thazn 171000, asd the beam which emerges Frowm the Tandem
fias an enargy dispersion much emaller than 1/ig000, sny isoto-
pe of the element iajected as a negstive ign is well resoclved:
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If 4+ is desired to use only cne isctope, it is we-

cessary to introduce separated isotopes in the iomn s3gurce, or

n
to use an injsction system with a high resolution analyzing
magnet, is order to select the desired beam; but that means
the problem of identifying the component,

In practice it is impossible to aveld charge-~state
changes &after the strippery and a continuum of particles of
¢ifferent charg®s and energies appears &0 giving the spectra
of the figure:s
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T the cycleotron a magretic Field P is perpendicular
te the trsiectory cf icns which hsve z veloclty v, charge to
mass ralice. In that case the movement is practicalliy clrcwular,

e

Wwith 2 raBiue of curvaturejo and &n angulayr freguency W
2B
L,J:F: e,

Thie freguercy dis independsrt of the sp2a2d of the
particles, for non<rsistivistic energies,

The ione are sccelerated by #% slectric Pisld baot-
ween glertrodes called deeg; the slterneting voltsge hga w
Praguency Ml which coinvides withw , 30 & rarticls that gterts
2% the right time will receive sn lccresss un Xinetic energy of
2 e ¥V each time it ¢rosses the gap between slectrodes.

¥t iw possible {6 accslierate in that way protonsg ov
deupterons ap to asbaut 20 M s But € veariation
af mass with speed iacre 3 protons
of 10 M o V3 tha fragusn . g & cide with
UWig » The particles trave t ¢f pha the -
lectric field, and czan not be accelersted st more than 25 MesV,

To dncrssse the suergy ovar 28 MV, thews zve twe
possidilities according o ege (1)
1} To ¥sep constent the Fisld fregusngy, o Weg= W = corngt.
means to iocresse B eimuitanecusiy with Sthe relacivistic ine
creage of M.

That means thet the magnetic field sheould increase
from the cebter of the spiral trajectory to the maximum ra-
dius.

2) To varywpe snd maontain it equal toww , widich diminsishes when
the ilon energy increases.

The PFirst possibility was abandoned due to the uns-
tabilities appesring in the orbit when the magretic field does
not decrease with radius:

Let us consider 2 magnetic field B(¢) which weakens

SO

radially

Br \S

L0 Bz

There is a radial component By cutside the med an
?lane, Br increasses with increasing axial displacement Z. The

N
—_—pe
vz
N



jPelation by (&, By v exprasced aedl

‘ 28! 2t ( YN .
P 2| + — M *e e
Brz 2 )z 2

For small valyes of Z only »ne rxrst rerm remains.
Since in & static magnetic field paot E=C

Cﬁ

é}é:'& - Eﬂﬁ.z
) ar

Wien a particle of velccity V moeves i that Lfreld
- e ]
ppesrs s Lurentz force evxB, which has s component towerd the
median glane, and therefore it scte && & restering Porcs Fo
5
- A
fE= ?v@:‘ %.Emf & Wit QE‘&Z = oo O SR .
P Y7 o _—mTE g
Culliing 3 By v

23 Fa: “ﬂw"t(*:&
Y
we have Zeprst-S: gger equation for axial L2Teiron motunin

d't . kwt

- KW 22 0
da et N

which givese x simpls karmouic moticn of fraguendy bqfﬁﬁyé‘Kﬁ

if K is negative o
We aee that for axiasl sgtabitity K< G, &°¢ Bl € &
In: that case the psasrticle oscillates exXiglly 1Zis& & WEEFE (L
a spring. The fregquency of this axi % G &
velyes of X "

L‘Jaz F LYY

e

p
o
oo
¢

one exial oscillstion socurs in L0 or 20 paerZidilie revoiLlilLilEs
*

In 8 similar way can be found the reaiel etebility

condition, Let us cousider & s#all rediel diepisecement 2 from

the equilibrium orbit of radius vg.
The esquation ¢f motion in the vadlisgl plane Is
12
~€’VQ;B -“W‘v + WA
v et
The field off the equilibrium orbit can be writien

Bz‘«")‘- Bz(\’e)f }gz/ér X oo

80 we have

- eVg| B (rt)‘}‘i_@_!_ X w - ¥ o2
Since [ ¢ ar J ( erx X)
‘L "-.—: - e X}
Yo+ ¥ re(i \ Y eVg 3B y . v ¥ Eoa v X
)\' r"&
If x<< e ¥ +w? (1+K)X =0

where the radial oscillation frequency is
We = WYiexk

The differential equation can be put in-the form
3
! -
df, e 4 (14K)x =0
In order %to have a radial harmonic motion, K>-4
So in order to have stable orbits,

0> K >-14



hich wmeesac thaet Lf B increases with radius, there will be oy
ponentisl axial and radisl growth of the particle motiom for
chat reason the solution 2) was adopted to incregse the ener-
gies ©o reletivistic values, so developing the frequency modu-
lated cyclotron, or syachrocyclotron,
I8 we define the radial and axisl freguencies,Y, and

W respectively:

’ T R Y

W

Pilotvirs thes t thae other,

Ve
we dessribes 3z ciralea Fre eperating point moves along & ouae-

draat, starsting where K=0, %20, V=1 , 234 ending wherasksd
There is neo orbit stability in those extreme paints, neither
at wevarszl cother peints of the circle, dwe to the fact that
the aftiel and vertical betatren 08C111ations are in fact cou-
plad, aad there can be an enerygy Irzussfsrsace from gune moticn
te the other.

Those coupled resomances between the two modes of
oscillation may be represented in the form;

/-\\\) PV = C
where A, B ,C, are integers, a@ represented in the graph,

There can be & loss of ion beam if the energy gadn
per turn ie so small that the resonant condition is mantained
for a time lomng enough to allow the energy transfer from ome mo
de to another. This is specially so for the synchrocyclotron
where the energy gain is of the order of 20 KeV per turn, and
the firet resonance encountered at K= -0.2°, where Kg;ZVZ 9
causes & big increagse in the vertical amplitude.

At the Buenos Aires synchrocyclotron of 28 MeV deu-
terons, K==0,223; Por r=79 cm., The extractiomn of the beam starts
at p= 76 cm, where Ke -0.12; there VY, = (088}& 0.G8& and %= (ouﬁﬁ
80 there are approximately 3 vertical oscillations per each
turn, which coinmcides approximately with & radial oscillation,

Synchrocvclotrons

In those accelerators the frequency of the electric
field is made %o decrease as the particles gain energy in order
%o match the freguency of the particles. Since the oscillator
Prequency is modulated for that reason, it is easy to increa-

4 o ?
se the degree of modulation to compensate for an increased
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drop-~off the field with radius, in order to incregse the srhie
tal stability of the ion trajectories; at B.,A, cyclotron, the

| radio frequency voltage is 22 KV peak, with an initial frequen-

cy of 10.6 MHz,

The rodulation frequency is 2 KH,, and its amplitud
is 4%. The mass increase is 1.6% for deuterons of 28 MeV, and
the magnétic field decreases in 1.8% from r=0 to r=76cm, The
totai decrease of w ig then

It takes 200 g€ te sccelerste & deunteron to maxi-
mun energy, and the number of revclution is wat= 10% 2005 10%:
:2,5&,50 each particle traveress 4000 times the geap between
dees, and in grder tg reschk 28 MsV it must aequire 7 KeV each
time,

Isochronsus cyclotrons

In 1938, L., H, Thomas 3) gave the sclution te the
problem of making a cyclotron relativistic!"IFf the magnetic
field is no longer rotationally symmetric, the orbits are not
circular, and the grbitatl etability is achieved by means of a
strong azimuthal variation of the magretic field, In that way
the field mean valve 2long an orbit may increase with radius,
without any defocusing of the beam",

But the concretion of such a field was impossible at
that time. In 1950 two electron cyclotrons were buiit at Berke=
ley following Thomas principles. The firdt isochronous cyclo=
tron to accelerate nucleons was operated at Delft, Holland, in
1958, 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 mage
netic fields. The orbit of a particle changes its radius of cure
vature from one sector te¢ another, and it has a radial veloci-
ty component directed a(ternatelly towards the center of CUD' =
vature or in the opposite direction. This radial component
forms a Lorentz force with th¢ azimuthal component of the fielq,

Bg , whiciVcalled the Thomhs force,




cribed by a Fourier series:

sinusoidseily,
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ollowing way:
om its circuiarp Crayasc

B2(r,8) =< B, (0> L4+ £ Calr) {os e~ a(r} ]

The magnetic fiel in the median plane Z=0 can be des-

N \ -
= J
If there are N hills or valleys and the field varies

= LB () {1+ § tosN8)
s ,

B (r8)
is the filutter amplitude (f<:i\

The anaps of & o
the furse F

ﬁ
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Mikgs F=-8vIB> -4
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- Qv <B> fcos Me
displacement,
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Condition for isochronism

F

The basic equation for the cyclotron ia terms of the
azimethal sversged field LB>yis

. 3
w=g<E2 - g<B>C = §<By
4L ¥Eo ¥ mo
ihe sccelerator will bde isochronous, that is, all ions

will have the szeme freguency, if

{B>= K'ﬁc



where B, is the field at the center of the cyclotron,
The t€onstant frequency will then be
w - ‘}___g- ‘}Bsgl
So an example,

For 400 Mev Pkotons, where Eo: Q38 MeV

X= ':3388 = 4.106 which means that

the magnetic field must increase in 10% from the center to the
final radius.

The required magnetic field can be expressed as a
Fouryer. series

B(r.9)= <B(r\>[1+2c~(.—) cosN {o-y,r)}]

Radiall stability 1s only possible when the two Pirst
harmonice are negligible (Cj<< 103 » C2<< 107 -2 )
and to satisfy this condition the field has triple or gradruple
symmetry around Z axis; the equation for B (r,e) has thew only
terms with N multiple of 3 or 4.

To produce triple symmetry, 3 hills and 3 valleys of
60° fach are built, Thé orbits have a greater curvature on the
hills than on the valleys, and are not or_thogonal to the boune
dary between them,

The stabilizing effect is greater if those boundaries
spiral outward instead of being straight,

ﬂis the angle between radius OA and the tanget to
the ridge at A, and it increases with radius; that means that
out of the median plane there is a radial component B,, which
is directed outwards when the particle crosses the boundary
from a valley to a hill, and inwards in the following boyndary.



That B, and the momentum m.vyof the perticle produces an axial
force fp which alternatively Ffoeyses and defocuses; the bounda-
ries are s8¢ shaped that the focusing force is stronger,

Another axial focusing effect of the spiral is due to
the difereance between the sxial forces on the boundaries, since
the omnes directed towards the median plane are slightly grea-
ter {see figure}, because Thomas angle £ is smaller in boundary

s in the wmovemant
eg ares oposed to
3ing magnetic field.

&, Bach cne of thsge Porcee is 2 s
gquavions; Thomas” B
the defomwsiag acti

Co&recsiqg;cail:

Several vypea of coils produce the desired field:

1) Prineipal coilis

2) Trim coils- Those sre individual rings, concentric,
which cover the surface of each pole, They are used
to produce a field which makes conetant the tims Ffor
a2 complete ravelution, independently of the radius.

3) Flutter coiliasw Coveriag the hills andg valleys, centrol
the forusing,

4) Hsrmonic coils- Situssted on CTyitical zonee, correct
inhomogeneities and conform the initial corbits,



Variable Energy Isochronous Cyclotron

Since the isochronous cyclotron has its proper mag-
netic field shaped by means of several types of coils, as we
have seen above, it seems feasible tg optimize this field by
varying the corrent of the coils, in isuch a way that several
different.energies can be reached at the final radius, and di-
fferent particles can be accelerated, without correcting-the
field with iron pig@ces,

For each energy and kind of particle a different os-
cillator frequency is required, so <dilfememi the radiofrequen
cy must be variable, There are several possible plots which can
be made to represent the required values of frequency and mag-
netic field for a range of energies of several different ions.

One of the most used ones is (B r as a funce
tion of T/A, where T/A is the kinetic energy per nucleon, and
r the final radius:

Since
W_ e<B>=l
148 r
and
4 5>’r::jii££
e Cc2
where 2 2 z
B - E-E'zEE
theh i,
[A 4
Corrs (BB
since gec
E: T+Eo
I,
{B>r= (T2 +2TE)"
Zec

multipying and dividing by the mass-—number A

for




} i
+

whez:e E-/4 is thé restl: énérgy per nucleon. ‘

Hence if the (B> r for a proton is plotted
against T/A, corresponding curves of B> r for other
particles can be obtained by multiplying (B> Y by the
radio A/Z, If the scale of faf is added, parallel to that of
kinétic energy, it is only necessary to multiply < B> r by
ZecY amk (EYA +T/) to get the different values,

In such a chart, as in the figure, for a machine of
assumed radius and oscillator frequency, two vertical lines
are drawn coreesponding to the médximuws) and minimum) 2.R, and
two horizontal lines &t the highest and lowest valves of(B)V

The resulting rectangle ghows the ions which cen
be accelerated and the energy range they will have?
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BEAM TRANSPORT SYSTEMS I

We have been considering the motiocn of particles in

the stages:

1) Injection

2) Acceleration

The stage:

3) Beam transport and analysis

is the displecement of the accelerated particles in order to
perform physics experiments, Both stages 1) and 3) are important
from the point of view of obtaining maximun beam intensity and
the optimum conditions for performing the experiments. Along the
tube which transports the beam out of the accelerator, there may
be electrostatic and magnztostatic lenses, switchang and analy-
zing magnets, for the purpose of focusing, deflecting and analye-
Zing the beam during its travel from the source to the target,

After the target, there may be a spectrometer to ana-
lyze the reaction products,

We will first deal with the beam optics theory which
gives the perfomance in all these elements,

Since we deal with systems with external electric and
magnetic fields, where only conservative forces act on the char-
ged particles, and we reglect radiative effects, beam scattering
effects due to residual gas molecules in the evacuated tubes,; and
the Space charge effects which are'significant only in the region
of the ion source, the beam displacement can be replaced by in-
dividual trajectoriesi and we can adopt the Hamiltonian formalism,
Then, the total Hamiltoniawv for n particles is simply

H=35 o,

where, for the relativistic case:

K‘¢J""£’¢"+Q§~§-A)2 +ed

<
fs has been seen when the emittance was defined, to each par-
ticle corresponds point in the six-dimensional phase space, with

coordinates (pk) Ggle Its movement is described by Hamilton’s e-
quations,

! :’aig s :-;lKL
9% g, Pe :>%h,

As a first approximation theory we consider the Hamiltonian as
a sum of terms invoiving only canonically conjugate variables
(Psq).

Let us consider an axially symmetric bram in a region
where there are no-acceleratinsforces, i. e, Ps:,nﬂﬁs =
constant; then we may represent two particles iy the bearm with
the position vectors (tap) amd (v, Pz) » and we may apply La-
grange’s invariant l. to relate particle 1 to pParticle 2:



II

L=vP.—VP = conslankt

If both particles are on the transverse phase plane s=3; and then
pass to 5=%,, the relative position of the jarticler is preser-

ved under & linear transformation between 3=S, and 5:5. This is the
a form of Liouville’s theorem, and is expressed as

L=y (3P (8- (S)R S ) =¥ LAL\PLKSL) y,_(&\} <s )

If v, P) is the position vector of a particle at the input of an
ion optical element of the beam transport system, and(ﬁ*P)the
vector at the exit, then the linear transfer properties of the
optical element depend upon the component’s geomé¢try and working
conditions, and can be given in terms of a transfer matrix with
elements (.,

. T ’&l a. s
Yi - \ 17
P OLU (’(L"L P -

the determinant of the matrix being unity,
Transfer matrices for some optical elements
1) Space without any field (0)

S0

\J

Let us consider a beam trajectory in a space without any field,
(drift space) which has a longitude /Q:_g‘

and an input position Ve°t°r(Yb,F51

L»kara s

= d% /
..;—;:*%wk-(o

We will geometrically determine the exit vector (W,PJ:

A
ien + Ll =%+ LG
{
r“:-. 1)

The transfer matrix is then

C) (1) :‘(13 §.>

2) Magnetic sector,
Iy & focusing magnetic s¢ctor with a constant gradient
the equation for the trajectcries has the form
dy

.-——+i<(3\\j-':o >0
s’



A
éhange enough to need a study for the optimization of the Sys-
tem,

The use of those systems is to determine momente. of
charged particles emitted in nuclear reactions or scattering
proecesses, If the rest mass of the particle is known it is§ 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: ionization chambers, scintillanting counters, so-
lid state detectors, This last one is cheap, has a good resdution
and may determine the energy and identity of the particle when
combined with a CiE/HX counter, But for high resolution work
with low intensity beams, it cannot compete with the spectrographs,
Usually®equal momenta, emitted in nuclear reactiyns.,

The magnets which focus and analize che primary par-
tic.les extracted from an accelerator are called analyzers, and
are part of the transport system.

Usually the magnetic field is perpendicular to the
trajectories, which means that the orbits are circular., Here

Br = P/q which is correct even for relativistic energies
For high energies, one measures the momenta pinMg¥ or Q%J , Which
numerically is equal to the total energy of the particle in
MeV or GevV,

For medium and low energies the mass~energy product
HE/ZZ is used (M in atomic mass units, & in MeV),

For non-relativistic particles it is

E~r 2l - (Brq)
v am

Y.
Brequu (2L /. KGavss em

L 3
The dispersi&g easures the capability to separte two
particles with momenta P and P+ Ap

D= 4Y e
R AP
where Ap is the variation in p which produces a displacement
Ay in the central ray going through an analyzepy or spectro-
graph, and R is the radius of curvature of the central ray,

The resolutien is determined by the size of the object:
if it has an uniform brightness add a width 0, an ’'image is for-
med in tte detector of Ay = 0 M yhere M is the magnification for
the analysing system. The resolving power is then

RP: -&‘-_P.g_
ap M 0

Examples of beam analyzers

The analysis system for the Michigan State University
cyclotron has been designed to provide doubly focused beams of
0.01 % energy widht, and it consist of two K=0 bending magnets
each one bending 45°, combined with two quadrupole lenses to gi=-
ve vertical focusing such that DE:-ZOr o In that system the

# the spectropea phs docvs on a detector the seconclary
particles of..
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N I .
whichVa linear equation of second order,
All the solutions of thiS equation satisfy the re=

(5;.)5\ = M (s, 1S.) (;'}So

Where the elements of the transfer matrix M(S,1S,)
obtained in

lation

may be
terms of two 1iné§ly independent solutions of the
differential equation, which we call C(s) and S(s)s. These "prin-
cipal trajectories" are defined by their values and those of
their derivatives at the input S=So:

(%

C(Se)=1 S(sd =0
C'(SO'):O 5‘ (So\'-‘(’
where C'(s\:}s—CCS\ } 5/(5);%5(5)

We call C(s) the cosin like trajectory, and S(s) the sin like
trajectory.

The transfer matrix is then

cre v [ C0sY Sis)
Msidse) = C'(s) s’(sa)>

where the matrix elements are the independent solutions for the
exit S=§, and their derivatives,
a) Focusing sector (F)

For the focusing sector case, where K=>0O the general so-

lution contains the two initial conditbnsY(SokmdyQiﬁas indepen-
dent constants. |his Solufion s, {or S, -5,=4:

Y=Y (sa) cos (VK + Y'(50) 4 sin L yR
YSY ==V am v Y (50) cos AV R

THQ \’r&mifcr mo.\”nx IS iw n’\Q f‘ocuhv\c'Q ca.se |,

F(S\\SO\) - (COS’Q\I_E E._\V\. iﬂ
\JJ‘\QVQ— Q\ﬂ(— >0

-k sin QiR cos VK
b) Defocusing (D)

The general solution in that case, in which K<O, s

Y(s,)= Y (S)cosh WK + Y‘(SQ‘\Q% smi Q\ﬂ?
Y)Y = YSWK sinh WK + YiSo) coshh IVE

Therefore the linear effect of a defocusing sector is described
by the transfer matrix



cos h LVK ‘L_swxhze[E\
<

D(S [So) < X
1 K sinh i cosh Lik Iic>y ©

3) Series of optical elements

If the transformation operators are known for each
element in a beam transport system, the total transfer matriX
be tween source and target is the product of the individual ma-
trices muitiplied in the reverse order of application

[Mrorad :!_P1”}!;VM~|J...[Fﬂzj[fﬂ1l

Where 1 is the index Ffor the input plane, and N for
the exit plane, Since these matrices do not commute, care must
be taken not to interchange the order when perfoming the pro-
ducts, This ilinear theory applies quite generally to the beam
transport for paraxial rays of most beam handling components,
and it describes the particles motion in a plane 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 determined., Generally the planes xz and yz are
used when the beam has a plane symmetry instead of &an . axial
one, and similar sets of equations for xz and yz held separate-
ly.

Beam analyzers and spectrographs

As nuclear physics moves into the region 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
particles corresponding to the energy range of cyclotrons and
tandem beams, The beam accelerate by a tandem Van de Graaff has
an emittance of the order of 5 mm mrad, and an energy dispersion
of (U.01%, which makes it an excellent instrument for nuclear
structure studies. On the other hand, cyclotrons and synchrocy-
clotruns have an energy dispersion of 1% and an emittance for
the external beam of abeut 50 mm mrad and isochronous-cyclotron
an emmitance of 20 mm mrad and an energy dispersion of 0.2%.

The isochronous cyclotron compensates this poorer beam
quality vith a higher intensity and a greater energye.

At several laboratories analyzing systems for cyclo-
trons have been developed, which give an analyzed beam disper-
sion of J.01% in the case of Michigan State University’s cy-
clotrone.

There the programing of the central orbits is being
tried, by means of slits which define very well the fir ¢ or-
bits and it is hoped to get a low dispersion beam(0 02%)without
any analysing system.

Every accelersator, once built, needs a cifferent design
for the analysing system, since the beam characteristics in each

case



\'
éhange enough to need a study for the optimization of the SyS=—
tem,

The use of those s¥ystems is to determine momenta, of
charged particles emitted in nuclear reactions or scattering
precesses. If the rest mass of the particle is known it is 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: ionization chambers, scintillanting counters, so-
1id state detectors., This last one is cheap, has a good resdution
and may determine the energy and identity of the particle when
combined with a cfE/dX counter, But for high resolution work
with low intensity beams, it cannot compete with the spectrographs,
Usually®equal momenta, emitted in nuclear reactjons.,

The magnets which focus and analize che primary par-—
tic_.les extracted from an accelerator are called analyzers, and
are part of the transport system,

Usually the magnetic field is perpendicular to the
trajectories, which means that the orbits are circular, Here

Br = P/q which is correct even for relativistic energies
For high energies, one measures the momerfQ Pin"iﬂ or %1 , Whicn
numerically is equal to the total energy of the particle
MeV or Gev,

For medium and 1low energies the mass-energy product
”5/27" is used (M in atomic mass units, E in MeV),

For non-relativistic particles it is

EN_&}. - (quiz
E 44 am

7
B 4uu(ﬂ_§. /i KGavss cm
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The dispersi&? easures the capability to separdgte two
particles with moments P and P+ Ap

D= 4Y e
R AP
where Ap is the variation in P which produces a displacement
Ay in the central ray going through an analyzep or spectro-
graph, and R is the radius of Curvature of the central ray.

The resolution is determined by the size of the object:
if it has an uniform brightness and a width O, an’'image is for-
med in tle detector of Ay = 0Myhere M is the magnification for
the analysing system., The resolving power is then

‘R?: —2-’:_?__2_
ap M O
Examples of beam analyzers
The analysis system for the Michigan State University
cyclotron has been designed to provide doubly focused beams of
0.01 % energy widht, and it consist of two K=0 bending magnets
each one bending 45°, combined with two quadrupole lenses to gi-

ve vertical focusing such that DE=.zOr o In that system the

¥ the spechoy‘a Plns ‘Locvs on a detector the sgvc;o.nelavx
particles of..

in




MACKENZIE ET AL: BEAM TRANSPORT SYSTEM OF MICHIGAN STATE CYCLOTRON
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Fig. 1. The layout of the experimental areas. The

items indicated in this figure are: (a) a multi-
gap electron spectrometer; (b) beam stop as-
sembly for the neutron 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 precision scattering
chamber; (h) low precision scattering chamber;
(i) broad range, split pole spectrograph.



454 IEEE TRANSACTIONS ON NUCLEAR SCIENCE, JUNE 1987
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Fig. 2. The analysis system. M1 and M2 aren = 0 bending magnets, quadrupoles Q1 and Q2 provide vertical
focusing, and second order aberrations are corrected by sextupoles Sx1 and §x2. The slit S1 serves

as an object for the system, the acceptance solid angle being controlled by S1', and an image is
- formed at slit S2.
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f‘ig. 3. The results of linear calculations on the analysis system of Figure 2. The positions of a represen-
tative set of rays are calculated at the beginning and end of each element (excluding sextupoles) and
the positions joined by straight lines. Note the vz = 2vy character of.the system.



magnification is one, and the ﬁ:nz%,system, similar to a single
magnet with K =-0.% s gives about twice the resolution of a
Va = Vp system, which corresponds to K==%,

The beam is extracted from the cyclotron and focused
on the slit §i by means of four quadrupole lenses. When both
magnets have the same polarity an energy dispersion of 0.,03% is
achieved; the sistem forms an image of S_at 82. If the field in
the second magnet is raversed, low dispersion is avzilable at
C,D and C’, with a high intensity,

In the University of Michigan 83 inch cyclotron, the
accelerator yrovides an affective source S ; the magnets Mﬁ and
My are the dispersive :lements,

S

Mz ISZ

and slits 34' and Sy are placed at the image planes of P; and
P5. The beam through the slit Sy at the focal plane of My im-
ping@®s on the target,

The magnets are K= ~4, Magnification =1,
radius =2m, E, = 40 MeV, and the dispersion s D = (0 keb?@nn

The resolving pPower is RP= 4000



MAGNETIC SPECTROMETERS

Magnetic spectrometers are being widely used in measu-
rements concerned with the energy level spectra of nuclei; they
range from measurements of energies of a few MeV for beta par-
ticles ¢mitted from radioactive nuclei, to measurementis on the
spectra of heavy ion reaction products, with energies of seversal
GeV,

In an experimental facility consisting of an accelierator,
a beam transport system, a scattering chamber containing the tar=
get, a magnetic spectrometer and a particle detector, the total
resolution is affected by each one of these components, 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%=
0.02% usualy, and the resolution of detectors can be kept & the
same order, when using spark chambersand emulsion plates,

There appears an energy spread due to effects on the
target: the incident particles lose energy in the target stas~
tiscally (Landau-Symon energy spread), so particles which inci-
ded with the same energy may emerge with different energies., Al~
so,the - nuclear reactions within a target produce scattered or
reaction particles, which usuelly have different rates of ener~
gy loss than the original particles,and the emergent particles
will have energies which depend upon where the particles origi-
nated in the target.

These effects can be reduced using thin targets.

Basic Theory

Various magnetic field configurations are used in specs
trometers. For all cases, the radial motion of a particle can
be described by the equation

ﬁl_,(mi-)- mrelz er 68,- ¢3 Be
t

The solution for small angles of divergence from the
central ray is

4 &
y= Qe Ko + G, X, + Qs .e.;.

0 \
iz Oz Xo +Gza X, + Qyq é;-

), (5),



X» displacement of the particle with respect to the central ray
at the entrance to the magnet
x’= divergence of the particle,
Those equations can be summarised in a matrix fourm

X Q“ qm QL% Xo

-

' L
X4 e Gz azz azs X

Ap o o 1 LA
P P

The follewings first order optical properties can be
determined using this equation: —
1) position of the radial focus (BP)

The point where the particles trajectory crosseés
the central ray or optic axis after leaving the gpectrometer
ie the position of the radisl focus, at the distance BP from
the magnet exit, From the figure

pad
ad

- “l OA
X'. @
Combining those equations, for QLE )
ﬁ: QNX(\+ a'l X'_Q. - q.g*qn X,
Gy, kK, + Gy, X + Gy, Ke
3 A, i e Q.. 0 T‘Ta

m—

s BP: a\l"' B‘QQ\L
Qv + CR By,
2) Magnification (M)
The magnification is the ratio of the size of the
image to tht of the ohiect,

P+royp

It i8 necessury to counsider the traje.itory with maxie
mum displacegent Nbbject (size of object) at the origin and zero
divergence; the displacement X,y at the focal dis tance ds is the
eize of the image. Then the magnification is

Xobj ' Xo



and sustituting from the trasfer matrix, where x’:s BP-. o

M - Qllxe T d Qa0 Xo
Ko

then
M= G, + dsa,,

3) Dispersian
To calculqlethe dispersion a trajectory is conside-
red where initially

Then we define the dispersion as the disphcement at
the focus divided by the fractional difference of momenta:

D= Y - Xu + dsx)

% 4r/p
’ D- Qﬁé_%_iﬂial3 A?/r' - L(, + ds Q3
Ab/e

The simplest spectrometer has an uniform field magnet,
its disadvantage is that there are no focusing properties per-
pendicular to the median plane,

The image wbevrulien s proporcional to ' o

It is posible to produce a transversal focusing effect
using the magnet’s fringing-field; in that case, out of the me-
dian plane there is a cowponent Bx, and if a particle comes in a
trajectory which is not perpendicular to the magnet: border; it
has a velocity cowponent Vy , and so it appear a Lur.nf; force
Fz, The fringin ficld acts as a lens of focus {; t%&

Another typr of spectrometer consists in the doubie fo-
cusing spectrometer (h=-4). In that case, a transversal focusing
can be obtined, and a point object gives a point image, so it
is an ast.unatlc system, at least for gaps small relative to ra-
dius.,

It is impossible to design a spectrometer which focu=
ses all the point objects as point images, neither the points
as line images, unless the acceptance angle is infinitely smalil;



for a high precision spectrometer, trhere is a limitation in the
~0lid angle of acceptance, due to the seveml kinds of a_berra-

fions and their effects on the resolving power. Usually the abe-
rrations are expressed as a series of powers of the acceptance

angle X, and the corresponding Z, in the vertical plane, =0

} xa 3
Ay‘maqe - alO Xo + on Xo ‘f‘ a50 X'O +‘-oa

It is possible to place the detector in such a way
that the first order term disappears . {d,, = © {first
order focusing). If it is possibleh%ake 0,0 negligible; the
instrument has second order focusing; usually the focus in the
transversal direction is not important, since it deec nnt affect
the momenta determination .

Different types of magqnetic. spectroqraphs

Usually in nucleas structure studies the cosmic rays
or the neutrons background is low; the important background is
the tal tn the low energy side of every high intensity peak,
due to:

Scattering at the defining slits, with loss of energy;
scattering after the target. The first effect 1is made small u-
sing a very clean beam; the second one is much reduced by means
of transversal focusing in th: spectrograph, specially near the
entrances since in that case the probability to do scattering
on the pole faces or slits is lower.

Double focusing spectrograph at Caltech:

It has a n=-} field, first used by Svertholm~Siegbahn
who designed it to focus at 254°; at Caltech de deglecting an-
gle is 180°, The main advaentages of the double focusing (or N}
spectrometers over the uniform field fype are its high resolution
and acceptance solid angle; it is therefore very useful when there
are experiments involving the separation of closely spaced ener-
gy levels or where differenctial cross—-sections of a low cross
section reaction is being measured. A spectrometer of that ty-
pe was built by B.L. Cohen, for a 12 MeV tandem accelerator
(Nucl. Instr. Meth., 10 p. 4{1961) ).

Broad range spectrographs

It was suggested first in 1951 by C.P.. Browne and
W.W. Buechner and designed for M.I.T. and for University of Ber-
gen, Norway. O.5E E
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_ It has curved boundayies, which produces a second ore
der correction (Q,,= O} for particles deflected 903, but there

xm

are strong second order aberrations for the particl with 1o-
wer and higher momenta., The total range of momenta is PM'/ﬁmm
: 1.5 y and has z solid angle of about 0.4 millisteradian

{msr)., The theoretical resolving power at this solidangle for
particles deflected 90° is %ﬁp- 36.000 , where Ap is the
full width of the peak at half maximum. Nuclear track plates
are used as detectors, usually 3 plates of 2x10" each., Since
the trucks are counted in strips 4 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 conceived
at MIT in 1955 and built at MIT, at Aldermaston in Engiand, and
at the Universidad Autonoma de Mexico.

The basic unit is the broad range spectrograph, with
*he difference that there are now 24 air gaps, producced by cu-
tting a toroid shaped magnet from 74° wedges., There is a hole
through which the incident beam impfinges on the target, loca-
ted in the center of the toroid, There are two 90° gaps, and
in general the gap at 0° is not used, Since there are 24 gaps
at which it is possible to put nuclear track Plates, esch one
giving 1520 data points, in one exposure it is possible to get
36.500 data points, To scan the 18 m of nuclear trabk plates
in 4mm strips requires between 3 and 4 man-months,

The energy range as 2,3:1, so if 11,5 MeV prctons are
focused at one end of the plates, 5 MeV protons are focusedat
the other.

Elbek Spectrograph
It was designed by Elbek for the tandem at Copenhagen;
it is a homogeneous~field bn"tr\lmeht, with i@utrance..and exit
of the Pﬁrtncles not normal to the §¢ld bouwd&r:es and (t

Qave sSome ax.al

Target Low E‘nergy Teeal Sur oo e

focusing. The acceptance angle is 35°, and it gives =& median-pla-
ne magnification of O. 5,

< which is important obtain a good resolving power (RP=

DR), and also because of the difficulty of mantaining the beam
"¥O



spot constantly on the same point at the target, It has a broad
range, of 6:1 in energy, with practically nog second order abterra-
tion,

Split-pole spectrograph

It consists essentially of two pole-edge focusing s
pectrometers arranged in series. The object ¢f this arrangement is
is:

1) The larger area of the second set of pole pieces means that
a wide energy acceptance is possible (6:1 as in broad rang
spectrograph)
2) The focusing properties of the Ffour variable pole edges ena-
bles second order focusing over the whole focal Plane,
The poles edges are shaped in such a way that the high ener-
BY particles are twice focused in the fringing fields, 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 medan Plane ; ™ ~ 0.3

One disadvantage of this instrument is that the Z plane
magnification is 4 to 6 so thkt the image width on the focal plane
is 4 times larger than the Larget spot size,which may make necce-
sary the use of wide detectors. In the table the parameters of
several nuclear structure spectrographs,

The artual trend for magnetic spectrograr's is to hae-
ve as many adjustal e parameters as possible; a defiecting magnet
with straight boundaries has three parametersientrance aand exit
angles, and the deflecting angle. The effect of a change in the
entrance and exit angles is equivalent to the action of a QU s
drupole before or after the magnet,regpectively, so these three
adjustable parameters have the same action as putting two qua-
drupoles plus a dipole (a deilecting magnet with normal entrance
and exit angles),

Using curved boundaries and varying the radius of cur-
vature (three adjustable parameters for the design), the magnet
will have five parameters; the curved boundaries are equivalent
to sextupoles. In the split-pole spectrograph there are eight
adjustable parameters,

Other desired features of a magnetic spectrograph are:
a high resolving pow ry, a high signal to background ratio; which
may be better thmn 10, a reaction angle range 6 of ©° to 180°,
and the correction for Doppler effect.

Detectors used in the spectrographs

Most of the spectrographs use photographic emulisicns
as detectors, which are very reliable and do not worsen the rew
solving power of the instrument. If on-line or coincidence ex-
periments are wanted, it is necessary to use other detectors. The
time needed to get the information out of the nuclear track pia-
tes is long even using an automatic track-counter,
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To overcome these dificculties other detectors are
being developed, like the position sensitive soiid state detec-
tors.,
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If a particle incides on P, a signal E is generated,
which is proportional to the energy of the particles, and simul-
taneously a signalroportional to E v Xy , that is, to
the energy and distance from the point of incidence P to the e~

arth contact,
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The detectors are prepared in strips of 5 x icm and 1
to 2 mm thickness, and put on the focal plane of the spectro-
graph,

Other devices, used before for the detection of high e-
nergy partic’es, are increasingly used in the range of 1 to 100 MeV
like the spafk 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 plate is grodnded, and
the voltage is such that sparks will occur at pPlaces where the
gas is ionized, so the trail of ions left by a particle will tri-
gger such sparks and a photograph give an outline of the path of
the particle.



NUCLEAR RESEARCH WITH PULSED BEAMS

%
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; During the last decade there has been a continuous
growth in the field of experimentation with puked beams of neu=-
trons and charged particles. The tedmniques now in use can pro-
duce pulses of ions of the order of one nanosecond duration, and
simultaneously there has been a development of electronics and
detectors with speeds in the nanosecond range,
The 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 tae time information for the discrimination

. of events
i) Time-of~flight method
!
beom | de beckov
| L
If a pulsed beam incides on target A during a burst

of durationlﬁt, reaction products appear starting from the ini-
tial time of incidence t=0. The emitted particles travelling to
the detector B located at the distance L will reach it after a
time t which'depends on L and their kinetic energy T.

b= 5 -Liw

The detector will then give pukes whose time separation
depends on the particles mass and energy, and the spectra so ob-
tained has an energy resolution AT which depends on time reso-
lution %5 : T

AT _ 20E
T - t

This method, which we will discuss in mare detail fur-
ther~on, has been first used for investigation of the elstic and
inelastic interaction between neutrons and various nuclei, so
giving important information on MeV range neutron inelastic sca-
ttering (nuclear models and nuclear reactors). It is now being
ugsed also in KeV range neutron capture, which is important for
fast reactors design and for nucleosynfhesis, The neutron pro-
ducing reactions in the %ight nuclei have been under_investiga-
tion at sevefal laboratories; For example the D(d,n) He reac-
tion for deuteron energies up to 20 MeV, which is important to
determine the extent to which the coantinuum of neutrons due to
the beak-up processes D(d;n;p)D and D(d;n,n,p)P contribute to
the total neutron yield.

Another application is the measurement of isobaric a-
nalogue states, which have been knowa for a long time in light
nuclei, and recently in heavy nuclei, where they have been obser-
ved in charge-exchange reactions such as the (p,n) reactions,



2) Use of time information for the discrimination of events,

The study of gamma rays £rom neutron capture or ine-
lastic scattering is greatly facilitated by the time separation
of the gammas from the neutron-~producing target from those ari-
sing from(n,g\ or (n,vny)

Most of the effort on (n,vwsx) reactions has been di-
rected toward the spectroscopy of excited levels. The properties
of levels which are investigated are the excitationenergies, ga-
mma-ray decay-schemes, and ther angular momenta, When the gamma.
ray branchinpg ratios and production cross sections are measured
the neutroniielastic scattering cross sections are determined,and
so the (n,rﬂx) reactions enables the comparison of those cross
sections with the predictions of a statistical 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 functon of the delay following the burst.

The nanosecond pulsed beams used in those experiments
are obtained from the following accelerators:

a) Blectrostatic accelerators, like the tandem Van de Graaf,and
the Cockroft-Walton,

Those are dc current machines, and in order to oltain nanase-
cond pulses it is necessary to introduce a radio frequency
sWweeping system which acts on the external beam,

b) RF accelerators, like the cyclotron, which give a naturally
pulged beam due to the phenomenca of phase grouping., The in-
terval between two pulses is the inverse of the radigfrequen-
Cy, 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 doubie structure; as an e-

xample, the Buenos Aires FM cyclotron has the following struc-
ture,
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consisting of macreostopic bursts of 35 usec widht and the re-
petition rate of the modulated frequency » 2 KHz,
Each macroscopic burst consists of puEes similar to
those from & fixed frequency cyclotron ¢or from an isochronous
cyclotron,

beam

IV\\'QY\SJ'\‘

£ (nsee)

with a width of about 3 nsec separated by a time interval of
about 95 nsec, which varies im 4% due to the frequency modula-
tcn, It is possible to alter the time structure of the beam in
a synchrocyclotron, by means of a debuncher, consisting of a
radiofrequency electrode which acts on the accelerate beam just
before it starts to get extracted, spreading the particles in
all the orbit; 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

~~ 10
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Before going into a more detailed study of the pulsed beams of
tandems and cyclotrons, we will discuss the use of the pulsed
beam for studies of short-lived isomers.,
Studies of Short-Lived Isomers in the Range ti ~usec=-nsec

We conSider an isomeric state of mean ‘1ifelwhich is
populated at t=0 by a pulsed beam of width AT and interval T sec,
which defines a duty factor AT o The desintegration rate, or
average number of states formed in the beam is o per second
and L;T per puise. The emitted gamma radiation is detected with
a detector of overall efficiencyé9 and time analy=zed,

Usually the total counting rate in the detector sys-~
tem is 10 cp sec at the most; this
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amplies that the mean interval of detecter pulses, t,, shall

be Y4 3 oo sec - Cemerally F ¢«tyq , and the beam is

regarded as coantinuous regard less of its duty factor; then, if

6— 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 spectra.

The time differential counting rate of a Y ray
is
DN
N(LYAtL = eTo-A e At

for

Ty>» Z >>aT

Here the intewgrated counting rate is

| N dt = eTo

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 intoc account, and in that case

et =2t +nT -
N('ﬁ\‘—'&loZ)\e Lo )=-E_Io._¢__.>~e>‘t
n=0o A_Q‘)\T

Measurements in the region ti ar musec

Measurements in the région sec-msec have been made
by T.W., Conlon et al, at Harwell, and by H,F. Brinkmann et al,
at Kartlsrube.

The method generally used to measure time distribu-
tions is to trigger a saw=tooth gemerator to each beam burst;
the analcg pulss height taken at an instance of a detector sig-
nal corresponds to the time delay between the beam burst and the
detector pulse
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The time signal and the energy signal are then analy
zed by a two dimensional pukeuheight analyzer.,

Another way to get the time difference is to use a clock
pulse generator triggered by each beam burst, and count the num-
ber of the digital pu%es.

Mzasurements in the region tinsec
Using & nancosecond puked tandem Van de Graaff or the
natural beem burets of a cyclotron it is possible to measwe t 3
Y nsec, Yamasaki and Ewan analyzed }§ rays emitted in (a,xh)
reactions, using the Berkeley 88" isochronous cyclotran:
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Part of the 256 channel (energy) x 16 channel (time) spectrum
observed in the 208Pb(a,hn)208Po reaction at 50 MeV, taken from
ref.l). These data were obtained with a 2 cm? x 5 mm thick
thin-window Ge(Li) detector. The 147 keV and 176 keV y rays
have delayed components with tl/2 = 8 + 2 nsec and t;/g =

400 nsec, respectively.
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To the left are shown the time distribution curves of three
transitions observed in the reaction 208Pb(a,2n)210Po at 28

MeV. To the right is shewn & tentative level scheme for 210Po.
Taken from ref.l4)
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The X -ray $ignal from a Ge{Li) detector is amplified
by a fast preampiifier, and then split iato one pulse Por energy
analysis and one for time analysis. The pulse for time analysis
18 afterwards amplified by a fast amplifier, which triggers a
fast discriminator to give a timing signal, whose threshold is
slightly bigger than the noise level, The fast signal gives
the start for a time~to-amplitude convertar., The stop signal
is generated from the cyclotron rf oscillator using a fast dis
criminator and & delay; only every secoand pulsg from the cyclo-
tron oscillater was used, for practical reasons, and

Promet

pen

Time pulse
hai%ht

that gives rise to two prompt peaks with a time separation of
4/$RF o The overall width of a prompt curve was found to
be 5 nsec. T. Yamazaki and G, BEwan determined in that way the
spectrum in the 2989 (g4, an)?°te, at 50Mev., The da-
ta were obtained with a 2ewm>Swm thick thin-window Ge(Li)
detector. Only a few of the spectra are shown., Corresponding
to five different time channels spaced by approximately 18 nsec.
There are some peaks, like 5-44% , which decay very rapidly
and give the prompt time distribution; others decay more slowly
like - VA7 Kev and ATl Kev which have delayed components
with {-_.,z.’._g-_»?“s“andi'/iz 400 nsec , respectively. The y¥ rays
may either come directly from the isomeric state or from a le-
vei fed by an isomeric state,
Usually an isomeric decay involves more than one delayed {- ray
especially a high-spin and high-lying isomer emits many high-
energy § - rays, and the placement of these delayed §- rays can
be reasonably assured if one measures the whole time distribu-
tions, including prompt components and intensities of all the
transitiens., The isomeric %ransition itself can not have a
prompt component, the prompt transitione that are preceded by
an isomeric decay have both prompt and delayed compenents,; so
the relstive intensities 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 lower lying level receives more prompt populeticn than a
higher-~iying level.
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subtracted. The prompt peak is due to the Compton background
from prompt high-energy y rays. Taken by Nomura et al.10),
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Naruma measured the time distributions of the *°Ca (x,ZP)”Ca

¥ rays emitted for Egq= 25 Mev » The figure shows the
time spectrum of the 433 kev 6% —s y+ ¥ -ray; a
long=-1lived components due to the beta decay after the “°Qﬂ&m"fﬁ&

reaction has been substracted, The prompt peak is

due to the Compton background of higher energy ¥ rays, and the
beam width is of the order of 2nsec in this case. oulsed
Other posibilities of the time analysis methcd usingVbeams is
the measurement of the g-factor; by choosing the proper target
and beam energy a large variety of new isomers can be reached,
and very high spin states can be studied. This kind of study
is ian 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 half-life, but it is difficult to establish its isomeric
decay schemej;coincidence studies and measurements of conversion
electrons are often required in order to enable to draw some
conclusion,



TIME OF FLIGHT SPECTROMETRY FOR CHARGED PARTICLES
AND NEUTRONS

The nanosecond beam Pulsing and precise time~of-flight
techniques have improved during the last few Years, so it B po-
gsible in many cases to resolve groups of charged particies or
neutrons with a precision comparable to thiat obtained by +he
magnetic analysis of charged particles frgmunuclear reections,

A survey of the literature showsynainosecornc et work
~% The reglon of fast neutrons and charged particles .3 Leing
done mainly in Cyclotrons and dc accelerators suclk as tanders and
Cockroft- Walton. Interest in fast neutron spectra comes From
thie necessity of data on nuclear energy levels tc check ncdels of
the nucleus and from the fact that inelastic scatteriug cross
sections are increasingly in demand for the design of fast reac-
tors. The use of time of flight for charged particles is more re-
cént, and has been used for particle identification.

As has been seen the flight time t for the flight path
L and kinetic energy T is

L - L

which, for neutrons, is
t- 723 L T nsec

whore L is measured in metres and T in MeV,

The energy resolution T/T equals t /o at , and we can
inerease it either by increasing t, ( increasing the f1ight path)
or by decreasing at ; since the beam flux reaching the detector
varies inversely with the square of L, it seems better tc decrecs-
se¢ At rather than F « The choice of At is not single: consider
a8 ion burst of duration Ate Wwhich incides on the target, A par-
ticle originated in that target will then have an uncertaﬂintydfb
in the determination of its birth, and there are other sources
of time uncertainty in the measurement of the time t which the
pParticle needs to reach the detector,

The detector itself originates an uncer tainty, Ltd
die to its thickness §:

Gtg= St
L

&
A .

%23 it is unknown at which Point of the length § the detecting
-.wnal arises,

The detection and electronic processes have a total ti-
e Jncertainty which we call aAte « The value of the flight
cime Tt 4is Pixed by the distance L, which is determined by the
peak current availabde for the target, because that limits the
fluax of Particlies reaching the detector, and it is required tg
2ave a minimum acceptable signal to background ratio for the de-
t2Cior, Once fixed the values of L and t, the value of Aty is

Pes
£

b



4 as the burst duration which gives the necessary precision
time determination, and the time between consicutive bdbursts,
wtich is roughly equal to the flight time t. As an example, the
figure gives therenergy spread AT Ffor neutrons as a function
of neutren energy, for an uncertainty At of 1 nsec. The dashed

curve shows the AT for L=5m which results from an edditional Aty

caused by an one inch thick detector.
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If at., Aty and Ate are smaller than the demanded
Dy the peak current available and the precision in the measurement
ef time, the distance L can be shortened, so improving the signal
%0 background ratio. That shows that the figure of merit to use Ffor
% time-of-flight spectrometer is the quantity instrumertal resol-
rirg time per unit Flight path, better thanAt/y , since a giveu
e#nergy will be measured with the same precision by two spectrome-
#r¢§ naviag the same rmsolving time per unit flight path. For high
wnergles the attainement of a gooll resolution implies time resclu-
ioas aproaching the limit of the actual availabk techriques, For
w eﬂgrgi@s The factor which determines the resolution is the
am homogeneity, and consequently the energy spread of the primg-
tzam . Thus if the pulsed beam reaching the target has an ener-—
spresd 4T , then the spread in the energy of the emerging par-
zles 9r neutrons will be of the same order, if the yild curve
for populating a certain level does not very appreciably over <his
energy internal.
Production of Pulsed Beams
As we have seen, it is necessary to produce beam bursts
02 Time duration Ate: with a peak current as large as possibile.
We w11 now review the methods used to obtain the Pulsed beams:
Pilsed Blectrostatic Accelerators
I+t is possible to produce the pulsed beam using ‘a radic
w#guency ion source, in which the Plasma gives a modulsated beam
.%h & fregquency equal to the excitation radio frequency, This

7.2Chod has the désadvantage of needing to control the gas dis-
>iErgs, wWhich is rather difficult,
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The methods commonly employed are:
a) The beam chopping, in which one interrupts the beam
chopping ~n wiaish one interrupts- the beam, chopping out parts
ich are discarded,
b) The bunching of the beam, in which the beam is divi=~
423 into equal parts and then the parts are compressed in time, the-
2oy producing a pulsed beam which has the same average current as
tre foprmszr dc beam.
Bzam Chopping
The method consists in sweeping the beam across a slit by
a radicfrequency voltage applied to two paralled plates, like in the
Brogokhaven National

=3
%‘0

7 Teeminel
5weepingPLates‘rf [Thfﬂ?t Detect
e ¥
Oscil. “\/\ Pulacd Beam :
SLit:

Lasoratory experimental 4,5 MeV Van de Graaff, where the sweeping
c2s are located in the high voltage terminal,

Le< us suppose that the deflecting plates have a lenght 1_, and are
&t a distance 1_ from the slit. If the transit time through the pla-
teés 18 very small with respect to the period T of radiofrequency of
voltage V, we consider that the accelerating electric field between
pistes, & is a function

Fao Yo ¥ (Z'ff + wt@)

d o T

If the beam enters the plates with the constant veliocity V; and ener-
P 72vW]V£ the field Ezw111 displace it vertically with an

acsgleration

. efa
az-___.
. &Nd wheh it aches the exit of the deflector, the vertical displa-
cement 0A4 i after the time ¢t = Jv
' 2 Yy
5o = € A
& N ‘W

zijhe'verti»al velocity V& is

v,z £8: 4
‘ = [ 42 Vo
_A1 -the particles move from now on in a straight line towards the

“eﬂ L plane, where they hit the point Z. It can be seen in the figure
thet



z- 0Oh - Ve
2, Vx
and so ,
Z-J_-ﬂ;.féafa +_l_ ffgg,
2 E g E
where E. '/x_msz
then,for an axial ray
o)
F24)) eVo alw
Az = _zl‘_j‘ ('(| g) =
or
_ LEd _432
at, = weve £ (4+4)
As a typical example, for E = 5 ke\/) d - 0.5 em
4z - 0,2 cm T -1 nsec L and 0, - 5cm Fhen Ats =1 nsec

An important remark has to be made about the AF sweeping: it may
De obserbed that the pulsed beam is focused in two 8pote instead
¢f one,

Acceleration Tube
/Df”ffg‘oi‘ A Entrance Lens .
7 ¥lales (j‘ 24z ; Focus "or
IIIIrrrTrrn ~ ¢ down sweep
Ap“ : Up sweep ; /4 - L
%G - - _ — ] ,
e ———— B . - ~ . '
downdvﬁ;;‘_hj___-—‘ﬁ h 1
Y Facvs iof
FT—ar‘gz’t

‘because the "up"” sweep produces a virtual source which is dispia-
-ced from the center by an amount equal and oppesite to a similar
source displacement produced by the "down" sweep, Thus two images
are formed at the target, and this leads to amdiguities in the
interpretation of data. This is usually corrected eliminating one
of the sweeps, by following the pair of rf swWweepiixg plates with a
pair of de refractor Plates, whose effect is to elevate o deppress
Tlie two virtual sources in the same direction, until ohe is direc-
tly on the optical axis and the other is suppressed by a colliimator.
In general it seems that it is better .o perform the pul-
~ ®ing between the ion source and the target, and not in the high-
voltage terminal, because the pulse width Ato is shorter in the for-
mer case., This is .due to the fact that in the terminal the ion
. beam in general is not S0 well focused spatially and energet)ca-
'1ly as it is after acceleration
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Beam Bunchin 3

The compression of bursts of ions can be achieved in
two different ways:
1) By speeding the last ions in a train of particles, so that
after a certain time they catch up with the leading ions,
2) By causing thgﬁeading ions to take a longer path to get to
a given point, where they meet the later ions. This second me-
thod was proposed by’ Mobley, and is usually known as the Mo -
bley magnet buncher. 1¢ 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 entering the magnetic field successively from K to e,

A triangular voltage pulse applied at a rf frequence
to the deflector at a, will section the beam of £

Triangular Voltage
applied at de{kch;q

(I N N oAt

There is a limitation to this method: if one changes the
the energy of the particles at the accelerater, it is necefsary
to change the sweep voltage and the magnetic field,

Also, there remains the problem of background arising
from the unused beam,

The Mobley magnetic compression methcd has proved to be
a popular and reliable method for achieving shatp ion bursts with
Van de Graaff accelerators; as an example, a rf ion source and a
beam chapper located in the high voltage terminal, produce puﬁvs
of 10 nsec width and 1000 nsec spacing; after acceleration the Mo~
bley magnet system compresses the pukes t0o about 1 nsec width,
and the peak current is several ymA,

But this methods increases the beam divergence; also,
the energy homogeneity deoreases, to 1:250 in the case cited, which

is comparel with values of 1:2000 commen with dc beam from Van de
Graaffs,

The Klystren Bunching

In that method a rf voltage is sppiied through a gsp end
increased duréng the passage of a train c¢f ions in such a way that
at a certain time or distance the consecutive ions in the initiail
burst arrive all simulataneously

Consider the Klystron buncher of the figure,
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a bunch of ions enters gap 14 , wWith

a potential across it
V= Ve cosr wk

then the arrival time at a plane {2 away is |( rbf, 7)
t'= t+ 23[4+ 11 eVo c,oJu)tJ
Vo E

where E is the energy 1 hw%zof the incidena particle,

Here ct’=o if wTeVo= 2LE
where {
T, = T sim ot =4
Vo

The drift length @'is

v, I E
> 7 e Vo

where T is the period of bunching wvoltage.

A typical example of Klystron bunching is the compression of a
500 KeV deutton beam, with Z0n%c bursts, toc 3 nlecbursts, and
gaining a factor of a 6 in current, The bunchirg frequency was
in that case 10 W7HL, and AEF across the dunching gap was
1K£V.

A disadvantage of the Klystron bunching is that thke method in-
troduces a large energy spread in the ice dent ion beam,

R F Sweeping plus Klystron Bunching

At Livermore, Calif. a combined method was used in the Cockroft-
Walton accelerator: a rf set of sweeping plates i3 followed by
a Kiystron buncher, About 95% of the beam is daiscarded on the
rf sweeping slits, and the 5% remaining are bunched in bursts
of 2ntee¢ s+ The diameter of the beam ssot at the target is

1.5 ¢crm , without any beam focusing after its entry into the pu
Sing apparatus.

eimilar method is used in Tandem acceleratongd a continuous
2gative ion beam from the Tamdem ion indeczor is swept by
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means of deflection pla{es acrcss an aperture te cbtain puises
which mavy varied in duration from 25 te 70 msec °

This puﬁed beam is then passed through a bunching section where
Klystron bunching techniques are utilized to obtain pulges of a
few m@noseconds duration at the high end of the Tandenm,

The minimum pulse length is limited primarily by the random ener-
8y spread present in the negative ion beam,

As an example, HVAC offers a mangsecond puiser for Model EN
cr FN tandems, with a pudse duration of 4,0 nsec and a bunching
factor (ratio of the peak amplitude of the pylse to the availa=-
bie d¢ ion current at the same point of measurement) of 7,0,
with a repetition rate of 2,5 MHz

If the Tandem is equipped with a diode sou:ce, which provides
negative ions by direct extraction, the pulfe duration is 2 nrec
and the bunching factor 15.0, for the same repetition rate of
2.5 MHe

The Pulggu 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 initial motion of the ions in a cyclotron
before entry into the field-free region of the dees, In 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! its accele-
ration, The phase width in a cyclotron without feelers is (ref,
9o=)

and with perfect feelers

26 = r3a (2o J

V2vmdr

where %;is the peak voltage between one of the dees and ground,
¢ is the gap between dees, W is the cyclotroen radial frequency.
As an example, the Brookhaven Nat., Lab, 18 "cyclotron hkas a beam
packet widtl’/of l.2nstcor 0.14 radians, and the ¢( Ridge Nat,
Lab, 80" cyclotron has a beam packet width of 3.5ndg or 0.31 ra-—
dians,

The repetition rates are usually of 50 tec 100 nfee , and this in
S0me cases causes difficulties, because the higher is the enpew
gy of the beam which bombards the target, the more complex is
the velocity spectrum issuing from the tareet, When the pericd
be tween target beam bursts is shori, the sic¢..cr velocity compo-
nents will overlap one, two or more periods, producing a confu-
sion in the measured spectrum, If the period between quES is
lenghtened, also the flight path will increase, and also the ener
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gy resolution. This tends to lower the beam intensity, but at
Ligher bombardment energies there is a tendency in most nuclear
reactions towards a concentration in the forward direction of
the particles emitted from the target, which compensates partly
the inverse square law loss and thus encourages the use 9f lon-
ger f£light paths and longer periods between bursts at higher
anergies.
The method of using the naturally pu&ed beam of cyclotrons, with
out any change, has been frequently used, and for the experinien-
talist there is no important difference between it and a pulsed
Van de Graaff or tandem, For ianstance, at the Brookhaven Natigp
nal Lab, the time-of-flight electronics used in the 18" cyclo-
tron was installed without changes in the 4.5 P1&V Van de Graaff.
The only important difference was the rf fields which are in the
vicinity of a cyclotron, and are picked up by the electronics.
However, when considering the applilications of the puked beam,
it is usually desirable to have lower repetition rates, and for
that i. is necessary to eliminate one or more cyclotron bursts,
npy 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 metals it hits and gives a high ra-
diation back ground,
The second method consists in stopping fV«r\ out of A/parti~
cle micropu&es by a collimator on the first turns, by applying
a dcvoltage to a deflector located near the dees,
When the repetition rate is high, as in the isochronous cyclo-
erens, it is necessary to introduce a device which eliminates
pulfes, such as described in references 10 and 113 the figure
shows the central region of the Kalsruhe isochronous cyclotron,
where the first orbit is defined by a set of slits mounted in
the dees, Here the rf frequency is 33 MHz so the spacing bet-
veen beam tursts is 30Prde¢ , and the defining slits enable to
achieve pulses of C.2 to 0.5 nsw length, The reduction of pulse
repetition rate and "bunching" was accomplished with twe coupled
pairs of deflection plateg, as can be seen in the figure,
The deflector I is made of two tantalumpiates separated by 10
mmy; and it is located at the fourth ion orbit in a hill section
of the magnet pole faces. The deflector II is made of copper
" plstes separated by l4mm and 2+t is located in the last remaining
hill section, In the normal operation of the cyclotron, three
‘ion bunches per revolution cycle are delivered from the source,
"+ and the deflector I eliminates two out of three pulges by deflec
- tion to a beam stop, and it also forms ion bunches of several
’ﬁicroseconds duration, each consisting of about 50 microstruc-
ture pulges, with a repetition rate of 20 KHz .
The deilector I1 serves to deflect simultaneously the whole set
cf pulfes to a neutron target above the median plane of the cy-
CLOTIOn,
Frr the elimination of two out of three microstructure puies a
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sine wave as shown in t' : figure is used. The first microstrug
-+ Tture pulse passes the plates at a moment when the deflection vol

tage ‘is zero, the two following pulses arrive after 30 and 60 nsec

respectively and are removed from the beam,

Fcr neutran production a natural uranium target, thick enough to

stop the 50 Mev deuterons, is used,

The neutron time-of-flight spectrometer has a 57 meter Fflight

path; there are two collimators defining a narrow neutron beam

with a solid angle of about 2 x 10~° srad. .

The figure shows a typical spectrum obtained using a liquid

scintillator at the end of the flight path, The maximun at about

16-20 Mev is due to neutrons from the deutrecn break-up in the

coulomb field and at the nuclear surface.

The distribution at energies smeller than 6 Mev represents main-

1y the distribution of neutrons from evaporation and fission

processes, The energy resolution for neutrons of 30 nevy,

L=5%m , Ot< 4dnsec was determined as JE <« ¥0.1 kKeV | 4 for

4tz 2nsec, AE = 1614 KeV ) and for At: Lnsec

and Lz 180 m 1S A€z 25.5 kKeV
so the overall resolution of the spectrometer is 0,025 msec/WU

with an integrated neutron flux at 4 3 md target current of

(5 2) « 109 pevteons - emi- sect above 250 keV at 5% meter.

The figure shows the total cross section for neutrons on calcium,
measured with a 1-2% statistical error.
Measurement of the Flight Time
The measurement of the flight time is esentially a determination
of a delayed coincidence between a reference time and the time
at the event; in contrast with the nuclear decay determinatioans,
it involves the precise and simultaneous determination of the
positions of the peaks in a energv snectrum, This can be done
by means of a muitichannel coincidence system, where the number
.0Ff. channels depends on the characteristics of the experiment.
‘When dealing with times of the order of monoseconds, it is nece-
-ssary to determine accurately the initial time at which the burst
s> starts; in principle this can be determined fromﬁhb radiofrequen
ch deflection pattern, but in practice it is done by calibra-
'ulng the time scale with a known structure which is readily iden
't;klab1e, such as the [ =rays from inelastic scattering, the elas
tlcallv scattered neutrons, etc, Another technique for deter-
*%mlnlng the start time B the associated partlcle method., As an
v:.example’ let us consider the reaction H( N ) He ; here a neu
tron- and an alpha particle are produced at the same time, and
. the pulse from the alpha particle detector, which is close to
. the source, gives the start for the time-of-flight measurement,
The stop signal is obtained when a scattered neutron is subse-—
quently detected., These pulses are then sent to a time to ampli-
tude converter,
This method can also be employed with some difficulty with the




D ( d, n) 3He reaction,
In order to measure the time interval it is important to evae-
luate 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 signals are used to
operate the twe inputs, The coincident signals may be obtained
from a fast pulser, from two separate detectors which observe
¢oincident y rays such as annihilation radiation, or alterna
tively a single detector may be used to observe the Y rays or
neutrons produced from the pulsed accelerator,
An ideal time analyzer should have (ref. 3):timeresolution of
1 nse< for detector signals, a differential linearity of about
5%, an integral linearity of about 1% over each of the time
scales, sufficient number of channels to cover each time scale,
insensivity to variations in counting rates over the range 10
to 10“ counts per second, short term stability of the order of
O.1 of the channel resolution, and long term stability 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 pulses whose relative time
interval is to be measured: the pulses of the particle detectors
are applied one to each end of the transmission line, and they
travel towards each other, their point of intersection being de-
termined by a suitable anéy of detectors along the line., If one
pulse is delayed with respect to the other, the meeting point
will not be in the middle of the line, but it will be shifted
towards the side of the delayed pulse. 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 ¢ is the velocity of pro-
pagation of pulses on the line., Lefevre and Russell (ref., 12)
have developed a chronotron which has gate widths of the order
of 0.5 nsec, which are stable to 10™4 nsec.

The systeme rnormally ised are not as complicated as the
chronotron; a time to voltage converter usually suffices. This
device operates by the conversion of relatively short time in-
tervals to pulse heights proportional to the intervals, and the
Pulse heights may then be analyzed in an ordinary commercial mul-
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,

Detectory for Time of Flight Spectrometry.

Most of the detectors used for fast timing have been
liquid or plastic scintillators, 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 proportionality.
b) Efficiency

c) Background sensitivity

d) Speed of recovery

Some of the most used liquid or plastic organic scintil
llators are listed bellow

Phosphor Electrons/cm3 Hydrogen atoms/ Scintillation
x 1023 cm x 1023 decay time
nsec
Anthrancene 4,0 4.2 35
Stilbene 4,0 4.3 6
Tolvene + p- 2,8 4.5 22
terphenyl

For energies above 100 keV the pulse ampldtude respon-—
se is linear with the recoil electron energy; the responSe to
heavy charged particles is not linear, although the differential
response approaches linearity for protons of 5 MeV, In order to
detect a large number of neutrons, the detector shall be as large



as possible; but if too large, the difference in time between

a neutron arriving at the point in the Jdetector 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, if a plastic scintillator which has a thickness
of 2 cm detects a 1 MeV neutron, that par%ticle needs 1.4 nsec

to traverse the detector and this means that a neutron detected
at the front of the scintillator will be 1,4 nsec in front of

a neutron detected at the rear, thus intrdéducing a 1.4 nsec ti-
me spread., In order to obtain better time resclution , it is
neccesary to use smaller detectors, Plastic or liquid organic
scintillators coupled to fast photcmultipliers are widely used
to defect fast neutrons, A flat continuous distribution of pul-
se heights result from the fast neutron interaction with the
Scintillator, and in order to mantain a high counting rate it is
desirable to use a wide dynamic range of pulse heights for timing.

If the scintillator area is not large and the pulses
used for timing are a small range of the larger pulses, it is
possible to detect neutrons of several MeV energy with a time
jitter well under 1lnsec,

Tae rise time of the pulse from the detector is gover-
ned by the decay time of the scintillator {2-4 nsec), the time ta-
ken by the photons to arrive at the photocathede, 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 § rays in coinciden-
ce with the source neutrons, Efficient detection of the X ray
requires that the detector be NaI(TL) or scme other dense, high
Z scintillator.

The list below shows the characteristics of some neu=-
tron detectors whlch use (N,xoy¥) reacticas:

OB (n«x) Li with a scintillator of NaI(TL)
whose scintillation decay time & is of 250 nsec, and which de-—
tects ¥ rays

"B (Y, Thick)
RN NN 1%

Dumont waT(TL)
;u =

//'v.' PR A Ay ,\

Cainode
Follower

. . X . IOP' ;L
Neutron detector utilizing the reaction J(”.dﬁ) v

o g
L*("N*)T‘ detects Xand T ,with a scintillator of

L:1 (Ey) and a decay time T of JOOO nsec, '°B(N, % ¥) L ,

detects¥when a He + Xe (>40°/4 ) scintillatcr is used, and where

a quaterphenyl wave length shifter is used, Here T is less than
15 nsec,



A solid state detector which is used for experiments
such as (n,n¢)is the Ge(l{) detector.
Applications in Nuclear Reaction Studies

As an example we can discuss the method developed by
H. Briickmann (ref.,11) to study the reactloﬂ products n,p,d,t,

Hé and < in the energy range between ¥0.5 and 6 m, the co-
rresponding times of flight extend From 10 snsec toc 200 nsec; but
the separation between bursts of the primary beam is only 30 nsec,
and the particles created by differeant Ceam tulses will overta-
ke each other, as seen in the figure, were it

£ 4 ]
Frowm Pu[sei 4 deom pokse ? '.troim i?ul‘se's'
s AR
\\\\ ~Z
R N Ez
\“\ e
Iy S TN
T t
S — E.Q______,.' i‘d_’.:
A A N 0.,
1 Z R 4

is assumed that only neutrons are detected, In the upper part the
neutron energy versus time of flight is snown, and in the lower
part the arrival time for successive beam pulses 1,2.60
The point T marks the arrival time of a neutron at the detector
and A¢ is the time difference with the preceding beam pulse,

The neutrons with energies EFz, Ez , Egz from pulses
1,2,3 arrive simultaneously to the detectmr. The total time of
flight is evaluated from

C: AG + nié,

where the integer n=1,2,,., is determined by & second independent
measurement, and using the relativistic expression for the rela-
tica between time of flight, lenght of flight path;, mass and ener-
gy,the exact energy of the particie is calcuiated,

In this determination the energy resolution has to be
good enough onl‘bseparate the different branches at time Tjthe
position of the reference pulses n is calibrated using the prompt

§ radiation from the target. The measurement of the neutron ener=
8y is made with a proton recoil telescope, consisting of two flat
scintillators: the first one of 0.5 to 2 c¢m thickness emits the
recoil protons, which los@ part of their gnergy in the scintilla-
tor, and the rest of the recoil energy is lost in a second scin-~
tillator of the same size placed 20 te 40 om behind the first
one., The pulses of the two detectors are added, giving a sum which
measures the total proton recoil energy and determines the neutron
energy with a precision which depends gn the gecmetry. For the
% 10 and 100 Mev ,using the isochronovs cyclotron at karlsruhe

For flight paths between..,



Fig. 1. Central region of the Karlsruhe isochronous cyclotron
Schemam.ally ‘shown are ths three dees [, II and 'Il, the ion
source and the beam defining slits L, B [, B [l and B 1.
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Fig. 9. Map display of protons, deuterons, tritons, IHe and
x-particles. These reaction produs.ts were sorted according to
their charge into the right and left halves of the nemory. The
mass separation is achieved with the- time-of-flight technique.



determination of the time of flight the timing signal is taken
from the first scintillator, When determining the energy spec-
trum of charged particks,a solid state detector is used to give
the energy signal. Since the time s is fixed by the radiofre-
quency of the cyclotron and is then .new with aan accuracy of 10'5
to 10"6, the error introduced by the term né, , where n is lar-
ge, is very small, and the main contridution corresponds to the
accuracy in the determination of &8¢

The determination of the time fifference AG implies
that for each event the preceding beam pulse i8§ selected out
of the structure of rf pulses, and that Al is converted into
an amplitude. When T is very close to a beam pulse, special care
must be taken to avoid errors, since there a very small change
in the position of T relative to the reference pulses will switch
the output signal for A¢ from the maximum valae to nearly zero.
If a canventional time-=topulse-height converter is used to mea-
sure AG ;s the singie pulse T starts the converter and the pul-
se chain of radio frequency has to stop i%t; but this mode of o-
peration is nonlinear, so a more elaborate method is used.

The time-of-flight method can give a very accurate de
termination of absolute energies; at last as precise as using a
magnetic analyzer, since only two absciute quantities, the dis-
tance L and the time~of-flight T have to be determined., As a.
€xample, the measurement of the tuime {§ may have an error of 1.5
X lO"4 for L=10m and 50 MeV deuterons, so the absolute energy of
the beam is determined with an uncertainty of anaior E - 50 MoVt i5key

The method can be also used for particle identification:®
since it is only able to discriminate between different masses of
the reaction products, it is necessary to cembine a AdE/ ol x
measurement, and so determine the charge and the mass cof a par-
ticle separately. ‘

A thin silicon transmission detector gives the timing
signal as well as the de/ax signal., This dE/dx gene-—
rates a routing signal for particles with charge two, and the E
signal is obtained from the sum of the AEAJx counter and a so-
lid state counter placed directly tehind the transmission detec-—
tor.,

The figure represents a 64 x 64 channel map display of
particle energy vs. time-of-flight; on the left side particles
with charge one are displayed; on the right side with charge two;
buth spectra were taken simultanecusly, using & gas target filled
with “YHe bombarded with 50 MeV 1euterovns., In this case the
reac..on “He (d,f) He ~&s of special interest, sin-
ce the comparison of reactions (d,t) &nd (d,sHe) Wwas being rea-
lized.

Other applications of the time-of~flight method for
charged particles consist in the measurament of differential cross
sections, coincidence experiments for the etudy of three-parti-
cle reactions, polarization phenomens.
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NEUTRON MEASUREMENTS BY TIME OF ILIGHT

The use of time-of-flight in the one percent energy
region for neutrons up to 100 MeV is increasing; 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 time of fiight varies enough to justify the di-
vision in three different energy intervals:islow neutrons, up to
10 keV; fast neutrons, up to about 100 MeV, and high-energy neu-
trons, for more than 100 MeV, We will consider the characteris-
tics of slow and fast neutrons techniques.,

Slow neutrons

Neutrons produced in nuclear reactions are usually
Ffast, and it is necessary to slow them down before their inter-
-actions can be studied., The thermal neutrons of aenergies below
about 0.5 eV are used primarily to obtain information about so-
lid and liquid state; 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=(Q interactions take place, the scattering is al-
ways elastic and usually all angular distributions are isotro-
pic. 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., The
use of those neutrons is primarily to study resonances in the
compound nucleus for nuclei of intermediste and heavy mass,
which give a description of the levels of the compound nucleus
near the binding enerlgy of the neutron; and the time-of-flight
method is the only one giving eneugh high resolution to investi-
gate these levels,

Since there is an inevitable intensity leoss resul-
ting from the method, the production of neutrons insharp bursts
of the highest possible intensity is necessary., The time-—of-
fiight technique is the same whether the”burst is produced by
the modulation of the beam of an accelerator or by a mechani-
cal chopper in a reactor, although in the Last case the flux
of thermal neutrons is about two orders of magnitude higher,

The counting rate is constant with energy for the
time-of-flight method, and if we compare this method with the
alternative one of using a crystal monochromater as a spectro-
meter, we see that the crystal has a very good intensity in the
0.1 to 10 eV region, and it rapidly becomes worse than the time
of flight due to the decreasing of crystal refilectivity as the
energy is increased,

The measurement of the time of arrival at the detector
is usually done with a path lenght of § to 100 meters, and the



As can be seen, most of the measurements have been
done for energies up to about 20 MeV, which corresponds to beams
delivered from tandem Van de Graaf accelerators., Very little ex-
periments have been done for higher energies; which can be ob-
tained using dyclotrons,

Neutron sources

By bombarding targets with charged particles, or
with photons, fast neutrons are generated in reactions like (p,n)
(dyn), (eotyn), (t,n), (Y, n) and fission., If the ion beam is
monoenergetic, the neutrons are also monoenergetic; the reac-
tions most frequently used are:

I)(d‘m)*-{e's’l‘l1is reaction has a Q value of + 3.3 MeV, a range of mo-
noenergetic neutrons at 0° of 2,45 to 7.70 MeV, and a threshold
of 4.5 MeV for the competing reaction D (d, np) D, which becomes
moreé possible as the bombarding energy is increased.

T(pm)HE The Q is -0.76 MeV, with a laboratory threshold of

1.02 MeV. The monoenergetic neutrons emitted in the forward direc-
tion are produced for a range of energies from 0.3 to 7.58 MeV.,
The competing reaction is T(p,np)D with a threshold of 8.4 MeV,

.7 7
L CP'n)[?’c'l‘he Q is -1.65 MeV, with a threshold of 1.88 MeV, The
range of energies within which monoenergetic neutrons are produ-
ced at 0° is Q.12 to 0.65 MeV; since tritium became available,
the T(p,n) He“ reaction has replaced the Li{7(pn)Be as a neu-
tron source in the 0.6 to 4 MeV energy range. The competing reac~
tion is Li7(pn)Bf*with a threshold of 2.4 MeV,
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Zero degree differential cross sections for the production of
neutrons from the D-D reaction (Ref 37).
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‘ Has a Q of ~0.28 MeV, a +threshold of 0.33 MeV, a range
of monoenergetic neutrons at 0° of 0.03 to 2.76 MeV, and a thresheld
for the competing reaction C'*(dn) NP®P* of 3.09 Mev.
Beg(dln)cll

The relatively large Q value of this reaction, 5,71 MeV

permits experiments in the 7,7 to 10.6 MeV neutrons energy range
by use of 2,5 MeV o particles. Below 2 MeV, the small cross sec-
tion limits 11:s usefulness as a neutron source. The competing reac-
tion is Be9(x,n) i , with a O threshold.,



c*(d,n)0"

With a Q=2,2 MeV, it is monoenergetic up to an << par-
ticle bombarding energy of 5.05 MeV, in which case the neutron
energy at 0% is 7,06 MeV: this bombur.dins eneray is the o 7.06

; this bombarding gnergy is the threshold for the competing
reaction €13 (d,n) O1 *
T(dn)He?

Monoenergetic neutrons from 14.0 to 20.7 MeV at 0° are
supplied by this reaction, which has the exceptionally large Q
value of 17,6 MeV, and due to this high Q the neutron energy is
relatively insensitive to the angle of emission for the region

of low deuteron bombardipg energy. The competing reactions are
T(d!n) pT and T(d,n) nHe , with threshold values of 3.71 MeV and 4
4,99 MeV respectively.
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NBUTRONS OF MORE THAN 20 MeV

The increase of energy of the incident charged particle
allows other neutron producing reaactions; however those have an in-
creasingly large erergy spread, since many competing reactions be-
come energetically possible. The most convenient way to work with
these large energy spreadsis to use the time of flight to define
the energy of the incident neutron beam,

A technique for generating high energy neutrons uses the
charge exchange in nucleon-nucléon collision. The figure shows the
neutron energy spectra obtained at several angles bombharding LiH
with 95 MeV protons (Ref. 52). At 0° the peak yield appears at a-
bout 85 MeV., Similar Pesults were obhtained for LiD and Be.
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ACCE(ERATORS USED FOR NEUTRON PRODUCTION

The tandem accelerator with pulsed Deam can yield beam
pulses lengts of about 1 nsec at a current of several miliamperes
and a repetition rate of 106 per segondy the high intensity pul-
sed beam has permitted considerabtile progress in inelastic scatte-
ring studies, particle induced neutron reactions and fast neutron
cap ture, ”

The epithermal energy region up to several keV can be
studied by means of the linear electron ectelierator, which is a pul-
sed machine providing gamma rays end, through the auclear photo
effect, neutron bursts of grmt intensity, With this type of machi-
ne it is possible to carry out studies of ¢the totel, radiative, cap-
ture and scattering effects, involving argular momefita 1=0,1,2.and
to allocate "the spin involved in = particular resonance interaction.

Another useful accelerator is the synchrocy¢lotron, which
has a high instantaneous intensity and a pulse length of about one
nsec. If instead of fast neutrons, low energy ones are wanted, it
is necessary o place a moderator into the cyclotron tank to modify
the original neutron spectrum; the slowing down in the moderator
increases the pulse length,

The isochronous cyclotron is an intense neutron source
for fast neutron time of flight experiments; utilizing a bunching
system, it has been possible to obtzin 109 neutrons in a 1.5 nser
burst (Ref. 5), and that converts the tyclotron into a time-gf-
{light facility with a very impressive perfomance,

Cyclotrons, both FM and SF, have been used for total

(ross section measurements of nucleons and nuclei as a function of
energy, polarization experiments, and nuclear reactions. The neu-
tron energy distribution corresponds to that of an evaporation -

Spectrum with a peak of about 1 MeV, and e teil reaching into the
100 MeV region,

Nevtrons /em? [sec [ MeV
at 27m

tc

/"’.
103 /

4 io 16® ic® 10 105  Nuwtron Enurgy (key)

The figure shows the neuron spectrum of the Harwell 150 Mev syn-
chrocyclotron (Ref.&0), The dotied yrve Shows tht  Gn modsrasied
neU drong Lwafé—*lﬂ@, T dhe bukwax;{ direcmram.



The following table compares order of magnitud¢perfo-
mance figures for a number of very intense neutron sources (Ref.%)
They are arranged in order of increasing efficiency, measured in
neutrons per MWatt-sec. The columns are:
efficiency in n M W=l sec” . pulse width * in sec, repitition rate
£, 4=t peak neutron intensity Tp , average neutron
intensity Ia, where Ia = 1?’T f = NE , neutron yield
per burst N, and figure of merit M, where M= N{ T-?* ,

Parameters of very intense neutron sources

n per * £ I» Zo, N M_

FACILITY MW s2c (stc) (sec™')  (sec™) (s2c™) (sec™3)
RPI Linac 3x A0'® 9xi167? 720 w407 Ax 40> 4 x46Y 3y 403°¢
GA Linac %7
(pulsed fast 3x140'% 4x10% 400 5102 5 <407 5 x10'" 5 x10
booster) .

aAx
Harwell FM 7 x 10‘16 1 gAde 260 . 4048 Ay Actd 5 x ag'® 4 x 10
Cyclotron

Karlsruhe

Isochr, Cycl., 1 23
IB, Reactor 9 x A6 x10* £3 6x1c™ o a0 2 xadt 4x 40

. L 31
2 % 468%  2xa0?  ax0t 7 40'T 2 x40 4 x 46T 4% 4O

As may be concluded from the different values of T , the
research areas suitable for those intense neutron sources are:

1) T~ QA6 - &0 ArSRE {pulsed reactars): solid state stu-
dies, radiation effects including relaxation effects, isotope pro-
duction,

2) T~ 5§ -AO}Auc(electfbn linacs): solid state studies (same as

pulsed reactor but with higher resolution), nuclear systematics below

100 eV, radiation effects, isotope production, experiments on proper-

ties of fast neutron assemblies,

3) T ~ c004 _ 5§ M (cyclotrons),

Nuclear reactions and nuclear structure, neutron resonance spec-
troscopy, slid state studies, isotope production, radiation effects,
fast neutron parameters measured with high nmsolution,



BExperiments in Neutron Physics

Fast neutron time-of-flight spectroscopy is able to
supply unique data on nuclear levels; during the last decade.
the resolution has been improved by an order of magnitede,

using the increased intensity of the new pulsed accelerators, and
it is now possible to separate low-lying nuclear levels. Bxpe-
riments which can give information on nuclear structure are the
following:

Measurements of total cross sections.

The total cross section of nuclei is usually measured
by means of a transmission experiment in which relative neutron
flux measurements are made. The behavior of the total c¢ross sec-—
tions of nuclei for fast neurons as a function of atomic weight
and bombarding energy is well known, particularly below 15 MeV,
Fur ther experiments up to 100 MeV are interesting,to examine the
maxima and minima which appear in this range. The existing results
have given information concerning the properties of individual
excited states in the.coumpound nuclei formed in various reactions,
and also have given important information about the character of
the average interaction between a neutron and a nucleus.

As an example, the time-of-flight facility at the Karls-
ruhe Isochronous Cyclotron has been used for the total cross sec-
tions of 2%Na and Ca, for thecenergy range from 290 keV to 40 MeV
(Ref, 20). The fast neutrons were produced in bursts of about 1
nsec by bombarding a U target with deuteérons of the internal beam
at a repetition rate of 2 x 10% Hz, With a fiight path of about
57 m an overall resolution better than 0.05 nsec/m was obtained
which correspondas to an enm®gy resolution of 0.22 keV at 300 keV
and 2.5 keV at 1.5 MeV,

The cross sections measurements were analyzed bdelow
1 MeV using the multilevel R-matrix description with a singile
open channel for elsstic scattering, since the.resonance widths
approach the level spacings for Na and Ca in that energy region,
so making imfossible the application of the ususal Breit-Wigner
single level formulae. N

The results for Na from 0.28 to 1.02M§re shown in the
figure, where the solid curve was calculated using resonance para-
meters., Here the inelastic scattering cross section is Cimry2!3oornl
and since a satisfactory two channel fitting procedure was not
availabk it was decided to extend the elastic'scattering formu-~
lae. Due to inelastic scattering,the true total cross section
was reduced from that given by the one-~channel formalism by a
factor of approximately
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ELASTIC SCATTEBRING

The experimental values of the differantial cross
sections for elastic scattering of fast neutrons by nuclei can
provide considerable information concerning the neutron-nucleus
interaction in the entrance channel; because of the interferen=
ce effects between the scattered wave and the incident wave, the
differential cross section gives an indication of the properties
of the interaction .

Two methods are used to obtain the angular disteibution
of elastically scattered neutrons: observation of the energy cor
the emission angle of the recoiling nucleus, and direct detection
of the scattered neutrons., The former me thod has been used exten-
sively with light nuclei where the momentum transfered to the re-

-¢oil nucleus is sufficient to allow an accurate determination of
its energy.
INELASTIC SGATTERING
4

At low emergies the elastic and inelastic scattering
are coupled through the compound nucleus, since an incoming neu-
tron of energy E may form a compound nucleus with the subsequent
emission of a neutron of equal energy B; in this case there is
a compound elastic scattering, and not a shape elastic scattering
and the cross section for this process may be of the same order
of magnitude as for inelastic scatterifig.. Bxperimentally both ty-
Pes of elastic scattering are difficult to separate, although they
may be differentiated in part by a study of the angular distribu-
tion of the scattered neutrons, For neutron eme rgies above 10 MeV
the(rnin)reaction compates favorably with the (h,hgreactiono but
at all enefgies the elastic stattering guides the selection of the
potential to be employed in the interpretation of the inelastic re-
sults,

As the energy and scattering mass increases the levels
become broad and closely spaced and finally overlap. Were the

dverage resonance width [ is much smaller than the level spacing
D, and D is much smalkr than the incident energy spreadzdﬁ;many
compound states are excited resulting in average cross sections
that are symmetric about 90° and relatively smooth functions of
energy though small fluctuations will remain, The average CN cross
sections are given in the Hausger and Feshbach theory as

Te= 2,9 = 2, (2+4) 3T, ¢8)

wherecédﬁs the cross section for incoming partial waves of angu-
lar momentum 1,4 the waveléngth of the incoming neutron, and’ﬁcﬁ)is
the transmission coeffig¢ient for the target nucleus for this { and X,
As the incident neutron enrgy increases, direct inelastic scattering
becomes more probable and the compound excitation of single states
drops as the number of available exit channels increases.

When neutron inelastic scattering occurs, the residual
nucleus is left in one of its excited states, and it decays either
directly or by a cascade process, with the emission of 3’ rays j



therefore the nature and decay properties of the state ca.
tained studying this radiation, which will also give the pr
bility of inelastic neutron scattering to this particular st.
te, Using the time-of-flight method, it is possible to discrimi.
nate between )r rays due to inelastic scattering in the target
and the backgroind due to neutrons scattered from the target in-
to the detector.

NBUTRON INDUCED REACTIONS

Those are reactions in which charged particles are emi-
tted as a result of bombardin target nuclei with fast neutrons.
In gemral the neutron induced reections are simpler than thei:
charged particle counterpart; other advantages of stydying them
are; the fact that neutron rich isotopes can be formed, and con-
sequently they are used to determine the stability curve on Yhe N>Z
side. A few exam ples of the nevbron induced reachons are:

Ch,P), where the .otal (n,p) emission cross section is not 1li-
mited to the exchange between a target proton for a bombarfing
neutron, but includes such processes as (?hvwﬁ) and (rnpp)-
The most elementary processes are conventionally described by
the symbo (n,(vx) ..» corresponding to processes whose inver-
se is ﬁ" decay. The mechanism of the (n,pp)reaction depends
Strongly in the incident neutron enrgy; 3t low energies and for
heavy targets the Coulomb bamrier binders proton evaporation, so
a direct interaction mechanism is important,

(m,at) reactions.,

Here the techﬂque for measuring cross sections is si-
milar to the one used for (n,p)reactions9 with direct detection of
the emitted alfa particles-

(n,d) , which can be related to
the reaction (d,Hes) or Lt,d) which deals with the same
residual nucleus, similarly to (n. &) which has as counter.part
the reacton (P,Hca) .

In general the nuclear reactions which lead to theee,
four or more reacten products have been little studied because «
of their complexity, but many of them can give interesting in-
formation ,

FUTURE OF NBUTRON PHYSICS.

Neutron physics is becoming a more and more important
chapter in physics, not only because of the information it gives
about nuclear structure,solid state andastrophysics, but also
for its application to technological fiels, like reactor theory.
Here there is required neutron nuclear data for the energy ‘ran-
ge from almost O to at ieast 15 MeV, The Panel on Neutron Data
Compilation, in a meeting at Brookhaven in February 1969, repor-
ted the necessity of the following data types (Ref., 53)¢%



a) microscopic cross sectios for all neutron induced reactions
. between O and al teast 15 meV (for example (n,F)ﬁfbx),(h,n);
(nnVLQLP)ADﬁ)Kn%bnd other threebody-break-up reactions) together
with quantities involving cross section ratios such-as
o = Sny /Snf and M= V/A+dk
b) angular distributions for elastically scattered neutrons and
- elastic scattering polarization data;

and gy
c) angulaﬁfﬁIEQZEbutiog’for inellasticaly scattered neutrons;

d) differential mngular and energy dependent excitation data for
outgoing neutrons, protons, « particles, gamma-rays, etc., out-
going combination of these particles;

e) number, energy spectra and angular distributions of prompt
and delayed fission neutrons and the half-lives of delayed
neutron pregursors,

f) resolved and statistical resonance parameters, statigtical
dist#ibutions of resonance partial half widths and level spa-
cings;

g) Legendre polynomial coefficients of scattering angular distri-
butions;

h) nuclear temperatures and single particle levels densities
derived, e.g., from neutron inelastic scattering to the “con-
. 1] » . ,
tinuum range of restdual nuclear erergy levels and similar phy-
sically -§ugnificant parameters derived by experimenters from
their measurements;

i) fission product yields and cross sections;

j) "clean" integral data having immediate application in expe-
rimental neutron physics and in evaluation, The principal
t¥pes are average Cross sections measured in well-defined neu-
tron spectn,such agthermal reactor and neutron —F‘sr.’oq spectrs doqether with so lied
o dilv¥eo rcSonanceth%rcﬂs"{or neutron absorption and fission processes.
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