Lawrence Berkeley National Laboratory
Recent Work

Title
ACCELERATORS FOR NUCLEAR PHYSICS

Permalink
https://escholarship.org/uc/item/0cs8m4h§

Author
Clark, D.J.

Publication Date
1972-04-01

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/0cs8m4h8
https://escholarship.org
http://www.cdlib.org/

Submitted to Reports on NS
Progress in Physics S LBL-645

Preprint

ACC ELERATORS FOR NUCLEAR PHYSICS

D, 7. Clark

April 1972

AEC Contract No, W—7405-eng-48

TWO-WEEK LOAN COPY

This is a Library Circulating Copy
which may be borrowed for two weeks.
For a personal retention copy, call

. Tech. Info. Division, Ext. 5545

S¥9-147T



. —i-

.‘.

ACCELERATORS FOR NUCLEAR PHYSICS
D. J. Clark
Lawrence Berkeley Laboratory -

University of California
Berkeley, California 94720

LBL-6L5



[

~iii-

ABSTRACT
‘This article describes the principal charged particle

accelerators being used today for research in nuclear physics in

the ‘energy range up to about 1000 MéV. The accelerators include

Van de Graaffs, sector cyclotrons and linear accelerators for both

positive ions and electrons. For each fype of accelerator a
brief treatment is given of the recent histbry, operating prin-
ciples; some special techniques, a typical facility, and some
examples of experimental data from that type of aécelerator.
Descriptiohsbare also givén of new types of machines under
construcfion, such as Pelletrdns, frequency modulated sector
cyclotrons, separated sector cyclotrons, and superconducting
linearvaccelerators. New ideas for the future are mentioned,
including multi-stage tandem-cyclotrons, and the electron ring
accelerator. The reader is assumed to havé no experience in .
accelerétors or nuclear ?hysics, and many refefences are given to

more detailed treatments of the topics covered.
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1. Introduction
1.1 What is an accelerator?

VAnvaccélerator is a device for accelerating charged particles to
high enefgies by using'eléctromagnefic fields. To be useful in experi-
ﬁenté the pérticlesvshouid emerge from the acéeierator as a "beam" with
small size and divergence. The particles most oftén used are prbtons
and electrons, since they are easybto produce,_étable and elementary. 
The ﬁhird elementary parficle found in matter, thé neutron, has not Been
used beéause it has no charge and its magnetic moment is too weak to be
psed_in é pfactical accelerator.

Electron accelerators range in size frém electronic radio "tubes"

or "valves"»which accelerate and modulate electrons of several hundred

- volts energy, to-the 2 mile long linear accelerator (1inac) completed in

1966 aﬁ Stanford University, California, USA, fbr high energy physics
studies. Of intermediate size are direct current electron accelerators
used to prbduce X—rayé and study radiation effééts'in solids, and micro;
wave linear aécelerators used to produce high ehergy X-rays for medical
work and electrons, positfons‘and photons for pucléar structu}e studies.
Proton accelerators come in a similar large variety. ©Small ma-

chines, which usually accelerate deuterons also, are used in nuclear

.physics studies. The deuteron beams from small acceleration tubes 30 cm

long éan be used effectively to produce a highér ehergy neutron beam by
bombarding a ﬁritium.target. Proton accelerators_gb upward in size
through the direct current Van de Gféaffs to the circular cyclotrons,
and syncﬂrotrons hundreds of meters in diameter; :Séme of the uses for

these machines are producing isotopes for medical studies, the study of
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nuclear Structufe, and the production of new unstable particles. The

largest_éf these will be a synchrphtron 4 miles in'circumfereﬁce being com=-

pleted néaf Chicago, U.S.A., and a similar facility being planned at
CERN;‘Geneva, Switzerland. There have been many détailed books and
_reviews on_acceierators,'Such as those by McMiil§n (l959a); Livingood
(1961), Livingston and Blewett (1962) and Blewetﬁ (1967), which describe
the principies and éonstruction ofbparticle.acceier;tors. Kéfnan'(1968)
wrote én introductory booklet on accelérators._.  N
1.2 Acééierétors for huclear‘ﬁhysics.

_Of the great variety of existing éccelératqrs mentioﬁed abové,1We
‘will chodée those used for the sﬁudy of nucleaf‘stpucture and reactibns
as the éubjeét of this article. In the study of nuclear structure one
investigates the nuclear force, which acts between nucleons (neufrons'and
_ protons) and the arrangement of the nucleons iﬁ tﬁe nucleus. Since the
diaﬁeter of the nucleus is less than_lO_lg cm, the structure cannot be
étudied vifh a micrdscope, but only by using pa?ticles'of nucleaf size,
such aé other'nucleons or electrons, as a probé, tb:firebat_the huéleﬁé'
under invéstigation, and then observe how they are scattered énd_what N
other particles emérge from.fhe interactiQn. Byvobserving the oﬁtgoing
particlévenergies gnd angulér-distriﬁutions, oné can'déduce the size and
‘shape of,the nucleus, and the forces existing inéiae the nﬁéleué; The
'projectiles are Supplied very efficiently by méderh accelérators. |

| Tﬁe'minimum energy oflparticle beams rééﬁiréd for these studies
is the'order'of the binding energy of nucleohs in.the nucleus: ’several
- million électron.volts (MeV). An electron volf'is the energy given to an

electrqh or proton when accelerated across a potehtialvof one volt. This




energy cén be COﬁtraSted with the much lower range of a few electron
volts up-té a few thousand electron volts (keV) used in atomic physics
for the study of the electfon structure around the nucleus, which is
abéut_lO—B'cm in size.

The energy range moét uéed for nuclear structure or "nuclear phy-
sics" studies is 1-1000 MeV (1 GeV). In the lower‘part of this région,.
1-100 MeV, positive ion beams interact with the nucleus as a whole, or
with several of the nucleons. In the 100-1000 MeV'region the proton
"wave-length" decreases t§ interact with individual nucleons in the
nucleus, giving more precisé information about‘each nucleon. At enérgies
over 1000 MeV, the domihant-p?ocess is the production of short lived
particlés such as mesons. The study of the production and decay of these
unstable particles forms the field of "high enérgy"'or "particle" physics.
This baper will review the principal current accelerators for positive ,
ions and electrons being used for "nuclear physics" including their
operatihg principles, performanée, special techhiéues and some of the
experimental results. It will also describe the neﬁ machines beiné
constructed and plénned. The energy range under ¢onsideration here will
be roughly'l—lOOO MeV, although the accelerators in the 500-10,000 MeV
range are used both for nuclear structure and particle physics. The
principal acceleratdrs used in nuclear physics, to be described here, are
D.C. machines such as the Cockroft—Waltqn and the:Van de Graff, cyclotrons,
and linear accelerators for electrons and heavy ions. .

1.3 Historical background
Soon after‘the discovery of radioactivity'by Becquefel in Francé

in 1896, physicists began to use the alpha-particles from the radioactive
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elementslfo study the structﬁre of the atomvand:thé nucleus. This

-work-ié déséribed in many books such as Ratner (l96h). In the forefront
~of this énaeavor was Ernest Rutherford in England.b In the period
1908-1913, Rufherférd and his éssociates used_a—particles from hatural
.radioacti#it& to bombard thin gold foils. They'dﬁéerved that the number .
scatteréd:backwards was much larger than eXpected;.'This could only béfex—' 
plained by'the hypothesis that all thé positivé éhérge was contained‘with-
in a radiﬁs of about 10‘12 cm, rather than being distributed thréughout_the
atom of'fadius 10‘8 cm, as previously supposed.f Tﬁus the concept of the
‘nucleus was born.

.In 1919 Rutherford set out to split the hucleus by bombardment with
natural a—pérticles. He éhose nifrbgén as a target because it has‘émall
nuclear cHérge, and thus is more easily pénetratedvfhan gold. He sﬁowéd
that prafgns’were knocked out and therefore wereroﬁe constituent of thé
nucleus} Thi§ was the first'nuclear reaction e&er induced in the labof.
ratory;: Rutherford had succeeded iﬁ performingfthé'first man-made
transmutation 6f.the elements, by‘usiﬁg projectiles of'sufficieht‘energy
- d—particles'of several MeV. We would write:fhié_reaction iuN(a,p)lTb.

‘In fhésé‘experiments the accelgration Of»the o~-particles was‘
produced'by a radioactive nucleus. The particles came out in all direc-

- tions, and with limifed energy and intensity. Rutherford (19é7) expressed
the importance of“having a high intehsity éource_of'high energy particles
infén address to the'Royal Society of London: vﬁIt has long been my
ambition.té have available for study a copious éuﬁply of atoms énd elec-

trons which have an individual energy far transcending that of .the o-

L0




and B-particles from radioactive bodieé. I am hopeful that I may yet have
my wish fulfilled...". Calculations of.the energy hecessary to‘penetrate
the nucléﬁs showed that pfotonsvwith less than .5 MéV of energy éould
penetrate light nuclei. In the late 1920's and early i930's various
iaboratorigs in the world were trying to produce these particle beams.
This development work is weil documented by Livingston (1966). The main
types QflaCQeleratoré under development were the‘transformer-:ectifiér
voltage multiplier in England, the cyclotron and the Van de Graaff in the'
U.S5.A. The race was won by the voltage multipiier built by Cockroft and
Walton (1932) at Rutherfbrd's Cavendiéh Laboratory in Cembridge, England.
Iﬁ the first nuclear reaction produced by an accelerator, protons were
accelerated and struck a lithium target. At eneréies of 100~500 keV

7

a-particles were produced: 'Li(p,a)a. A few months later Lawrence et al.

(1932)'ét Berkeley, California‘confirmed and extended these results ﬁifh‘

1 Meﬁ protons_from an early cyclotron with an ll-inch diameter pole. -
In the sucéeeding decades accelerators wére pushed higher in

energy. As described by Livingston (1959) and McMillan (1959b)

Lawrenéé}s:group at Berkeley exploited the cyciotron, which qsed the

same voltage many times to accelerate ions to high energy. By 1936 a

27 inch model was producing 6 MeV deuterons and there were about 20

other cyclotrons around fhe world. Neﬁ pole piéces_were installed to make

a 3T-inch cyclotron which gave 8 MeV deuterons iﬁ.l937. The 60-inch

cyclotron was completed in 1939, and served as aAmodel.for many others

throughoﬁt the world. After Worid War IT scientiéts returned to the

accelerator field from wartime research. The 184-Inch synchrocyclotron



'was_compiefed in i9h6, giving 190 MeV deuterons. Many cther synchro-
cyclotfchcbwere soon built arccnd the world invthc 1950's. The possi-
bility of csing éector focusing in cyclotrons éroposed by Thomas (1938)
was finally put into practice in a new generatich'of sector-focused
cyclotrons which grew during the 1960's.

Ip the field of D.C. accelerators voltages cf ﬁp to 1.5 million:
volts ﬁéfe'produced by R. J. Van de Graaff (1931) using a silk charging
belt in Aﬁ electrostatic generator. In 1936 hexcompléted two lcrge
generators which operated at +2.5 MV and -2.5 MV, to givé 5 MV between
them. Van de Graaff's high vcltage'generatorsicp to this time had 55
,accelerating>tubesl At the Carnegie Institutioc in.Wéshington, b.C.,

M. A. Tuve et al. (1935) used Van de Graaff's principle to build acce—‘
lérators bf'.6 and 1.3 MV for hydfogen ions. Tﬁe,steady D.C. voltages
were a great advantagc over. the pulsed voltages of Tesla coils previcusly .
used. A greéﬁ advance in the sﬁbpression of spafking around ﬁhe'high
volfage tcfminal of Van de Graaff acceleratorscﬁac'made by placing’them
in pressurized vessels. This waé_demonstratedfby Barton et al. (1932)
who generated 1 MV in a compact generator operating in 7.atmoépheres

-preésure without an accelerating tube. The development of preséufized
Van de Gfaaff accelerators was carried on by R. G. Hérﬁ's group at the
Unlver51ty of Wisconsin, U.S.A., starting’ w1th 4 MeV in 193k, and
>gett1ng h MeV. ions in 1940. At M.I.T. in Massachusetts, U.S.A. the
group under J. G. Trump and R. J. Van de Graaff.cheloped high voltage
techniques and bullt electron accelerators to produce X-rays. This field
up to 19h8 was summarized by them (Van de Graaif et al. 1948). 1In 1947
Trump, Van de Graaff and other% formed the ngh Voltage Engineering




Corpofatioﬁ for the commerciasl production of "Van de Graaff" accelerators.
This cémpény has done.much technical development on higher voltage
electrostatic accelerators and has built most of ﬁhe'Van de Graaff
acceiefétors being used thfoﬁghdut the world. Iﬁ fhe 1960's the tandem
principle was‘brought into operation, which doubled the beam energy.
'producéd by,a given value of high voltage.

The third main type of accelerator beiﬁg developed during this
same time was the linear accelerator. The positive ion linac wés born -
in Berlin where R. Widerce (1928) accelerated sodium and potassium with
an rf drift tube to demonstrate resonaht accelefation by using the same
voltage twice. It was this experiment which gave Lawrence the idea for
the cyclotron in Berkeley. At Berkeley the work of Widerde was extended
by Sloén and Lawrence (1931) to accelerate mercﬁry ions to 1.2 MeV,
but these heavy ions were of too low an energy tovbe practical for
experiments. During World War II high frequencylradar power sources were
developed. At Berkeley Alvarez (1946), g&_gl.(1955) used surplus mili-
tary equipment to supply the first proton linear accelerator of 32 MeV
energy. Several proton linear accelerators were later built for nuclear
physics use but most have been shut down because of their low duty cycle
and limited particles and energies; |

Electron linear accelerators were also.made possible by World
War II radar work. Because of the small electron mass, the velocity
quickly approached that of light, and very high fréquencies of accelerating
voltage were required. Studies weré'done at Stanford University in
California under W. W. Hansen, at M.I.T. in Massachusetts under J.C. Slater,

and in England at the Telecommunications Research Establiskment under



D. W. Fry, ‘and later at the Atomic Energy Research Establlshment at
Harwell. These early studies and operatlon of a llnac of 1. 5 MeV at
Stanford are summarized by the Stanford group (Ginzton et al. 1948).
Stanford hee led the field by building successive acceleratore at 20 MeV,
100 MeV, 600 MeV, 1000 MeV in 1960, and 20 GeV in 1966. The status up
to 1955.§as sﬁmmarized_by Chodorow et al. (1955), when the electren-"
energy was'630 MeV.

A special accelerator used in a few laboratories is the betatron.

It uees the induction principle to accelerate electrons. The first model ;’

at 2.3 MeV is described by Kerst (194%1). These machines were developed by

Kerst at the University of Illinois to an energy of 300 MeV.
In the push toward higher energies the principle of phase

stabllity, ‘discovered independently by Veksler (l9h5) in Russia, and Mc-

Mlllan (l9h5) at Berkeley, provided the key to bulldlng synochrocyclotrons

of hundredS‘of MeV, and electron ‘and proton synchrotrons of many GeV
energy. Flnally the discovery of alternating gradlent or "strong" fo-
du51ng by Courant Livingston and Snyder (1952) made possible the

reduction in size of synchrotron magnets and acceleration chambers, to

make economically feasible the construction of electron synchrontons up -

to 6 GeV;end proton synchrotrons up to 500 GeV.

| In the energy range up to 1000 MeV whichAwe are considering in
this article, the principal nuclear physics acceleratore are now Van de
Graaff generators,;cyclotrdns and 1ineer accelerators.'vIn Figure 1 we

see the number of these accelerators for protons'and deuterons between

10-1000 MeV which have been operating in the last 30 years (Burrill 1965),

(Howard 1958), (Howard 1967), (Howard 1969), (Gordon et al. 1963),

e




(F. Chmara 1971, private communication).  The trend shows an increasing
number of tandem Van de Graaffs and sector cyclotrons, whose excellent
beam porperties will be described in later sections of this article. 1In

addition to these positive ion machines there are a number of electron

linacs and few betatrons in this energy range alsoc.
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2. Requi#ements for nuclear physicsvexperimentsL

2;1 Typés of experiments.

The experimental research programs at modern nuclear physicsv

aCcelefatOrs are sophisticated extensions of the'sarly work done by
.Rutherford,',They seek answers ts many questions: tWhat is thélsize
and shabe of the nucleus? What are the details of the forces betﬁsen
' nucleons;xwﬁich hold the nucleus togéther? What ars'the yarisﬁs
energy levels within each nucleus? How many nuclei are stable and
~ how do tﬁe uﬁstable ones decay? How does the nucisér‘scattering,'
'ekcitation or reaction process ihduced by a bombarding particle
proceed? Descriptions of the present status of the'field of nuclear
physics sré given in many texts, such as Harvey.(1969) and Marmier
gt;gl. (1969). An illustration of the structure.of nuclei is given-
by ths energy level diagrams of a light and a heavy nucleus shown
in Figures 2 and 3. The levels are given in MeV. They represent
excited states of the nucleus, in which a nucleos‘is lifted above
its ground state in the nﬁclear shell structure; or.a group of
vnucleons is vibrating or rotating within the nscleus. In the tyéical
light nucleus such as T4 sﬁown in Figure 2, thé-lé&els are usually
due to excitation of 1 or 2 nusleons, and are lQE-MsV’apart. Heavy

238

nucleissuch as U in Figure 3 typically show much closer level
spscing ofv15200 kV. These levels are'usually sue;tovcollective
excitation of many nucleons. |

To answer the questions about nuclear structure aﬁd forces,

a gréat variety of experiments is being done. A main division may be

made between the beams produced at accelerators for positive ions
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and those provided by electren accelerators.

The positive ion beams of protons, deﬁterons, a-particles,
carben;;oxygen, etc. are themselves nuclei, and so.can interact
with the target with the nuclear or "strong" interaction. At low
energies however the interaetion of these ions with a target is

dominated by the long renge electrostatic repulsion, or Coulomb

force. The projectile and target don't come close enough together

to feel the short range nuclear forces, which operate inside 10-13
cm. The distance of closest approach is proportional to the charge
of the projectile and of the target, and inverselyrbroportional to
projectile energy. So for example, the nuclear force is felt by

protons over .1 MeV on lithium, and by oxygen over 80 MeV on heavy

targets. This threshold energy necessary to penetrate the Coulomb

repulsion region is usually called the "Coulomb barrier". Interes

ting "Coulomb excitation" experiments have been done below the

Coulomb barrier, by using the Coulomb force to eXCitevmany nuclear
states. The higher nuclear levels can be excited by using heavier
ions as projectiles, because of their higher nuelear charge. The
energies and other properties of the excited nuclear states are
determined by the y-rays from de-excitation, and by the energies
and angular distribution of the outgoing particles.

At energies.above the Coulomb barrier the strong nuclear
force comes into play. These experiments can thus give information
about the strong force by study of the angular distribution‘ef

scattered particles. The target nucleus can be easily excited to
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various énergy levels by thgseuprojectiies, and ﬁﬂese levels can be
studied 5& iooking at outgoing ?articles and,y-rays. The bbmbardingv
particle may produce a transfer reaction, in which one or more
nucleons are ﬁransferred to or taken from the target nucleus. In
this case fhe reaction process can bevstudied, and the levels of the
‘new residual nucleus can be found. These exﬁeriments have'been
done ét_many bombarding energies, because the nuclear force varies. .
~with energj? and also because éach nuclear reacfion has a particular
energy’of which it has the highest probabilitj'(crqss—section) of
occurring. Thresholds for multi-nucleon transfer may be 50--100 MeV._
Experiménts on nuclear structure have been done at proton energies
up to>severél GeV.

In the past several years the search fdf "super-heavy"
elements has become a popular field for_researéh (Seaborg 1968),
(Henahan'l971), (Flerov 1972). These elementsAforﬁ a group of
s£éble isotopes which is predicted near the clOééd‘shell."magic"
préton number Z=114 and neutron number N=18k. Thié stable island
is sepafated from the highest known stable element, Z=105, by a
group of unstable elements in the "sea of instabiiity". A
promising_ﬁethod for reaching these islands is ﬁhe bombardment of
heavy targets, Z > 90, by heavy ions, to synthésizé the néw elements .
by fusion, fusion-fission, or nucleon transfer. A projectile-
eﬁergy high enough to overcome the Coulomb barrier is required. This
energy is.about T MeV/nucleon as shown by the curves "CB" in Figure
&. Some of these experiments are now being done,'and others will

be poSsiblé with the next generation of heavy ion accelerators.

&

-
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When a charged particlé beam hits a target,‘neutrons ére one
of the most éommon reaction prodﬁcts. These can be collimated
through apertures in absorbers and used as a secondary beam for‘
further experiments. The primary beam moét ofteﬁ used is of
protons or deuterons. For example 14 MeV neutrons can be produced
by bombarding tritium with deuterons of only lOdkeV: 3H(2H,n)a.

At higher energies proton beams of several hundred MeV are puised ‘
onto a Hedvy target. - The neutron energies can be identified by'
their time of flight through several hundred meters, between pulses.
The neutron is a useful projectile since it is not charged and thus
intéracfs mainly with the strong force. It does not feel the
Coulomb repulsion, and so can easily enter targét nuclei at elec~
tron volt energies to react or scatter. Its detection, like its
productioh must be done indirectly, by a collision‘or reaction
produciﬁg charged particles.

" It has been found that particles with "spin" such as the
proton or deuteron interact differently with a target, depending

on whether their spin is "up" or "down", when they are scattered

left and right. For example, the spin-up projectiles may scatter

~more to the left and those with spin-down more to the right. This

spin dependence of nuclear forces can be investigated using a
"polarized" beam of mostly spin-up or spin-down particles. The
early beams of polarized ions were produced by scattering a primary

beam from a well chosen target at an optimum .angle, using the known

spin dependence of the scattering to give a secondéry polarized beam.

s
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Since i9601ﬁodern acceleratofs-havé'begun to use:éources of polafized’
ions (Haeberli 1967) in the injection stage of the.éccelerator.
These sburcés separate out ions of one spin direétibn by using
the atomic magnetic moment in a magnetic field;;-Thé polarized
soﬁrces“giVe ordersbof magnitude more polarized beam intensity at
the adcélerator_output.end than the old secondg?y beam scattefing
method of.production. Polarized neutron beams can be produced aé
secondary beams emerging at certain angles from either positive_
ion (Walter 1970) or photon (Baglin l971)hreactions on certainv.
targets. These beams are of low intensity but éive unique nuclear
information. | | |

The use of electrons as bombarding particles gives a dif-
ferent.kind of information, since they don't interact with the |
strong fofce, but primarily with fhe well—known-elgétromagnetic
fofcé. Thus thg scattering éf electrons can gi&e clear information
about the size and shape of nuclei and their cdﬁétituent nucieons
Qithout-disturbing their structure (Wilson gg_é;, 1964). As the
energy'éf fhe électrons increases, their "wavelength" decfeases;
giving better resolﬁtidﬁ. "A 50 keV electron beam in an electron
micrbscope has a wavelength of 10-9cm, so it canlbnly resolve
thousands of atoms. The 20 GeV beam of the 2 mile Stanford linac
cén reveal the internal structure of nucleon wifh its wavelengthv

or 10714 _ 10715

em. Another useful property of high energy
electron beams is that they produce X-rays, cnéated as bremsstrah-~

lung, especially in a target of high atomic number. These can be

et
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used as a projectile.for nucléar reactions, orsto:prOAuce neutron
or poéitfoh’beams in a heavy targef. The short pﬁlse capability
(several nanoseconds) of the electrén linac makes the neutfon time-
offflight experimenfs attractive. The positfoh beams are usually
‘producéd'by inserting a target part way along the electron linac.
The positr§ns are accelerated byvthg remaining length of the linac:
and can bé used to make photonk(y—ray) beams by.decay in flighi iﬁ
a light‘target. These monoenergetic photon beams.ére useful in |
making mofe precise measurements invnuclear structﬁre studies than
are poséible wifh the photons pfoduced simultaneously over a broad
energy spectrum as bremsstrahlung. Sources of polarized electrons
(Baglin 1971) can also be used to inject electron linacs. The
resulting polarized beams can be used as projectiles to study spin
dependeﬁt electron séattering effects, or they can be convértéd to
polarized Bremsst;ahlung in a thin target, for use in other experi-
ments.

At energies over seferal hundred MeV protons and electrons
can convert their kiﬁetic energy into mass whén_they hit a target,
to create ﬁ—mesons, and many other short-lived farticles. Their
properties are being measured by the high energy experimentalists,
and their placé in this complex field of subnucleér physics béing
investigated by high enefgy theorists. They canualso be used as
projeétiles for studies of nuclear structure, if their intensity.is
high enough. Also the negative u and T mesons cah_repiace electrons
in a tafget atom, but much élosef to the nucleus;‘»fhevX—raysVemit—

ted as'these mesons cascade down through the atomic shells, give'
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valuable iﬁformation'about the size and shgpc of_tﬁe nucleus. Over
fhe paét decadé a number of proposals for "mesqh'factories" have
appeared (Rosen 1966). Several afe'now ﬁeing bﬁilf,'such as the
Los Alamos 8OO MeV proton linac (Rosen 1969). vIt.will prbvide:
acout iOOO times more primary proton beam intenéify'thanvprevicusly
availcblé, and thus lOOOItimcs more U and T meson secondary beaﬁ
‘intensity aléo. |

2.2 Beanm réquiremenfs

2.2.1 Pgrticles and enefgies.

Since the forces and structure of nuclei are so complex, it

is useful to have a large_variety of projectiles -at various energies

avqilable._ Beams of huclei, electrohs, photons,'of uristable par-
ticles eachrgive a unique type of information.i High maximum ehergy
of an acce1erator is always an advantage, of course, because it
aliowé investigation of nuclear forces in a wide energy range, and
mékes éoséiblc reactions with high threshold enefgies. Somc
interacficﬂs prccecd through a narrcw energy iével in the interme—v
diate ﬁccmpound nucleus" of the temporarily fuséd_projectilc plus
_targeti These "resoncnce" interactions can be'obéerved by'farying
‘the enefgy.in small sfeps écross thc resonance,iénd thus require an
éccelerator beam of precise and easily vériable energy. The re-
‘quirements.on beam characteristics for Qarioué.cxﬁeriments have
beec described for example by Conzett (19662a) andAConzett et al.

(1966b).

Fndd Fen

2.2.2 Enefgy spread.

"The spread in ehergy of an-accelerator'beam determines what

b

4!
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types of éxperiments are péssible V;£h’thé beam. “Fér the stﬁdy of
closeiy spaced energy levels or narrow reéonances the beam must have
a spread, AE, less than the levelvspacing,_or the iévels will be
washed 6gt. .This is illusﬁrétéd by Figure 5, shoﬁing the y-ray
yield froﬁ:5—12 MéV protons on aluminum. The ls,keV resolution
at the bdtﬁom sﬁows many more details of the inte?actiqn, than if
the fesoiution were several hundred kV, as simulated by averaging
over lgréer inter?als, in the upper curves. It is often useful to
megsure the width of a nuclear'level, which can be done only if the
beam energy spread is of comparable size or less than the level
vidth.

There are se#eral other advantages in ha?ing beams of
narrow energy spread. One is that a peak in thevénergy spectrum
of scattered particles due to a weak reac£ion can be better sepa-
rated from the background. vAnothervié to make éure that the energy
being used doeé not overlap with a nearby reéonancé where thé
iﬁteraction is greatly enhanced or reduced in strength.

The importance of energy spfead is itsleffeét_oh £he_
experimentf There are sevéralvways in which a relatively large

energy spread'from an accelerator can be greatly reduced in its

-effect on the experimental:data. One is by use of a high resolu-~

‘tion analyzing magnet, which selects only a small part of the ac~-

celerator beam within a desired energy interval fdr use in the
experiment. Another technique is to spread the energy out linearly

across the target using the dispersion of an analyzing megnet, and
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then briné.the various energies back to a fdcﬁs:wi#h another magnet
after the target. This is often called "dispéfsidﬁ:ﬁatching" 6f
thé tﬁd magﬁets. Theée techniques will be illustrated in léter
secﬁi§né of this paper. |
2.2.3 Béam emittance.
 .A beam of charged particles is composed of a large nﬁmbef
of indiﬁiduél particles, eaéh With its position énd.velocity. Fbr_
an acgelerator beam the particles will usually ail have the same
speed ﬁitﬁin 1%, and the same direction within 1° §f the axis. A
-schematié-representation of a beam is shown in Figure'6. Thé yAs
axis is the direction of travel, and the X-~axis is one transverse
direction. This group of particles is also shown'as a "phase plot"
in the X-X' plane, called phase space in the usual language of
beam tfansport or beam "optics" (Banford l966).> The.X—dimension
gives fhevdistance from the axis and X' givés_the:divergence of
each particle from the axis. Since the divergenéé angles are
"normally small, the taﬁgent dX/dZ is a good app;'okimation for the
angle.h Sample points.are shown to illustrate thé‘correspondence
between X—Z and X-X' sbaeeél It is convenient to éséume that the
boundary of the beam envelope is an ellipse in‘phasé space, because
.- the eliipsé transforms to other ellipses with équai area as the
.beam is transported along the beam liﬁe. - The aréa of the ellipse
in phase space is usually called the "emittance". Smaller emittance
‘beams afe:easier to transport and meke possiblelbetter quality
expériments. The units of emittan%e are millimeter%miiiiradians,

centimeter-radians, etc. When a beam is accelerated, the momentum




v‘ _19—.

increasés‘along the'axis,‘bﬁtbthe trahsverse_momenta do hot change,
" so X! aﬁa emittance are inversely proportional t6 momentum. So in
stating the emittance of a béam it is important to specify its
momentum_orvenergy. '

'_Thg‘transport of a beam through a simple beam transport
syétem_iS'shown séhemétically in Figure T, inlboth X-Z and phase
space. vThe source of particles from an accelefatorvis shown on- the
left. -Four sample rays arebshown being transported down the beam
line to an image point by two focusing lenses. This»image can be
~at the térgét, or at an intermediate point which serves as a source
for succeeding lenses. The lenses are usually magnetic quadrupoles
for energies in the MeV range. vThe phase §1otsrat:points along
the line in Figure T sﬁow the changes in shape due to drift'lengﬁhs
and focusing lenses. The area of the_ellipse stays constant ac-
cording to Liouville's Theorem (Banford’l966), The image has
larger size but smaller divergence than the source because it is
further from the nearest lens. The lens positions or strengths can
be adjustedvto give any desired image size, but thé'area, or (AX)(AX")
Qf the upright ellipse. remains constant.

| The beam arriving at an éxperimeﬁtal térget is shown in
Figure 8, a diagram similarvto that of Conzett_(l966b). The ideal
rscatteriﬁg or reaction.experimenﬁ would have‘an.iﬁcoming beam of
zZero di?ergence aé in Figure 8A. The outgoing parfic1es are mea-
sured by a detector at angle 0 to the beam line. Afreal experiment
uses a-beam of finite divergence as in Figuré 8B or 8C. 1In Figure

8B the last focusing lens is adjusted to give a wide parallel beam
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on the target. However the~sééttéring angle'seen by the detector
varies froﬁ 61 to 62. If the'éxﬁériment islsenSifi&e to scattering
angle, as in the case where high energy resolutidh_is required and
the energy of the scattered‘pérticle Variesrcoﬁsidéfably with{aﬁgle,
| theﬁ thié vériation of écattéring anéie maj notvbertolerable. ThéJ
last léﬁé could be adjustéd to focué beam on the target, as in
Figure BC,T:In this case the beam épot is small aﬁd the previous
type of angular spread does not oceur. But a»different angular
.sp;ead now appears, 61 to 62,-due to a Variatioﬁ of incoming
divergénce on the targét. This is Jjust as bad asvthe previous
spread. So the incoming diVergence produces an angular spread in
scattered beam due either to spot size or divefgencé_on target; In.
‘practice the lens would be.sét at an_intermediateuﬁbint béfweén
Figufé BB'and_BC tovminimize both effects. Thus.the incbming_
divergéhce,ionevcomponent of the_emittancé, se§$ a lower liﬁit on
‘the angulﬁr spread 6f the beam at the detector. -If this spread is
too great, tﬁe beam muét be collimafed, with a loss in intensity..

- So the ¢mittaﬁce, as wéil as the'intensity, is a'véry important
parameter‘of'aécelefafbr beams. The above example was simplified,
‘éince.therevwould alsd be a finite soufce éiie, as well as diver-
gence, ﬁhich would also contribute to the beém size on target, and

thus the angular spread at the detector.

2.2.4 Time structure.
The time structure of the accelerator beam is important for

some experiments. For example if the acceleratorvbéam is on only
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.1% of the time, as in a t&ﬁical pulSed eléctron linear acéelerator,
then ali.ﬁhe-interactions oécuf within that short fraction of time
and oufgoing particles of high cross-sectionvféactioné may overload
the detector unless the beam intensity is reduced.‘ This sort of
small dﬁty cycle is especiaily éérious when coincidence experiments
are done. ‘Here two outgoing particles from the réacfion are'detééted.
simuitanéously to study their corrélation_or tq‘sépafate them from
other reﬁction products which have.tﬁe same enérgj}‘ Many more
accidenﬁalvcoincidenceé_from reactions occuring.at slightly dif-
ferent times occur within the resolving time of the detectors,

when all;of the beém comes in short bursts, thén if the same average .
beam intéhsity were spread out smoothly in time (anzett 1966a),
(Griffiths et al. 1966). The duty'cyéle dr fractional "on time' "

6f acceieratofs is often described as "macroscopic" duty cycle

for time structure in the microsécond or larger region, and "micro-
scopic"_fof‘time strucfure in the submicroseéond_region.v Acce-
lerator beams are pulsed in the mééroscopic region for several
reasons. In eléctron linacs there_aré'practicél'limitations on
radiofréqqenc&'power for the‘acbeleréting voltége. Iﬁ'higher
energy proton machines such as syncﬁrocyclotrdns_or synchrotrons,
the Accelerating frequency or magnetic field is modulated"in cycles;
The microscopic pulsing oceurs in linear accélérators and cyclo-
trons because the beam is accelerated jusf at the-peaks of the
sine—wéve high frequency voltage. The frequencieé>used vary from
5-20 MHz for cyclotrons to several GHé forvelectron linacs. From

the experimental point of view the macroscopic-microscopic descrip-



tion is-useful because deteétof time_resolution gaﬁ normally be
made shortér than a microsgcond;fso pulsingrin'the macroscopic
region‘is mére likely to be a lihitation-bn'coiﬁcidence experiments.
In théAmicfoscopic region the pulse_separation’would be .1-.001 u-sec.
This structure would not be as serious for experiﬁéhts, since it
is moré:difficult to feéolve two events on this time scale.b The
best accelerators for coincidence experiments arg thoée with a
steadva.C. beam, such as Cockroft-Waltons and Van de Graaffs.-
-'.For.other types .of experiments, the pulsea nature of some
aécelerator beams can be put to good use. As ﬁenﬁionea previbusly-
the produ@tion of neutron beams is often done‘ﬁy'a,pulsed posi—'
five ion or electron beam-hitting a targeﬁ. The neutron enérgies
are thén.easily measured by time-of-flight to a detector. Here
the requifement is for a maximum primary beam intensity within
asvshort-a time interval as possible, to obtain good’neutron
intenéity and energy résolution. The natural macfoscopic pulsé
feature éf electron linacs and synchrocyclotrong is ofteﬂ used
for thésevexPeriments. For cyclotrons and protoﬁ linacs the
ﬁicroscopic pulses caﬁ be narrowed, and SOme puiées suppreésed to
give high inténsity pulsed beams at useful fépetition rates. With
D.C. acéelerators, such as Van de Graaffs,_puléing systemé have

been built to provide useful pulsed beams.
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3. D. C. accelerators
3.1 FSingié sfage sysfems
3.1.1’1Transformer-re¢tifier voltagé'multipiiers;

" The operating principle 6f'the transformer}rectifier vol-
tage multiplier is shown in Figure 9.. A transformer feeds about .
100 kV of A;C. voltage to the rectifier—capacitor stack shown in
Figure 9A. Soﬁe of.the early electron acceleratqfs'of the 1920's
uséd the first stage with one fectifier and one capacitor to acce-
‘lerate'éiectrons as high as 350 keV, usually to produce'X-rays.
Later in fhe 1930's ‘ion accelerators started usiné the singie stage
up to about 200keV. ' The uppér part of the rectifier-capacitor
stack of Figure 9A multiplies thé'voltage u? to’nV; where n is the
number of rectifiers. Thus n times the transformér voltage appears
at thevtop,'with only 2V appearing écross any of fhé capacitors or
rectifiérs.. This circuit was adopted from previous circuits by
Cockroft and Walton (1'932) to give a beam of. 100-500 keV protons for
the first'nucleaf'reaction produced by an accelerator. Their |
accelerator: tube waé similar to thaf of Figure 9B, evacuated in-
side, and standing about 10 feet hiéh. In the 1950's‘some "chkroft-
: Walton" accelerators were built-wifh-solid state selenium rectifiers
instead of vacuum'tubes. By placing the rectifiér stack and acce-
lerator tube'in a pressure vessel at 10 atmosphefes to suppresé
sparking,.énd adding anothér transformér—rectifier_stack beams‘
“up to k4 MeV protons at 1 ﬁA intensity have beénrreported (Reinhold
et al. 1967). More commonly the instaiiatiohs'afe operated

in air at voltages up to l-MV, although a test facility"
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at upvto 2.5 MV is operating.wiﬁhout acéeleraﬁor tube (Reinhold
et al. '1971:)'. At the end of 'thé 1960's éilicon rectifiers began
to repiacé.selenium because of their superior high current density
and high frequency capability. The éilicqn rectifiérs are more
eaéily'aaméged by sparking, however, and so need %o be carefully
protected.r Today many'Cockrofthaltdn accelerators ﬁp to aboUt
l'MeV are used for ﬁﬁclear bhysicé in laboratories throughout the o
worldgv‘In addition fhey are used as injectors.fbr protbn ana
heavy ion linacs at about 750 kV.

A modified version of the Cockroft-Walton voltage mﬁlti-
plier, using parallel voitage feed, is shown in figure 10. Here
"~ the rectifier stack is fed through the'capacitors in parallel from
a semi-circular rf elecﬁrode extehding thevlength of the column.
This arrangement allows moré current with faster rggulation to bé
supplied to the upper stagés by the parallel feed,'compared to the
séries feed of the conventional Coékroft—Walton dééign. Thé

pressure vessel, usually containing N, and COQ; or SF6, suppresses

2
sparking along the rectifier stack and acceleration tube, and allows
a very compaét structufe. "Such a pressure‘veSSel greatly reduces

the size of any D.C. accelerator of over 750 kV; although access

for maintenance is more difficult. Such a system has been developed

by Radiation Dynamics Inc. of New York, naming it the "dynamitron".
They have built machines of 4 MV, which give beam currents up to
2 mA of hydrogen ions (Cleland et al. 1969). The voltage generator

can give 10 mA of current, most of which goes into beam-induced ion

and electrdn currents in the acceleration tube, ét thé high'voltage'
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and current levels. Recently a 3 MV model'of similar design has

been built at Berkeley as an injector for the.modified heavy ion

‘linac, the "Super Hilac" (Spence gﬁ;g;, 1971). Here the voltage

generator is rated at 15 mA at 50% duty factor, and uses silicon

diodes:ét ibo kHz frequenéy. The beam currents-will be limited by
the heavyiioﬁ soufce and acceleration tube.
3.1.2 Elecffostatic charge transfer machines.:

The transfer of charge from ground potential to a high
voltage dome byvan insulating belt is the basis for one of the most
importént tyées of accelerators for nuclear physics. This system
was pioheered in the 1930's by Robert J. Van‘de.Graaff and co-workérs,
so this machine is usually called a "Van de Graaffﬁ electrostatic 
generaﬁor. The statﬁs of this field was extensively reviewed by
Van de Graaft et al. (1948), Herb (1959) and in Livingston et al.
(1962). |

Thé principle of the Van de Graéff acceleratér is shown in
Figurevllf A’D}C. voltage source ié applied td’needle points at
the grounded end of the accelerator. An insulating belt of rub-

berized fabric or cloth then carries the charge up to the terminal,

-where it is collected by poihts’in the high voltage dome. A

source of ions or electrons is placed in the high voltage dome, and

a beam is accelerated down the evacuated accelerating tube. This

" tube is built of glass or ceramic tubes sealed'to metal disk spacers

which divide the potential drop uniformly along:the tube by means

of a resistor string, or corona discharge between surrounding corona
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rings. ‘The whole assembly is usualiy placed.iﬁ a pressure vessel at
about 10 atmospheres,‘allOWing a éompact design at the higher

voltagés. In the 1950's the laboratories of MIT and Los Alamos

were pushing the voltage limits upwafds with newly designed machines.

They wéfé built vertically to carry the large ﬁeight of the long -
‘acceleraﬁihg column. They had_inﬁermediété poﬁéntiél shells to:
distributé thé voltage between the terminal and tﬁe pressureyve5selﬁ
Their désign voltage was 12 MV, but they actually reached only 9 MV
at MIT'épd.B MV at Los Alamos. Development work:has continued in
the 1960's, especially with the introduction of the tandem system
to_be described in the next section, at MIT and_the.High Voltage |
Engineeriné Corporation (H.V.E.C.) (Trump 1967), (Chmara gﬁ!g;,
1971) and at other laboratories such as A.W.R.E.,.Aldermaston,
Englaﬁdf(Héwe 1969). Work has been done on undefétanding high
volfage breakdown phenomena, study of gas and soiid iﬁsulators,
' ﬁnd fhe design of bettef accelerating tubes. The,gccelerating 7
tubé, wheh'béam is passing through it, is usuélly7fhe limiting
factor on the maximum voltage obtainable on the terminal. A
recent improvement is the inclined field accelerating tube, which
uses electric or magﬁetic fields transverse to thé‘beam direction to
deflect low energy electrons and ions out of the tﬁbe into the |
metal sﬁacer electrodes. The transverse fieldéﬂare periodically
reversed so the aécelerated ions of the beam de&iate only slightly
from the axis.

Muchvimportént development work in electrbstatic accelera-

‘tors has:been done'by R. G. Herb's»grgup at the University of
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' Wisconéin'and iater-at the National Eleétrostafic'Corpéraﬁion
(N.E..C.)' in Wisconsin (Hefb i971). Herb has used somewhat different:
techhiqﬁesithan thosé of Higﬁ’Voltége Engineering éérporaﬁion and
the MIT.group.: In 1955 he built a machine using.metal charge car-
riers in.the form of staples:in a rﬁbberized fabfic belt. :A
bakablé'aCCélerating_tube was made of alumina ihsuiatingvrings
brazed to mélybdenum disks &ith no organic materials. Iﬁstead of
inclined'fiéld tubes for discharée sﬁppression, Herb:used decoﬁp;
ling sectiqns between accelérating sections. A‘ﬁifénium gettef—

ion pump wés used for a clean vacuum. The metal.charge carriers
later evolved into a chain of metal cylinders conpeéted by links

of an inéulator such as nylon, as shown in Figure lé@ This
construction has a long life and.minimizes dust and lint. Voltage
fluctuations due to charging are very low. HoweVe?; power trans—_.
mission to the terminal. is less than for a belt, sbvéeveral chains
are used. ﬁerb has giveﬁ the name "Pelletron" to this acceieratér,
because thevcharge is brought to the terminal.by'mgtal pellets.

The larger versions arevof the two stagevtype, to be“described in
the next section. |

3.2 »Multistage accélerators;

A great advance in electrostatic acceleratéfs was mﬁde
with the advent of the two-stage or "tandem"'system,'suggested by
W. H. Bennett of thovState University in 1937 (Rose et al. 1970).
This system will double the énergy of protons or deuterbns from a
given amount of terminal voltage. As shown‘in,Figure 13, negative

ions are accelerated from ground potential to a positive high
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voltage terminal, stripped there in a fhin foil:or gas canal to a
positive charge, and accelerated again by an e*tenéion of the
accelerating tube back to grdund. A charging system is contained
in one half of the accelerator. A.D.C._generator with 5 MV on its
terminalféan produce only 5 MeV protons in the qonvéntionélfsingle-
ended, single stage configuration, Figure 11. 1In the two stage
system H ions are accelefated to 5 MeV at the[términal, stripped.__
to bare ﬁrdtons, and accelerated another 5 MeV to the output
ground eﬁd.of the accelerétor giving 10 MeV total energy. Doubling
the energy by this charge exchange method is much easier than
building a machine -capable of twice the terminal voltage. An addi-
tional advantage of the tandem over the single stage design is
that the ion source is outside the accelerator, alloﬁing it to
remain pressurized for months without servicing. The tandem field
" has been reviewéd recently by Rose et al. (l96f), Wegner (1969),
and.Rose et al. (1976). The tandem principle can be abplied-to |
any of.the D.C. accelerators of the previous éectioh. |
A tandem dynamitron voltage multiplier, 5uilt by Radiation
Dynaﬁics, Inc., has recently become operational at the Argonne Na-
tional Laboratory near Chicago (Cox et al. 1971). With 4 MV on the
terminal it is giving 50 YA of 8 MeV protons, with an energy spread
of about l.LeV. The machine is horizontal with_each half mechani-
cally supported from its own end of the pressure vessel. Vacuum
tube rectifiers are used in the voltage generator.. The accelerator

tube is made of sections of pyrex glass and stainless steel cemented

together. SF6 at 100 p.s.i. is used as an insulating gas. The
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H or 2H_ sburce can be pulsed to‘give output pﬁised proton or
deuteron*ﬁeams of 1 mA intensity during the pulsejof 1.3-2 nano-
seconds width. This beam is’used to produce pplsed néutrén beams
ffom a taréet, for use iﬁ neutron time—of—flighf experiments. The
volfage.geperator has operafed with up to 5.7 MV on the terminal
without'acceleration‘tube, but the ma#imum voltgge with begm is
4.0 Mv étvpresent, due to ioading effects in thé aéceleration tﬁbé,_
Another 8>MeV tandem is being builf for the Ruhr ﬁniversity in
Germany with a specification of 100 uA D.C. curfent, and 2 mA
pulsed iﬁtensity at 1 hanosecond width (P. R. Hénley 1971, private
communication). | '

The main development and construction of ﬁandem‘acceleratorsv
has'beén by H.V.E.C. using the Van de Graaff belt éharging system
(Wegner 1969).' As shown in Figure 1 the.tandem”came into wide-
‘spread use in the l960fs,'with.praétically all units being built
by H;V.E.C. With their cbnfinUed development proéraﬁ of impfoving
accelerafing tubes, they have pushed the voltagés of thé FN model
up to 10 MV'on the terminal, and in November 1971 the MP "Emperor"
model reached 14 Mv on the terminal, giving 2 QA of 28 MeV protons.,
An illustration'of an MP installation is shown in Figure 1k. The
injector is on the left, and a beam'analyiing magnet on the right
at the high energy end. The next larger model under development
is the'TUk(Trans—Uranium), which is 81 feet long and 25 feet
, maximﬁﬁ digmeter (Shaw éﬁ_g&, 1970). If is inSuiéted with SF. gas,
and rated ét 16 MV with a design aim of 20 MV. It has operated at

21 MV without acceleration tube. This program haé'temp?rarilyvbeeh

i
i
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suspended“due to’laék of‘funding. .A high curfenﬁ series ofvéompact
téndems,.the T8 and T10 are élso available. They have hbrizontél
accéleréting tubes with the voltage generatof Bringing charge up
from below. The total length of accelerating tube is only 16 feet
for 10 MV in the T10. If has produced 100 pA of pfotons at_8 MeV
and 25 YA at 11 MeV. |

.A laboratory layout of the MP fandem at:Yale'Univeréit& is
shdwn in Figure 15. ‘The beam balance on the "image slit" after
the first bending“magnet ié normaliy used inva!feedback system to
regulate the terminal voltage, keeping the.beam énergy constant.
The swifching magngt directs ﬁeam to various experimental areas.
it is con?enient to have several independently_shiélded‘areas or
"caves"_so‘fhat an ekpefiment can run in one ca&e, while 'a following
expérimént:is set up in another cave. Various‘scattering or reaction
chambers containing detectors are placed at thé.ends of the beam
liﬁes. A "multigap" spectrograph is used on onevlihe to magnetically
analyze'the reaction products from & target chémber. The'control |
room and a computer for'analyzing experimental data are shown at
the top oftFigure 15.

Thevtandém accélérator is also built as'é Pelletron by

' N.E.C. (Herb 1971). Usiﬁé the techniqués mentioned in the preVious
section, modules of 1.5 foot length and 1 MV fatiﬁg'are stacked up
to give the desired voltage; A tandem Pelletron,rated atvlh MV
(28 MeV ﬁrdtons)lis being built for the Au;tfaligﬁ National

University.
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"The next step in pﬁéhing D.C. acéelerétoré to highef
energieé is the use of 3 étagés of aCceleration.v'Thé principle is
shown in Figure 16. A negative ion source’is'plaéed inside the
negatiVexterminal of the first stage.. The negativé‘ions afe
acceleratéa to grouhd potential, énd then ﬁp to-thé positive ter-
minal 6f the second stage. Thére they are strippéd to pbsitive ions
and accelerated a fhird time in going back to ground potential.
This system requires an additional injection stége to the 2 stage
tandem. The proton.or deuteron energy is the Suﬁ,of the injection
voltage plus twice the second stage voltage. Figuré'l7 shows an
illustration of a laboraﬁory using a.three stage éysfem. In this
case théftdtal energy is 5.5 + 2 x 6 = 17.5 MeV. Three stage sys-
tems are also in use at other laboratories such;as Los Alamoé and
OXford, England. AtrBrookhaven,'New York thé largest three stage
System usesitwo MP tandems with a negative ion source in one of
them. With the terminéls at about 10 MV each, L pA of 30 MeV
protons'have been accelerated (Wegner 1971). This is the highest
energyvreached by a D.C. accelerator. The Unifersity of Washington
uses a somewhat diffefenﬁ 3-stage system with 2:m§de1 FN tandems.

There a neutral stomic beam is formed by charge exchaﬁge of a
positife ion beam from a séurce af ground poténtial. The neutral
beam drifts to the negative terminal, where it picks up an electron
in apother exchange canal. It then accelerates_thfough 3 stages
as in thé other systems, giving 2theV protons.v-Compared to the
'termiﬁaleOurce method, this system has the advéntage of an ion

source at: ground potential, but the disadvantégé of the 1owef,in—
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tensity from 2 chgrge'exchanges,.and mqre.terminairpumping in the .
first.terminal for the cﬁarge-exchange canal. A'fhfeé stage' ': ;
Pelletron.machine is being installed at the University of Sao Paulo,
Brazil. llﬁfproduced-h + 9 x 2 = 22 MeV protons invtests at N.E;C;
(Herb 1971).

3.3 Ioﬁ‘soﬁrces and Speciai techniques.

, In Qrder to prbduce the beam characteristiés required for
variousbeXPeriments, ﬁany lﬁboratories have developéd special ion
sources'énd‘devices to improve beém intensity, enefgy spread, and
fast pulsiné. Severgl of these ﬁill be describéd in this section.

Muéh development has taken place in ion soﬁrces (Livingston
et al. 1962). The rf source was used for many years for proton and
deuteron beams. Then thevduéplasmatron came aléngiwith greater :‘
intéﬁsity. vMore recently sources for negativelyvéhargedvlight and
héavy ions:for tandems have been developea'at H.V.E.C., Los Alamos,
Oak.Riage.and elsewhere (Rose et al. 1967). 'bﬁé,of'the moét succeséful
of the.souréés for negative heavy ions is that:of_Heidelberg
(Heinicke et al. 1969). It uses a Penning discharge in a magnétic
field, with a furnacevfor.sqlid materiais, and proauces many'nega—
tive ion species throughout the ﬁériodic table, éﬁéh as Li, C, O,
c1, Br, U, ete. | |

Séurces of polarized ions have been built at many labo-
ratoriés‘iﬁ the past 10 yeafs to replace the older scattering
method ofimaking polarized beams. They are usually too large to
vut inside the terminal of a single-ended machine; so negative

polarized hydrogen and deuteron sources of the "Lamb-shift" type
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‘have been developed for use'with'tandem acceleratbrs. In this
type of éoufce.a positive iéh.beaﬁ is neutralized in a cesium vapor
canal.';Spme of thevatoms are formed ig the metastable 25 state.
Some of théée are quenched to the ground staté in ﬁhe following
electric and magnetic field regibn, leaving polarized metastable_b
atoms. Then an electron is added selectively tb only the meta-
 stable atoms giving polarized negative ions. Theée sources have
been reviewed by Haeberli (1967) and Clegg (l97i). External po-
larized beam currents‘of 50-200 nanoamps have been obtained from
tandem.aéceieratbrs, with the highest of those-intensities re-
ported by McKibben (1971) of Los Alamos. |

| One of the great édvantages of the D.C. acéelerator is its
beams of émail energy spread, 1-5 keV. The eneféy spread is caused
mainly by‘£erminal voltage fluctuétions, with a small contribution
frém the ion soufce. The terminal is normally stabilized by a
feedba;k system from analyzing magnet.image slifs. For precision
experiménté on closely spaced levels or sharp resonances, better
regulatibn is necessary. A system giving excellent performance is
used by Dﬁke University in North Carolina‘on avh'MeV Van de Graaff
(Parks et al. 1958) shown in Figure 18. They.cali it the "Homoge~-
nizer“. In this system the main target for the_experimept uses a

A o . + , v
proton beam, while an H, beam is used to regulate the terminal

2
voltage with slits "O". This beam then passes through a 1 meter
radius cylindrical analyzer to analyzer image slits "I". The

differential signal from these is amplified to supply a voltage to

the'outer;analyzér plate, bringing the beam back to the center of -
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the anal&ier image slits.  At the same time.a @ﬁifiple of this
voltage is.put on thévpfdton tafget to bias it §b6&e ground potentiél
and providé'a small deceleration‘td the beam. The result is that
* energy fluctuations of the'beam are compensatedfﬁy voltage varia-
tions of the target. This method reduces the béam‘energy spread
of a 2“M¢varoton beam seen by the target from fhe'normal 2 keV to
only 250'eV; As a result much better high resélution'data can be
taken, as shown in the next section. |
”_Aﬁbther technique which is widely used”in:aCCelerators is

beam pulsing.- Short ion ﬁulses of about 1 nanosééqnd'width are
usefulsfor méasuring the energy of secondary neutrons by time-of-
flight and for measﬁring short half-lives of raaioaétive reaction
products. .One of the best pulsing systems is thatlin the terminal
of the_O.ak vRidge 3 MV Van de Graaff (Moak et al. 196k) shown in |
Figure 19. Here a duoplasmatron ion source béam at 30 keV is chopped
.by.ﬁ6§ing it.with pairs of electrostatic deflecting plates in ﬁwo
planeé past an aperture. 'By using a fréquency.of:l MHz on 6ne
pair of élaﬁes_and 3 MHz on the éther a Lissajous pattern is pro—.
duced at the”épérture. Tﬁé higher frequency gi&esxa fast axié
crossing ahd'the lower one a slower repetition.rgté, compared to
'operation with a single pair of plates. A bunéher using the
KlyStron ﬁ?inciple operateé at.27 MHz to compréss thevchopped
pulsesvin time, by deéelerating the early partiéléé and accelera-
ting the late ones. The beam is then-accele;afed to . T0 keV for
injection'into the acceleratién column. vThe_resulting beam pulses

of the full energy beam are shown in Figure 20, at‘increasing buncher
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Voltage freﬁ bottom to tep. AWith no buncher voltage (bottom) the
width is i2 nanoseconds end‘the_peak current isel mA.  With 75%
buncher drive (top) the‘pulse width is about‘l ﬂeﬁosecond, and_the
peak current 10 mA. For experimenté'requiring a lowef repetition
rate ﬁhan'is available with the terminal pulser, a.10wervfreqqency
voltage.isvapplied to a third set of deflection plates after ac-
_ celeration to ground potential, to discard 1/2, 3/&5 etc. of.the
‘pulsesvfrem the terminalvpulser. Another methed of pulse compression
which has been used, is a Mobley—magnet (Mobley 1952), which sweeps
the accelerated beam through various flight paths in a spec1al
magnet. But most of the pulsing systems on D.C. accelerators use
methods similar to that of Moak.

‘At Wiécdnsiﬁ a polarized deuteron beam has been used with
a pulsing system for & tandem, giving 3 nanoampe average beam

with 2 nanoseconds pulse width (Davis et al. 1971).

3.4 AHigh'resolution exﬁeriments.

The D.C. acceleratpr has been known fof many years for its
beams of geod quelity, easy energy variability ana small energy |
spread. These characteristics are very important for certain types
ef precision experimenﬁs. In this section some.exemples will be
given of several high energy resolution experiments which were
made possible by using special techniques wiﬁh D.C. accelerators.

The first example is that of a-a scatterlng at 18h keV by
Benn et al (1966) using an electrostatic generator at'Zurlch

University, Switzerland. The purpose was to measure the ground
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state energy of 8Be,-w'hich'fis‘formed for.a_shoft-time during the
interaction of the a—partiéles}f'This was done bykmeaSuring'the
counting rate ovaHe particles scattered at Ls degrees from an

atomic He beam, as the incident energy was varied. The resonant

state was seen as a small deviation in counting rate of about h%‘over

an intervél of some 250 electron voits. To see this very smaii
effect.tﬁe beam:energy spread wes reducéd‘to f5 eV by using an
analyzing ﬁagnet. The beam eneréy was swept through a-6OQ-eV
range.in 2h eV steps every lO'minutes, and the resﬁlts added, to
correct fer long term drifts. An:atomic.helium_beém was used as-
the targeﬁlto reduce ﬁhe Dopﬁler energy spread tdue to the random

thermal velocities in a gas) to 30 eV, compared to the 230 eV of

room temperature gas. The tetal experimental energy resolution was -

aboute90veV. This extremely precisé experiment required good
accelerator stabilization,'speeial beam analysie;'énd a special
#qrget. | |

‘Another exémple of the importance ef goed energy resolutiOn
‘at higher energy is ‘the elastic scattering of pfbtoné'on argon by
Bilpuch (1966) at Duke Uniﬁefsity,_using the'2}5‘MeV_beam from a
single stage Van de Graaff machine. For'reference, Figure 21 shows
’the pfevieus data . in thie energy region fromvloﬁa State Uniﬁeréity,
wherev£hé{energy resolution was 5-10 keV (vop Brentano 1967), |
(Barnard et al. 1961). A single resonance appéarseat 2.45 MeV,

41

due to an excited state of K. ‘The Duke experiment was done

using the energy "Homogenizer" described‘in'Section-3f3,‘which gave
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a beam energy resolution of abouﬁ 250 eV. Figure“?é shows the com~
plex fine sfructuré which appears with this greaﬁly improved reso-
lution.. What appeared to be one resonance in the Iowa data, is now
shown to be T resonances, indicating a more complicated nuclear
level stydqture than was shown in the older experiment.. As in the
Zurich éxperiment, special target design had to be used to keep the
energy épfead from target effects less than those of thé accelera-
tor beam.. In this case a refrigerated windowleés'gas target was
uséd to‘reauce the Doppler broadening; A father high beam current
of 30 uAvat high resolution was available from the Van de Graaff.
This_was necessary to obtain good counting rates from the very
thin target. |

'The'multi—stage Van de Graaff is also capabie of excellent
resolgtion, and can of course explore the higher'energy regions
of 5-30:MeV, which are inacceésible to the sinéle stage machiné.v
One of ﬁhe‘best examplesAof.thevfine performanéé of & tandem Van
de G?éaff is shown in Figufe 23. This work was done by Van Bree
and Temmer in 1968 at Rutgers University, New Jefsey (G. M. Temmer
1971, private communication). The experiment was the elastic

scattering of protons on carbon to study the resonance level of

13

N at lh.23 MéV iﬁcident energy. The large beak/Valley ratio

is evideﬁce of the excellent beam energy reéolution of about

1 keV. This reéolutiOn was made pbssible by rejecting counts when
the terminal voltage of the tandem varied more fhan a preset
amount ffom_the central value. The use of a thin target is also

importanﬁ for this éxperiment.
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Thgse eiamples df high resolutioﬂ exbériméntslillustraté
why thevD:C. accélératoflhas’é re§ﬁ£ation for preéise 5eéms.‘ These
are examéies'of thé best expériments; usiﬁg spééial teéhniques-to’
deéreasé 5éam eneréy spreadé'weli below 1 kéV, ﬁhile avérage'beam

~ energy sfreads at most iaboratories afe 1-5 kéV,.or AE/E = .01-,2%.
lA special example'of:the space cdilimation.that is‘possiblev
with gqoa Quality négative.ions is the productién of "super-célli—’
mated"{bea@s (Armstrong et al. 1969). Al MéV beam of negative
ions frbﬁ a singie stage Van de Graaff at Los Alamos was dirécted
through_fwo collimators 1 m apaft and 25 U diameterf Any negative
. ions which scatter from the collimators or residual gas are stripped
to positi&e ions and swept away]in a small magnet downstream. The
resultant beam was 25 U invdiameter with a'divergenée of only"
.001 degrée. A measurement .5 m beyond the second aperture confirmed
the 25'u size. This method eliminates the slitbscatfering_cbntri—
bution.to beam'size and angular sPread-which woﬁld occur with
_pqsitive ions.
3.5 Future deveiopmentsf
| V'Théré'areVSeQerél'groups‘which are propdéing or developing
larger D.C. accéierators than have been built befofé. “The princi-
pal grpupé in.thé U.S.A. are the companies which build large multi-
stage electrostatic machines, High Voitage Engihéefing Cofp. (H.V.E.C.)
in Massachusetts and the National Electrostatic Cofp7 (N.E.C.) in
Wisconsin. There is also interest in Britain in ailarge nuclear

structure facility.

' The HILABVproposal by H.V.E.C. is shown in Figure 24. This is
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primarilj,a:heavy ion faciiity designed té accélerate all ipns up
to aboufxﬁ = 200 to above the.Céulomb barrier on uranium (Livingston
1970), (Grodzins.lQTO)._ It is 5‘3—stage Van défGraaff system. Thé
negati#e ion sources are-gt ground pbtential in fhié case. The
ions arevacceierated to the posiﬁive high voltégevterminal of the
TU,'stripped there to positive ions and accelerated down to grqund'
through another'stripper half way down the columh. At ground
potenfialva third stripper is used and the beam is analyzed to
transmit the most abundant charge state. This beam is then acce-
lerated ﬁhrough the third stagé into tﬁe negative'high voltage
terminai of the MP tandem.. Theré thé experiments‘ﬁould be dohe
with the héaviest projectiles at intensities of around idll parti-
cles/séc; For‘lower mass projectiles only.one or tﬁo strippers
would be needed.'_For'the lower masées, A< SQ,.the TU alone can
give sufficient energy as’ a tandem,_éo target qréa A can be used.
This pfoﬁe¢t has the disadvantage of a small expérimehtal area
inside the MP'términal, where remote control wpuld be necessary.
There are also plans at Brookhaven to do some preliminary survey
_experiments on high energy heavy ions using a similar éystem with
the ekisting‘2 MP féndems, giving somewhat'lower enefgy than the |
'TU + MP proposal of H.V.E.C. (Wegner 1969). E.V.E.C. has alsovproposed
a 30 MV vertical tandem, 128 feet high, which v}dﬁld give 60 MeV
protons:(Rose et al. i970).

The next Pelletron accelerator proposéd by N.E.C. is a taﬁdem
with'26 MV guaranteed on the termiﬁal, giving Lo MeV protoné‘(Herb

1971), This is shown in Figure 25. The machiné'would.be vertical
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for easiér mechanical support. Tt would be buiiﬁ 6f 20'modules;’
at lvameaéh, stécked ﬁp_for each stagé. A beﬁdihg:magnet below
' woﬁid éénd the bgam to the'experimenﬁal areas.

- A studyAis,under way at the Daresbury Nucléar Physics
.Labéraﬁbrj in Britain for a largevvertical téndeﬁ accelergtor:to
serve és‘é'natiQﬁal3nucleaf stfucture laboratory (H. R. M. Hyder
1972, private communicatién). It would be designéd for 30 MV on
lfhe terminal, with initial operation at 20-25 MV. Its pressure
vessel-wouid be 135 feet high and 27 feet in diameter. The acce-
lerating tubeé would be divided into sections to make space fOr
ihtermediate sﬂrippers, lenses, aﬁd vacuum pumps. The beam would
be bent into the horizontal plane by an ahalyzing magnet at the-
bottom, and then_directed into one of the beam'lines radiating
into three sector shaped target rooms. Space would be left for
later addition df a thirdvstage cyclqtron orviinaé;

'.:An'interesting new idea for accelerating héavy ions td
high énergies with‘one tandem is that of the’”éﬁérge—change-
accelerator" of Hortig (1970). This accelerator is based on the
fact ﬁhat the equilibrium charge state of a heavy ion is higher
after.paSSing through a solid stripper, than aftér a gés stripper;
An ion béam circulates back and forth through a tgndem; being
fetﬁrned'by a'bending magnet at each end. A gas étripper is placed
in the ﬂégative terminal and a ;olid stripper ét each ground end.
Since the charge stafe‘is greater in,ﬁéssing from ground-to high
voltage, than in the passage from high voltage to ground, the

acceleration to the terminal is greater than the deceleration to
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ground. Thus a net acceleration occurs for each half cycle. Hortig
has done studieslto follow the complicated process of the acée—
leration, transport, and multiplé scattering ofAthe beam, which
containé many charge states of various energies. Miessner (1970)
has proposed a modified version With two acceleratihg tubes to
reduce the number of passages through the solid stripper, and‘a
possible additional gas stripper part way down the pélumn to

reduce the deceleration. This system would make a cheap heavy ion

accelerator, but needs more analysis to show its feasibility.
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L. Circular accelerators
4.1 Cyclotrons
"4.,1.1 Classicael and F. M. cyclotrbns .

The trend in*cYciotron construction ovér the last 30 years

' is.Shbwn_in Figure 1. The number of. cyclotroné>accelerating protons .

and deutefoné tp over 10 MeV grew in fhe l9h0's"aﬁd 1950‘5. The
maximum gﬁefgy of the_lafgef machines was 20 MéV.protons, 25 MeV'

. deuterons, and 50 MeV a—particles.' The principle of phase stabi-
lity gave birth to the frequency modulatéd (F..M.)bbr synchrocy-
clotron Jﬁst after World War II. Figure 1 shows:the growth of
the number of F. M. cyclotrons in the 1950's. {They gave:an
immediate increase of,prbton and deuteron energy to hundreds‘qf
MeV, and produced the first mesons fr§m.acceleratof beéms.' Tabula-
-tions of most of these cyclotrons and their charaétefistics can be
'fouhd_ih severalvreferencesf (Howard 1958), (éordén et al. 1963),
(Hamﬁaﬁvgg_g;3'196h); The cléésicalvcyclotrén:éaQé high beam
intensitj,:up”to hﬁndreds of microamps external‘beam, but limifed
energy. The F. M. c¢yclotron gafe much higher enefgies, but the
intensitieS were 1ow due to fhé‘low duty cycle'éf.acceleration.
..InternAi Beams of ‘F. M. cyclotrons were typicélly about 1 A,
and exterﬁal beams only about ;05 HA. Both’claséiéal and F. M.
cyclotrons were ﬁsually of fixed energy. -The-séctor cycloiron
made possible both high intensity and high energy,.which explaihs
the rapid'growth of these new cyclotrons in thé l960's, and the

.slow decline in the number of classical and F. M. cyclotrons. Many
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of the classical cyclotrons'have been converted to'sector cyclo;,
trons,‘adding the valuable vapiable energy.feapgré at the same
time. The conversion of F. M. cyclotrons to sector machines is a
much lafger project bepause of the iarge magnet‘size,'but is being
done or planned iﬁ a few cases. In this sectiop_a brief reviéw of
.the principles of classical and F. M. cyclotrons pill be given.  In
the following section the sector cyclotron will'be.described in
more detail, because of its greater importance iﬁ pfeseht and fu-
ture nuclear physics research. |

The classical cyclotron is illustrated in Figure 26.
An electfomagnet provides a nearly uniform magnetic field between
its poies. 'In the gap two hollow electrodes-called "dees" are
placed. These are fed with a high radiofrequency vdltage, about
30-100 kV at 10-20 MHz frequency. At the center of the magnet
gap is placed a source of ions, in which a stream of electrons
from & hot filament ionizes gas from a feed tube, fprming an arc.
Modernvsources are enclosed in a metal "hood" wiph a small bpening
toward thekdee for beam extraction. The ions are>accelerated at
each croséiﬁg'of the gap between the dees. Duripg the half revo-
lution between the gaps they are shielded from the dee?dee elec-
tric field. When they emerge into the next gap phe sinewave dee
voltagé has reversed and they are accelerated again. As they gain
energy théy spiral outward in the confining magnetic field. Thev
principle which makes the cyclotron work is thét:phe ions- take the

same time. for one revolution in the magnetic field, independent of
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their eﬁergy. Thus their révolﬁtion freQuéncy is constant:

' wp = Bq/m,:where wp is particleIréyoiufiopvfréquéncy, B is mégnétic-
field‘stréngth, and q/m is chargé to mass ratio. Since B and q/m
are neariy constant as thé enéfgy incfeases, wp is constant. The
frequeﬁéy of the.deé'vdltage, wd, is set equal té wp, so0 that the .
beam particles are aééelerated acrbss the dee-dee gap’near.the peak
of the'sinewave dee voltage for mény revolutions.  Thus high eﬁergiés
can be reached in a compact machinevby many passages'through lbw
vvoltage aécelerating electrodes. When fhé beam appfoaches the full
radius of the pole'it is deflectéd out of the ﬁégngtic field.by'
rassing fhfough a narrow channel with a high eiecfric field across
it. vThé béam then goes into an external'ﬁeam pipe to the experi-
mental:aféas. The Whéle dee system is placed in.avvacuum box with
largé'diffusion'type vacuum pumps on it. The'vertical stability of
the pafticle'orbits is produced by a decrease of the magnetic field with-
radiﬁsﬁJ.This causes the field lines to bow outwards as shown in
Figure 26. Since the magnetié force on the particlgs is perpendi-~
cuiér'to ﬁhe field lines, the particles above the:median plahe feel
a downward ;omponeﬁtvof~force, as well as the pfincipal inward
component; LikewiSé the particlés beloﬁ the miafiane feel an up-
~ward.f6r§é_c6mponent. Thus there is a réstoring,ior "focusing",
force toward the median plane, trapping many partiCléé in vertical
.oscillations within the dee aperture. .This focﬁsiﬂg, which for-
tunately existed accidentally in the first cyciof;éns, gives thou-
sands of times more beam intenéity than if it were absent.

The limitation on maximum energy of theﬁdlassical cyclotron
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comes because the particle frequency u% = Bg/m gfadﬁally decreases
with radius. This is due to the relativistic iﬁéfease of particle
mass with energy, and also by the requirement fhat the magnetic
field mustrdecrease with radius tovgive vertical'focusiné. So the
particle Slowly slips away from the peék of the acéelerating sine~
wave vOitage'as it accelerates. This usually is:célled "phase slip",
where the.phase refers to the angular position iﬁvtime along the
sinewave accelerating voltage ﬁave at which the particlé crosses

the accélerating gap. Higher accelerating voltage gives a higher
energy,'but the practical problems of holding high voltages have
limited’classical cyclotrons to about 20'MeV protbns and.SO MeV
a-particles. The detailed theory and description .of this classical,
or fixed frequency, cyclotron can be found in many books and
articles: - (Cohen 1953), (Cohen 1959a), (McMillan 1959a), (Livin-
gooa 1961),' and (Livingston et al. 1962).

The acceleration_of heavy ion beams hasjbeen developed in
several of the classical cyclotrons, as described in a review by
Livingstén.(l970). Alvarez (1940) and Tobias accelerated C6+ to
50 MeV in the 37 inch cyclotron at Berkeley. This beam apparently
ﬁas made by’acceleréting 02+ from the ion source part way out in

. s . e +
radius on the third harmonic mode, w, = 3wp, stripping to C6 in

d
the residual vacuum chamber gas, and accelerating agéin on the

first harmonic mode normally used for deuterons and a-particles,
wy = wp. The beam intensity was too low for experiments however.

This method of stripping from low to high charge state was deve-

loped in the 1950's in cyclotrons at Berkeley, Birmingham,
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Stockholm and Saclay to brovidé carbon beams for physics experi-
'ments at up to 1ol%séc inteﬁsity énd over 100 MeV eﬁergy.. Cyclo-
tfons werelbuiltvin Oék Ridge and Leﬁingréd in‘thé i950's to
.acceleréte"about a.microamp of N3+’directly from ﬁﬁe ion sqﬁrce to
thé 20 MeV energy region; 1-2 MeV/nﬁéléén. vIn thé late l950's qnd
1960's sévéral cyglotrons were_bﬁilt to acceleréfg‘the highest
éharge states available from thé'ioh source, to 6b£ain énergies
of around 6 MeV/nucleon which are necessary.to penetrate the -
Coulomb barrier on heavier targets. These wefe.at‘the Kurchétov
Institute and Dubna in the U.S.S.R. and at Tokyo; The largest is
the Dubné 3i0 cﬁ model which accelerates ions up to mass 64 to
6 MeV/ﬁuéléon;' It has been extensiVély used for ﬁhevheavy element
research ovalerov's groﬁp. PIG type ion sourées a?e used in these
cyclotrons to obtain high intensities of multi—chafged ions.
(Bennettv1972a). The Dubna group under Flerov.and fhé Berkeley
hilac grdup‘of Ghiorso have been in cdmpetitioh_férlthevpaét féw'v
years in thévsearch for new heavy elements (Henahan'l971), (Flerbv
1972). Both'groﬁps'claim the discovery of elements 104 and iOS,
which_are called kﬁrchatovium and niélsbohrium atVDubna, énd
rutherfordium and hahnium at Berkeleyf ‘Research at a third
‘v laboratory is needed to fesolve the controvefsy. |
The relativistic limit ofvthe‘classical’éyclotron was
' overcome by the F. M. cyclotron. Here the freqﬁenéy of the dee
voltage,lma, is slowly reduced as the beaﬁ accelerates, to match

the decrease of .the particle revolution frequency,‘wp. . The magnetic
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field decreases with radius to give vertical fobusing. The disco-

‘very.bf phase stability by Veksler (1945) and McMillan (1945) showed

that thére was a focusing aqtion of particle pbase. Thié meané.that'
there are‘qscillationsvof pérticle phasé about- a étable phase point.
This mééhanism traps the pérficles within a phdse range of about

half a cycle in a "bucket", andbaccelerateé them ?ithout ioss._
Withqut ﬁﬁis mechanism most of the beam ﬁould'ﬁrift'in phase into

the decelerating half of the sinewave before reaching full'energy,
andvbe lost. F. M. cyclotrons are built with a singie dee, running

at abouf lO kV voltage, and modﬁlated in frequency‘by a large

rotary caﬁacitor or a tuning fork. The energiés rénge from 30 MeV
deuterons up to the T30 MeV proton machine at Berkeley whose magnet
has a 189 inch pole diameter and weighs 4300 tons.l At these high
energiésntﬁe magnet becomes very large and expensi#e.v Above 1 GeV
it:becomes‘mofe eéonomicél to buiid synchrotrons, which use a

beam aperture only about 1 X .5 m for weak focuéing; or .1 m diameter
for strong focusing machines. This reduces the'magnet weight by an
order of ﬁagnitude compared to F;M. cyclotrons.: F;M. cyclotrons

are modulatéd in frequency at rates ofv60 cycles/sec for the iarger
ones to 1000 cycles/sec for the_smallef machines; ' The beam reaches
maximum enérgy during avshort.period near the 1oﬁ frequency end of the
mbdulation cycle. The macroscopic duty cycle is therefore about 5%, but
caane stretchedvto ovér.50% by using a Smali auxilliafy rf electrode at

large radius, which picks up the beam bucket from the main dee and spills'it

-

out slowly; With the construction of several new high current cyclotrons

and a linac nearing completion in the 500-800 MeV region many of the
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F. M. cyclotrons haﬁe been Shuﬁ down. Improveméﬁt'ﬁlans are Eeing
made at many of the remaining maéhineé.(Blossér 1969). Detailed
descriptions of the principles and coﬁstruction'of'F.iM. éyclo—
trons can be found in (McMillan 1959a), (Livingodd'l961)'and
(Livinggtqn_gg_g;. 1962). |

The classiéal and F. M. cyclotrons have_béen used in some
»laﬁoratories to provide pulsed beams for hélf—lifeimeasuremenﬁs
or neutron time-df—flight experiments. The 90 inch‘cyclotroﬁ atv.
Livermbfe,_ California, for example, used the shoft pulse width
provided by phase slip in a classical cyclotrop to give pulsés a
few naposecbnds wide. Wider pulse éeparation than the naturai
5 MHz rf rate was obtained by.deflecting some pulses out of the
beam pipe éfter écceleration. Ff M. cyélotrons at Columbia,
Neﬁ York and Harwell, U. K. have been pulsed by deflecting the
whole beam.from one modulation cycle vertically against a.targét
f’on oné of the.polés. This has produced pulse widths of 2-10
nanbsecondé at Harwell (Synchrocyclotron Group 1971) and 15 nano-
seconds at Columbia (Rainwater 1971). Longer pulses can be
obtained by pulsing the source, the dee voiﬁagé'ér the deflector.
| Polérized beams have been produced by classical and
F. M. cyclotrons. In the classical cyclotron extefhal proton beams
have been_scattered on targets to give scéttered.polarizedvprotons
(Haeberli 1967). Elastic scéttering of helium on a hydrogen target
gives pfotons polarized nearly 100%. Polarized ion Sources outside
classical cyclotrons have been used to inject néutfal atomic pola;

rized beam into the center region for acceleration (Clark 1971).
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~Saclay iﬁjected a thermai energy atomic deuteron_beém into the
cénter-region where it Wasvionized for acceieration;_ A Czechoslo-
'vakiaﬁ group at Rez has injected g hOkEV‘neutral Qﬁbmic beam into
the centefvregion of a.Soviet built U120 cyclotron, where it is
stripped'by a foil for acceleratién (Bejsovec ég_gi, 1970). The
external beam intensities of the ﬁolarized beamsvproduced by
scattering and negtral beam injectibn are generally'about lO8 -
109/sec. Several F. M. cyclotrons have also usédvthe-séattering
méthod té gi&e polarized protons at hundredS'okoeV, with intensities
of about 107/sec. - The machine_af Lyon, France has accelerated
polarized deuterons with an intensity of 5 x 107/5ec;  (Kouloumdjian

1970).

4.1.2 Operating sector cyclotrons
h.l.é.l’Principles

‘The high intensity of the classical cyclotrdn and the high
enérgy of the F. M. cyclotron can be attained iﬁ a single machine
by the usebof the pfinéiple of sector focusing.‘ The principle
was first suggested by L. H. Thomas (1938) and is»illustrated in
Figure 27. Oﬁ the cyclotron poles are pléced sec¢tor~shaped pieces
of iron-to préduce alternatingvstrong and weak méghetic field
sectoré; of "hills" and "valleys". The émount of field change
bétween hill and valley is often called "flutter". The particle
orbit is no longer nearly circular, but is now scalioped, with é
smaller radius, R > in the hill iegion, and a larger radius, R ,

'in the valley. This is shown iﬁ Figure 2Ta, omitting the energy gain.
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At the crossing of a valley—hili or hill—vélley béundafy there is a
component of the velocity, Vf? in the radiai dirgétion. The
magnetic force holding the particle in orbit is perpendicular to

" the velécity and to the magnetic field. The force due to the
component V. is shown in Figure 27b as Fv’ perpendicular to the

’ fringiﬁg field lines at the sector boundaries.: This'foréé has a
component toward the median plane for particles either above dr'belqw
~ the plane. Thus it is a restoring or "focusing" force, keeping the
beam éonfiﬁed in the vertical direction. The force is focusing

at both_enfrance and exit to the hill, since both vrvand the
fringing dirécﬁion reverse. The verticai focusiﬁg causes the
particles to oscillate about thé median plane at a rate of one
cycle every 5-10 revolutions. This is ﬁsually expressed as a’
ratio of vertical to revolution frequency v, = ;14.2. This.type
of focusihg.due to straight edged sectors is oftép.called Thomas = .
focﬁsing. :The great value in using sector foéusiﬁé comes frdm fhe
facf thaf the average magnetic field can now increase with radius,
and its résultant vertical defocuéing can be morerthan compensated
by sector focusing. Thus the particle frequenéy wp = Bq/m can be
kept-constant by increasing B proportional to ﬁ,’énd there will be
.no phase slip with respect to a constant accelérating frequency;

11

w,. This type of magnetic field is called "synchronous'" or

d
- "isochronous". The energy will no longer be limited by phase
slip to 10-20 MeV protons, but can be extended up to several

hundred MeV. The unmodulated dee frequency gives 100% macroscopic

duty cycle and beam currents of hundreds of microamps are obtainable,
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if desired.

- A later refinement of the sector desigﬁ_is the use of.
'spiral-éector edges. This ﬁaé suggested by D. Kerst in 1955 (Symon_
gg_gl..l956) for use in the higher energy fixed field alternating
gradient_(FFAG) accelerators. A spiral sector pole is shown in
Figure 28. The orbits have the same scalloped éhape as -in the
straight éector design, but the pattern now rofates slowly during
acceleration. Thé effect of the spiral is to increase the angle
at which ﬁhe orbif crosses the hill—valle& boundary; .This increasés
the cdmﬁonénﬁ of velocify, Viq» along the sector édge, which is
responsiblé for vertical focusing. As indicted in Figure 28, the
focusing is iﬁcreased at the "blunt edge" and décreased at the
"sharp edge" of the sector. The net effect is an incregse in
vertical focusing, because the focusing increaées faster than
the_defoéusing, with increasing spiral, and becausé the alternating
strong andlweak fOcﬁsing adds an extra "alternating gradient"
effect, as'ih quadrupole doublet lenses; The expfession for the
vertical‘réstoring force due to sectors is approximately:

2

F(1+2 taney), where F2 measures the field modulation between

hill and valley, or flutter, and y is the amountiof spiral, défined
as the angle between the sectof boundary and a radial line from
:the machine cenﬁer. In a Thomas straight sector design, Y = O.
Most secfor cyclotrohs in the 50-100 MeV regioh.use moderate

spiral angles increasing to 30-50 degrees near maximum radius.

This reduces the amount of flutter required, and so_nérrows the

valley'gap. The amount of power in the main magnet can then be
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reduced and the ispchronoUs‘field:regioh can extena farther vouﬁ

in radius. The aesign of the C'a.nva..diaﬁ cyclat'ré_n_pf_bject TRIUMF
:uses a ma#imum.spirél angle of TO degrees, giviﬁgva factér ofvlS“inéreaée
in fécusing force cémpared to a straiéhf sector design with the
same flutter.. More»detailéd descriptions of the theory'of sector
focﬁsipg dfe fouﬁd in Livingood (1961), Livingstbniég_gi. (1962)
‘and Richardson (1965). e |

v‘Shortly after Thomas (1938) proposed the sécﬁor cyclotron,

Schiff_(i938) showed that three or more strong field sectors would:
givelradiél beam stability. No use was maae Qfﬁthé sector prinéiple
for the next decade,valthough it would have been7§aluéble in ‘
exfending the energy of classical cyclotrons.r In‘l950u1952
several‘3-éector Thomas type eiectron model cycldtrons were built
at Berkeléy (Kelly et al. 1956). They accelerétéd electrons to

B = v/¢.= .5, where v.is the speed of the partiéle and ¢ is the
speed 9f light. Thisz isvthe same as for protons at 150 MeV.
This dgménstrated that the Thomas principle was practical up to

at least that energy. In the 1950's interest iﬁ sector focusing
‘grew rapidly and many cyclofrohs were planned. In 1958 a k-
sector Thomas cyclotroﬁ at Delft accelerated pfotbﬁs to 12vMeV
(Heyn et al. 1958). Also in 1958 Oak Ridge National Laboratory
compleﬁed an electron model Thomas cyclotron-with B = .7,
éorresponding to 350 MeV protons (Blossef g&_g;;:i958). Spiral
sectoré‘came into use soon aftefward,'fgllo;ihg théfsuggestion

of Kerst. The design and planning work of laboratories throughout
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the world resulted in the.rapid growth in the number of operating
sector cyclotrons in the 1960'3, Figure 1. The'status of cyclo-

tron development has been reviewed by Khoe gz_gl;.(l967).

h.1.2.2 Example: the Berkéiey 88-Inch Cyclotron

An example of a sectof'cyclotron in the SO—lOO'MéV'region‘is
the 88finch'Cyclotron at Lawrence Berkeley Laboratory (L.R.L. 1967), 
shown in cross-section in Figure 29. The ion source comes in on
a shaft throught the lower pole. This design feéture, used in
mahy of ﬁhe.newer cyclotrons, gives accurate séurce positioning
5y means of rotating plugs in the pole. Other cyclotrons use one
~or two shafts comingrthrough'the side of the vacuum chamber. A
single dee is used here to give a simple radio frequency-system,‘
and S§éce‘for deflector and probes on the other side of the vacuum
tank. Some cyclotrons use twd dees for greater energy gain. The
‘ cyclotron energy is varied by changing the'magnefic field aﬁd the
rf frequenc&. In the 88-Inch Cyclotron there are 17 sets of
trimming coils mounted on the pole faces to shape the magnetic
field té the exact isochrbnous radial profile required by the
particle and energy being usedf The isochronous field increases
proportionai to mass as the particle accelerates. For example,
the field increases about 5% ffom the center to the edge wﬁen
5b MeV protons are accelerated, since the rest mass of the proton
is 940 MeV. The fréQuency is changed in this cyclotron by moving
panels in the resonator box to change the inductance of the dee |
stem region. On most other cyclotrons a coaxial_dee stem design is

used, and a movable shorting plane varies the frequency. The dee
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and itsvstem are. 1/4 bf_an.elecfrigal waveiength.}dng, with
maximum voltage at the accelerating gap and zeré VOltége at the
shorted end at_thé back wall of the resonator béxﬂf A polarized
ion source"is located above the.roof shielding and.injects
pdlarized protons and deuterons into the cyclofron’by an.axiél |
injection system.. Four/diffusi@n pumps are located on fhe resona-
tor box and the acceleratioﬁ chamber.

" A chart of the résonance'lines of variéué particles which
the cycloﬁfon can accelerate is shown in Figure.30. From the
resonance equation wp.= Bq/m, the magnetic field,.B,-is‘propbr_
tional to frequency, wp, for fixed charge/masé'rétio a/m. E?ch
line is one q/m ratio. The maximum energy of_each ion species
(q,m) withvmass number A > 4 is limited by the maXimum magnetic.
field:of 17 kilogauss. Protons are limited by @hé maximnm fre—
quency of 16;5 MHz, 3ﬁe is limited by veftical fdcusing, and
a;particleé are limited by deflector strength. gFéf this cyclotron
the cOnétéﬁtvwhich measures the heavy ion méximuﬁ energy,_k; is
140 for particle mass A > k. k is defined by the equation E(MeV) =
k.QQ/A; wheré E is the méximﬁm ehergy (at maximum'ﬁégnetic.field)
for an ion‘with_charge fQ mass ratio Q/A in proton units. Thus

h 5+

the maximum enefgy of Tty s E.= 140 x Se/lh = 250 MeV.

Fgr any required heavy ion energy or enérg&/nucieon
(top of Figure 3O)Ithere is 'a choice of severgl charge states
giving ﬁﬁat energy at different mégnetic fields;; The lowest éharge

state is nearly always used, since it is produced ih-greater-

quantity by the ion source.
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The upper part'of the énergy range for'lighter particles is
on fhe'"fifst.harmonic" mode of operation (Figure 30). This is the
usual ﬁode in which the particle makes Qne-revolution in one

'radiofrgquency period: uhv= wp7 But it is also possible to
accelerate ions on the "third harmonic" mode in which the particle
takes three rf cycles to make a revolution: wd=13u%., In both cases
the necessary condition that the voltage reverses betweén gap
crossings is satisfied. In the first harmonic mode it reverses
once, ?ﬁiié in the third harmonic mode it reverses three times.

The existence of the.third harmonic mode means that the rf frequency
néeds a3 ﬁo 1 range only, to cover a 9 to 1 range in particle
revolufién frequency, rather than the 9 to 1 raﬁge needed if only
first harmonic were used. This third harmonic region has proven
very useful for heavy ion acceleration. At even lower particle
frequencies the fifth harmonic mode is usaﬁle, but gives very low
particle énergies which are seldom used.

Other éyclotrons with two dees of widths such as 90 degrees
or 1L0 dégrees have been built, to get high enérgy_gain per turn.
These have the possibility of using the secpnd harmonic mode, with
the dees operating "push-push" (same polarity), as well as the
first and third harmonic modes with the dees "push-pull” (oppo -

.site'polarity). So the tﬁning range of the rf‘needs'to be only
2 to lfinstead of 3 to 1 to cover the whole particle and energy
range. But rf systems are more complicated for thése machines.

The experimental area of the 88-Inch Cyclotron is illus-

trated in Figure 31. The cyclotron is enclosed in a concrete
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vault with 10 foot.thick'wells and a T-foot thick roof, for radie-
- tion ehielding.”nA switching magnet sends the external beam to
variouefceVes. A high resolution beam line is. formed by the
-analyzing magnets in Cave 3 and Ceve b, A magneﬁic.spectrometer
for analyiing'reaction products is loeafed in CaQeth. The High
Level Ceve, tob of Figure 31, is used for high beem intensity -
isotope_preductionf
4.1.2.3 ‘Iop sourees'and beam pulsing.

.The ion sources used :in sector cyclotrdne are usually of

the hooded arc type with a hot filament supplying electrons from

one end through a hole about 1/8 inch diameter. The arc is confined

along the magnetic field, and electrons oscillate'between the

filament and a reflecting anﬁicathode at the opposite end. The arc

isk3—ﬁ'inches long, and the beam is extracted half way along it'by
a "puller"_' attached to the dee, .(Livingood 1961), (Livingston
g§_§13e1962). These sources run at arc powers'ﬁp:to 500 watts
and subply up to several milliamps of accelerated protons or

+
3He2 and a-particles.

: degterons;‘and hundfeds of microamps of
For multipiy charged-heavy ions the “PIG" or Peﬁning Ion Gauge
design is best. Here the arc chamber is enlarged to 5/16»or_3/8
1inch diameter_and the filament is replaced by a block of tantalum

or tungsten. The arc is struck between the two .cold cathodes at

‘each end by raising the voltage to about 3 kV. eThe cathodes then
v’/v'

ki

heat and emit thermionic electrons, increasing the arc current to
3-5 amps at 500-1000 volts. This“provides the much greater arc

powers of 2-5 kilowatts needed to produce and accelerate UA
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5+

quantitieé of Nh+, N, etc. These ion sources were reviewed by
“Bennett (1972a).

Several laboratories have tested or are using unpolarized
external ion sources (Clark 1971). Their advahtaéevfor negative
and heavy ions is to have less charge exchange‘during acceleration
with the éource external, where the gas can be pUmped avay easily.
More powérful heavy ion sources can be built outside the cyclotron,
in the éreater space available. The Cyclotron Corporation of
Berkeley has built H eyclotrons which are injected axially from
an external H source. They accelerate and exffactrup to L0 pA
of H beam at 15 MeV (Fleischer et al. 1971). This is useful for
injection into a tandem Van de Graaff to increasé its energy.

Work has been done at a number of other laboratories on installing
external sources of the conventional type, but so far the hea&y ion
intensities available from a good internal PIG source are superior
to thosé.from external sources, because of transport losses at low
injectipn ehergy from external source to cyclotfon. Several groups
are interested in external sources for ions from éolid materials,
,to.prevent coating of the cyclotron dee and defleétor.' The larger
machines'being built in the hundreds of MeV region will use external
iﬁjection, as described in a later section.

| . Thére ére a number of development projecté on new types of
high charge state heavy ion sources in various 1abératories. If

+ )
a source could give beams of U51 , for example, they could be

+
accelerated on the same resonance line as N3 in the 88-Inch
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Cyclotron (Figure 30), and. in other similar cyclotrons, énd reach

6 MeV/nucleon. This would be muchvcﬁeaﬁer then large linacs (Section Sfl.2)‘_v

or multi-stage accelerators (Section 6). Such a source would be too
large for the cyclotron center region, so it would be external with

its beam‘béing,injected axially or radially. The fypes of source

being studied include electron beam sources, spark and laser sources,

and contihubus plasma devices (Eninger 1971).

Sources of positive polarized ?fotons aﬁd deuterdns‘have
beéome‘available in the past ten yéars. (Haebef}i 1967), (Glavish
1971). These use the atomic beam system. The'hydfogen molecules
are dissociated into atoms by an rf discharge in'a glass tube. A

small hole in the tube produces a beam. The atomic beam passes

through a quadrupole or sextupole magnet which acfs,upon the electron

mégnetic moment to focus one spin direction and defocus the other.
In ﬁypical recent sources the beam then goes thrqﬁgh a small rf
coil in a weak magnetic field'which produces rf f?ansiti&ns in the
hydrogéﬁ afoms. The new states have 100% nuclear pblarization

.in the .following strong magnetic field, where fhevatbms are‘ionizéd
in an electron beam. Since these sources occuﬁy several cubic
meters in volume they must be placed outside thevcyclotfon.: The
beam canrbé.transported to the center of the cyclotrOn either.
axially Orvradially (Ciark 1971). The axial systeﬁ-of the Berkeley
88-Inch Cyclotron is illustrated in Figure 29. .The beam is brought
down to the median plane along the pole axis at ébout 10 keV |
energy by é set of electrostatic quadrupole lehses. It is_then

bent into the median plane by a gridded electrostatic nirror which
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is brought‘through the ldwer pole fo replace the iﬁtefnal ion
source..:The first such system was. operated by the University of
Birmingﬁam, England (Powell et al. 1965). A radial injection system
at Saclay; France uses an eiectrostatic channel to focus the beam
and cancei thé magnetic.force on a 5 keV polarized proton beam
brought in from a polarized source (Beurtey et al. 1967). Modern
polérized sources and injection sysﬁems using ions rather than.
atoms, give high external cyclotron beam intensiﬁies, 50-200 nanoamps
at the 88-Inch Cyclotron, for example (H. E. anzétt 1972, private
commuﬁication), compared to less than .l nanoamp from the older
scatterihg or atomic beam injéction methods .

Pulsing of sector cyclotrons is being doné by several
groups.  Slow pulsing in the microsecond or millisecond range can
be doné by pulsing the ion source arc, the dee.voltage or the
deflectdr.' Usually the déé voltage is chosén,.sinée there is
already a control point in the regulator. For faét'pulsing in the
nanqsecond range, the beam can be pulsed at the ion source, the
centervregion or external beam deflection plates. These systems
generall& operate by eliminating some of the rf pulsés, transmitting
1 in 5, 1 in 10, etc.. The pulse width is the natural width of the
rf beam microstrﬁcture, or it can be reduced bj clipping off the
edges of fhe pulses during acceleration. The University of
Colorado'uses a pulsed grid over theion source exit slit to pulse
proton and deuteron beams (Bentley;gz_éi. 1969)} Michigan -State
University'uses deflection elecfrodes inside the dee on the first

half turn after the ion source to transmit 1 in'lovpulses for
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acceleration (Johnson et al. 1971), Figure 32. In this case three
beam defining slits can also be used after 1/2 tufn, 18 turns, and
28 turﬁs from the ion source to narrow the pulSé %idth to .2
nanosécénd.(Blosser 1971a). A time spectrum of_the full energy'
beam frbm fhis system is shown in Figure 33, with the pulsing plates

on and off, showing complete suppression of the unwanted pulses.

4.1.2.4% Two stage systems.

Thé use of one cyclotfon to accelerate.the beam twice, or
one cyclotron injecting into anothér has often'Been_discussed
by cyclotfon designers. The high energy heavy ion beams of some
‘classical cyclotrons were produced by a double c&cle of accelération
(Section 4.1.1). This system could also be used in sector cyclo-
trons, énd increased in efficiency by putting gaé'jets or foils at
the propér positions in the acceleration region.(Bennett 1972b).
For examble N2+vcould be accelerated from the ion source on third
harmbnic mode, stripped half way out in radiué ﬁo N3+, stripped
half a turn later to N6+, and accelerated to full:radius on firét
harmonié ﬁqde. This would give microamp quantifies of high
energy N6+ beam, which is produced in negligiblé‘amounts directly
from the ion source.

A system of one cyclotrbn injecting into another has just
been brought into operation at Dubna, U.S.S.R. (Flerov 1972). Beam
frém the 3 meter heavy ion cyclotron has been transported 70 meters
to a 2 meter sector cyclotron where it is injeéted radially toward

T

the center region. There it is strippéd with a.fbil to a higher
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charge state, whiéhvplgces it on a centered orbit in this cyclo-
_tron. »Iﬁ;is then accelerated to'full energy in the 2 m cyclo-

tron. The'beam intensity is 3 X 108/sec of Xe iqns at T MeV/nucleon.
This iéuthe highest mass accelerated anywhere, fo above the Coulomb‘
barrier of uranium. Experiments are in progrésé on superheavy

elémént'synthesis.

4.1.2.5 Experiments.

'Examples of experimental data will be shéwn to illustrate
some 6f the important beam characteristics of sector cyclotrons.
Many of fhese afe work done at Berkeley,'becauée it is most
easily available to the authoi.

Thé high beam energy available from theée cyclotrons made
poSsibie the experimehtal data shown in Figure‘3h,_taken at the
Berkeley 88-Inch Cyclotfoh. Here 80 MeV a-particles were used to
bombard‘?6Mg to produce the very rare unstable isotope 8He, by
- picking up four neturons (Cerny et al. 1966). The group of counts
detected at an energy of 34 MeV ﬁas‘identified_as 8He in a counter
telescbpé. The maximum energy a-particles availaﬁlevfrom present
D.C. accelerators is 40 MeV at the largest three étage facility.

The élassical and F. M. cyclotroﬁs were usually fixed
energy machines. Experiments were sometimes done at various
enérgies by using enefgy loss foils in the beém, but this produced
a loss of ?esolution. The variation of energ& by means of trimming
coils and variable volume rf resonators.came intp wide use in the
l960's,_and is a feature of most sector cyclotrons. Ah illustra-

tion of an experiment using this feature at the 88-Inch Cyclotron
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is shown in Figure 35. Here an o-particle beém bémbarded a helium
targét (Bacher et al. 1969). The.cross—éectioﬁ, 6; is proportional
to the number of counts of o's scattered into a detector at a
fixed aﬁgle. The energy was véried ffom 30 to 70 MeV with good
resolution; Several resonances of the a-~-a compound system. can be
observed, representing energy levels in 8Be. The cyclotron energy
changes.took only:S—lO minutes for closely spaéed points within a
10 Mev”raﬁge. This fariable energy feature has. always been used
on D. C. accelerators, but has become widely aVaiiable on cyclo-
trons oniybin the past decade. |

High energy resolution experiments have éiso been done at
several sector cyclotrons. The classical cyclotron has traditionally
vbeen a low resolution accelerator, with exterﬁal beams of several
percent energy spread. The sector cyclotrons havévused mbre care-
ful beam centering, and befter regulation of fhé dee voltage to
give energy spreads of ;22.5% for the total external Beam. For -
experimehts requiring .01 - .02% energy spread, fhe beam is sent
through an analyzing magnet which disperses the energies ih space.
An analyzing slit selects a small part of the beam to be transmitted
with the required energy spread. The system deveioped at the
Berkeley 88-Inch Cyclotron by B. G. Harvey's group (Hintz et al.
1969) is shown in Figure 36. The beam from the cjclotron is defined
first at an entrance slit of width .5-2 mm, depending on the reso-
lution required. Magnet No. 1, of 2 meter beam radius, analyzes
the beam, and the analyzing slit is set to a widfh similar to that

- of the entrance slit, to select the energy spread. Magnet No. 2
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can be used for further analysis, or just to cleén_up the beam
and trahsmit it to the SCattefing chamber. Data from a test of
this system usihg protons ét 14 MeV on carbbﬁ is shown in Figure
37. The beém energy resolution was about 1 keV o#t of 14 Mev,

or AE/E = .01%, using the first magnet to define the energy
spread,.with up to .5 YA 6n'target. The good‘éﬁability of the
analyzing.magnet produced stable, well defined ehergies. The
energy was varied by making small changes in anélyzing magnet
current. This resolution is about eqﬁal to that.bf the bést
tandem data, Figure 23,’as seen by comparing peaK/Valley ratio
énd resonance sharpness. It is a great improvemenf over previous
cyclotron performance, and more than adequate for most experiments.
By the use of such an analyzing magnet, with a cost of less than
5% that of the cyclotroﬁ, the energy resolution 6fvany cyclotron
éan be improved more than a factor of 10. Similaf systems are

in use at the University of Michigan (Parkinsoﬁfgi_gl, 1970) and
at several other sector cyclotrons.

An additionalvimprovement‘in high resolution beams is the
defining of the cyclofron beam during acceleration with internal
slits,:developed at Michigan State University by Blosser's group
(1971a). Three internal slits are used to reduce the beam center
spread‘énd'phase width, and obtain extraction of.only one turn
(e.g. no.1200) rather than ihe usual several turns. The energy
spread of the cyclotrbn beam is only .0kL9%. Oﬁl&'a small amount of
beam ié lost on the cyclotron deflector and th§ slits at the

analyzing magnet, reducing the radioactivity induced in these ele-
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ments. For this typé of operation a specialveffépt muét be made
tobregulate the dee voltage to the same precisioﬁ;as the energy
resblution re@uired.

| The most common type of experiment doné at cyclotroﬁsvand
Van de.Graaffs is the study of the various reacfion products.from
a fixed energy beam hitting a target, rather than the resonance

type of_expefiment.shown in Figures 35, 37. In fhese particle

spectroscopy experiments the detector is as imporﬁant as the beam

for high resolution experiments. .Solid.state detectors give

resolutions of AE/E = .05 - .1%. For better resolution a large

magnet must be used, usually referred to as a magnetic spectrometer

or spectrograph (Enge 1967). The complete system at Michigan State

consisting.of cyclotron, beam transport system, tafget, ahd the’
spectrograph are shown schematically in Figure 38 (Blosser et al.
1971b). The spectrograph separates the varioué enéfgies_coming
from the target, for examplé an "elastic grouﬁ" and an "inelastic
group", and focuses them on a focal plane for detéction by
photographic or electronic methods. The importaﬁf technique of
"dispersion matching” is illustrated here (Cohen 1959b). The
cyélotfon beam of energy spread AE is transported‘to the target,
with the energy increasing with position along fheitarggt. When
the beam goes through the spectrograph the energies are brought
back together at the focal plane, by matching of the spectrograph
dispersion with that of the cyclotron and beam transport system.
So all reaétion product particles from the target which have the

same difference in energy from the incoming particie are focused
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to oné point. This is a very useful mode of operation in which
the enérgy resolution ét'the focal plane can be much better than

the'Beam resolution, so the'énalyzing slits in thé beam transport

'sYStem can be opened to get much more beam on farget than if the

beam resolution had to be as good as focal plane resolution. A
spectrumfalqng the focal plane from the system at Michigan State

is shown in Figure 39. This is an experiment Qf'inelastié scat-

209B

tering of protons on i. The peaks represent_the levels of the

209

residual = “Bi nucleus. The'resolution is 5 keV with an incident
energy of 30 MeV, or AE/E = .17%.  More recently a resolution of
.01% has been obtained with .5 A of beam on target (H. G. Blosser
1971, priﬁéte commﬁnication). This is bettervresdlution at the
focal plane than repofted by most tandem Van'de'ér;affs;

_ A spectrumbfrom a heavy'iop reactionvat the Berkeley 88-
Inch Cyclotron is shoﬁn iﬁ Figure 40 (D. G. Kovar 1972, private
'communication). This is thvMéV Oh+'on 208Pb. The beam intensities
availablevfroﬁ the ion soﬁrée_are down a factqr of 10-20 from the
proton begms of Figﬁres 375 39 and quality tenas fo be worse. The
slits in the transport systgm had to be opened to 2.5 mm to get
sufficient beam on target. The resolution is éboﬁt 100-150 keV, or
AE/E = .1%, with';l—;B YA on target. This is abou% twice as good
resoiution as with solid state detectors on heévy‘ions. Dispersion
matching is used here to imprové the beam intenéity and resolutién.

It is not clear exactly why the resolution is Wbrée with heavy ions

than with light iéns, with narrow slits in both cases.
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4.2 Other circular accelerators
'Sevéral other types ofbcircular acceleratqfs for protons
and electrons have been used in nuclear stfucture:fésearch.
Their’principles of operation are described fuily in'Livingood
v(l96l) aﬁd Livingston g&_é;, (1962), and will not be set forth in
this seqtion.

P;oton synchrotrohs have energies of lvGerand above.

Several have ﬁeen-ﬁsed for protbn inelastic scaﬁféring, or in
searches for exoﬁic'nuclei formed when the high énergy beam breaks
a target nucleus apart. At the 3 GeV "Saturne" machine at Saclay,
France a high resolution spectrometer system has béen built for
inelastic écattering studies at resolutions of 100 keV out of

1 GeV, or AE/E = 107",
160 keV at 1 GeV.

The most common circular electron accelerator is the
betatron, an inducfioh accelerator. vThese havé;accelerated elec-
trons to energies as high as 300 MeV at the Univéféity of Illinois.
Most are used as sources of médical X-rays up to'30'MeV, but a

few have been used in nuclear research at 20-300 MeV. Presently

they are being superceded by high intensity electron linacs for

pulsed neutron work, or by the more economical'electron synchrotrons

in the energy region of 100 MeV to several GeV. The microton is
also used in a few laboratories to'accelerate electrons to

10-30 MeV. The principal type of electron'accelefétor now being

constructed or planned for nuclear physics up to 1 GeV is the electron

In the first experiments they have obtained
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linac . These will be described in Section S.

4.3 Puture sector cyclotrons.

The sector cyclotron has been so sucéessful that a number

of laboratories are building new machines. Some of these are

similar to those now opereting, and some are new:designs at higher

energiés."This section will describe some of thé new machines

now‘unaer construction.or planned.in the energy range over 100 MeV.
The first example is that of the rebuilding of the Columbia

University»F.M.'cyclotron_(Rainwater 1971). This will be the first

- F.M. cyc¢lotron ﬁith sector focusing. The advantage of sectors is

that the magnetic field can rise with radius to reduce the fre-
qﬁency éwing and allow a fast F.M. rate of 300‘Hz; This high rate
along Wifh a higher dee voltage will‘greatly inérease the beam
current from 1 pA to 10-40 pA. The addition of éukilliary coils
and sector iron in the magnet gap ﬁill increase the energy  from
380 MeV to 550 MeV.  A median plane plan view of thé neﬁ machine -
is shown in Figure k1. The dee comes in fromithe rotating
capacitors‘on the right. A unique feature of fhié design is the
mounting of oﬁe set of iron sectors on the dée.at‘rf poteﬁtial,

to increase the flutter. The cyclotron was shutdown in Septémber

.1970 and the conversionvwas expected to take about a yeaf. This

project can be compared with'the conversion project at CERN for
the 60.0>MeV F.M. cyclotron (MSC Staff 1971). In the CERN project
a new»fast cycling rf system will be installed, 500 Hz, at higher

dee voltage. No sectors, will be used. The beam current is
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expected ﬁo increase from the pfesent_l HA to'lO uA or more.
There:aré studies at Dubna also on adding secth’foéusing to the
F.M; éyclotion there (Glazd& gﬁ_gé, 1967) . -

| A sector cyclotron for 580 MeV protons is being built
near Zufich, Switzerland by the Swiss Iﬁstitute for Nuclear
Research, "SIN" (Willax 1971). A plan view of thévlaboratory is
shoﬁn in Figure 42. The main 8 sector cyclotron has separate magnets
férreach hill, and no iron in the valleys. The SPiral angle reaches
33 degrees at maximum radius. This separated sechr design leaves
space invthe vaileys for rf resonators, injection, and extraction.
The iﬁjector is a 70 MeV sector cyclotron. The éurrent output will
be up to 100 pA. The main cyclotron will be fqr fixed energy
protons, but the injector cyclotron will be a mﬁiti—particle,
variabie energy machine which will be used separately part Qf the
time fdr iower energy work. The installation éf fhe accelerators
shoulq be complete at the end of 1973. The e#pefiﬁental.progfam
of'this "meson factory', will include nuclearysﬁrudtﬁre studies
with the high intensity proton beam, as well as éxperiments with
the m and p-meson beéms.

Aﬁbther cyclotron in the same energy range'is the 500 MeV

proton méchine being built at Vancouver, B;C.,:Canada (Warren 1971).
This "meson workshop" is called "TRIUMF", meaning "Tri-University
Meson Facility". TRIUMF will accelerate negative hydrogen ions,
H, which will be injected from a 300 keV external source down the
axis of the upper pole. The advantage of the H_.ions is that they

can be easily extracted from the cyclotron by a simple stripping
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foil; In.fact éeveral beams can be extracted sirmultaneously

"~ by proper positioning of sevefal fdils. The Hf acceleration sets
aﬁ upper limit on maximum magnetic field in the hills of 5.8
kilogauss; to avoid excessive break-up of the ions due to electric
dissociation at high energies. This léads to a lafge outer.orbit
diaméter 6f.52 feet, compared to 30 feet for the Zﬁrich cyclotron.
The maximum spiral angle will.ﬁe T0 degrees; The vacuum must be

T

kept be16W'10_ torr to kéep the charge exchéngé‘dﬁringvacceleration
below’h%§. The maximum beam currents are expected to be 100 uA
at 500 Mev and 400 pA at 450 MeV. These limifs are set by the
induced ra&ioactivit& from spill beam producéd by electric disso-
ciation ﬁnd gas stripping. Consfruction should be.complete at
the end of 1973.

" Another separated_sector cyclotron 1iké that of Zurich is
being built at the Uni&ersityvof Indiana (Rickeyvg§_§;,1969, 1971)v
This is a'multiparticle, variable energy U4 sector Thomas cyclotron.
 Protons will reach 200 MeV, and heavier ions will have k = 280
in the equation E = k Qg/A. An illustration of the system is
shown in Figure 43. The pre-injector wili proviée!D.C. accelera-
tion up to 500 keV for pfotons. The beam then.goes into an injec-
ﬁor c&clotron, whefe it is accelerated ﬁé 15 MeV, in the proton
case. It_then goes to the main cyclotron to accelerate to 200
MEV,'fdr protons. The injector cy¢lotr§n is a‘l/3bscale model
of the maih cyclotron, so many of the same construction téchniques

can be used for both. The novel "dee" design is shown in cross-

secetion in Figure W4, The dees are triangular in plane view, and
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occupy two opposite valleys.’ Secondary dees cah_be pléced inside
the priﬁary dees, to operate on the seéond harmdﬁié‘bf'the main
~dee frequency. This has the effect of "flatftépping" the sine-wave
acceleratiné voltagé, as éigg; iﬁ Fiéufe 45, Allrfhe beanm within a
45 degreevphase interval will now receive the samé.energy gain
within ;l%.v With the normal sine-wave, only a 5 degree phasé
width has ﬁhis uniformity. This feature Wili bevfaluablé for
producing beams with large microscopic duty factof? and high
intensity beams of high resolution. The TRIUMF.grOup is also
planning this type of operation, with a first and'third harmonic on
the same dee. The Indiana cyclotron is a versatile design for
lightrand heavy ions, and is part of several proposals for multi-
stage he&?&‘ion accelerators. The cyclotron shouid be complete in
1973. v

.At Dubna there is a proposal to convert the'3.l m heavy
ion classical cyclotron to a 4 m sector machine fér higher energy
heavy ioﬁs (Shelaev et al. 1971); This would be the largest sihgle
. heavy ion cyclotron, with k = 625, compared to 250 for the présent
3.1 m, and 240 for the Indiana cyclotron under construction. Thé
intensities would be 107 /sec at 6 MeV/nucleon ﬁp to xenon. This *
intensity is much higher than the present two stage:cyclotron system
gives. But the particle and energy performénce isbsimilar, aﬁd a
shutdown périod would be required for the coh&ersion, so it is not
clear at present whethér Dubna will build the h.m cyclotron or én

ERA (Section 5.1.2) for its next heavy ion accelerator.
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A.study has been made at the Universityiof California at
Los Angeleé (UCLA) -of 'a 2-stage heavy ion Cyélotroﬂ, in which the.
two stégeéiére‘staéked abqvé'each other with'strippingvbetween stages
(Wright et al. 1971).. The design and size are similar to Indiana,
except that tﬁere aré two éccélerating chamberé 15 inches apart
verticaii&, with separate rf systems, and an "interpole" iron
slab between them.k The final energy would be 260 MeV for protons
_‘and at least 9 MeV/nucleon up to uranium. This is a variation of
an idea of,Dzhélepov et al. (1968) who suggested_reinjecting
heavy iéns afﬁer stripping into the same cyclotron-fof a second
cyecle of aéceleration. The UCLA design has separate magnétic
field trimming for the two cycles to avoid the”phase slip of the

Dzhelepov system.
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5. Linear»accelerators
5.1 Pgsitivé ion linacs
5.1.1 .Operating machines.

The principleé bf linear acceleratofsvhaQe been ffequently
described (Livingood 1.961), (Livingston et al. .'1962), (Lapost_;oue
éi.él- i970). - Only a brief summary will be gi?én here. The
earliést form of‘linear accelerator was built by Widerce (1928).
An illus?ration of this desigh is shown in Figure 46, in a cOnfi—
guration used by Sloan and Lawrence (1931).; The ibns are injected
by a small D.C. acceleratof. The main accelerator consists of a
series of "drift tubes" connected to a source ofbrf voltage. The
polarity alternates from tube to tube,vas shown. Whén the first
drift tube has a negative polarity, beam entering the accelerator
is acce;erated. The length of the first drifﬁ.tﬁbe is made sﬁéh
that thé vbltage will reveréé ﬁhile the beam dfifts.through it.
When the'béam enters the gap bétween the first and second drift
tubes the polarities are plus-minus, as shown, and it receives
anothér acéeleration. The beam drifts through the second tﬁbe in
another half cycle Qf rf and is accelerated at the next-gap. The
drift tubes increase in length propértional to beam ?elocity. They'
are similér in function to the dees of a cyclotrén, shielding the
beam froﬁ the electric field during a half cycle éf the rf. In

fact it was an illustration in Widerce's original article which

gave Lawrence the idea for the cyclotron, in which the 1inac trajectories v

were wrapped around in a magnet, and the same electrodes were used
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many times. The early linacs accelerated only heavy ions, because
only low frequency powef sources ub to 10 Mszwere avallable. ’A
proton iinaé>would have been very long at lbw frequenciés, since
the protons'écéelerate very rapidly. It is showh in'é moré detailed
énalysis'that'therevis phase stability of the beam if'it:crOSSes the
gap while the volpage is increasing. This iS’becaﬁse the latéf
particles get more acceleration, for examplé, and catch up with
the'earliér particles. However this crossing time gives.transvefse
defocuéing to the béam,-which mﬁst be overcome té prevent beam
loss. 'The early remedy was the installation of gfid wires on the
entrancelﬁo each drifﬁ tube to produce an electric‘field at each
gap which converged téward the axis. This caused some beam loss.
Moderﬁ linacs use magnetic quadrupole lenses inside the drift tubes.
For higher energy beams of protons in theviO MeV region,
higher frequencies are needed to keep the drift tube lengths short.
A befter structure for these frequencies is the ﬁAivarez" design
shownbin Figure 47, developed at Bérkeley in 1946 (Alvarez 1946),
(Alvarez et al. 1955). The long electrical lines of Widerde's
design are replaced by a standing electromagnetic wave. in a

cylindriéal cavity. The T™ 0 (transverse magnetic field) mode

01
is chosen bgcause it has maximum electric field along the axis,
‘with the magnetic field in a circular pattern ardund'fhe axis.
Here the drift tubeé are used to shield the béam from the electric
field while the field is directed backwards toward the ion source.

The beamvcrosses the gap between tubes when'thé electric field is

forward in the accelerating direction. The first proton linac of
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Alvareé accelerated protons to 32 MeV iﬁ a lengthhof hO_feet; The
ffequenéy wés 202>Mﬁz,~§et by the tank aiamefer;Of 39vin¢hes. |
A p}hot‘ol of the first 10 MeV tank of the 50 MeV proton linac at the
Rutherford{Laboratory in Engiand is shown in Figure h8.'vThe”
beanm trévelé from right tq left through the drift.tubes supported
on stemé“frbm the tank wall. “ |

The duty cycle of prdton iihacs is>typiéaliy about 1%
because of fhe large ff'power réqﬁired. The eneréy can only be
varied in lérge Steps of about 20 MeV, by turningloff Wholg tanks.
Ion sources.fbr proton linécs havé been 6f the rf or_duoplasmatron
-type, similér to those for Van de Graaffs, since both types of’
acceleraférvare.injeéted by D{C. sources. A buﬁgﬁer is usually
used betﬁeén the - source and.the first tank, td'compress the
D.C. beam into rf bunches Which arrive>at the fight time for
acceleratién by the linac rf system. A polarizéd‘éroton source
was put into é lafge Cockroft—Walton terminal at the Rutherford
' .Labofatéry'linac. .Beém pulsing can be done'easily ét.prOton‘
liﬁacs; since‘the.soﬁrce is external. \

Linear accelerators can be thought of”a; divided info
cells one_driff tube long. The accelerating électficvfield in tﬁe
gép is at £he center of the cell; and the éenterbqf the drift
tube is ét the cell boundary.: In Figure h9varé3éhownvsevera1'
operating modes of linacs. ' The mode of operationLis classified
by the difference in phase of the electric field ffom one cell
to the nexﬁ at one instant of time. In the Widerde design,

Figure 46, the electric field reverses from one gap to the next,
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so iﬁ goés through ﬁalf a cycle, or m rédians. This is the
"1 mode" Of operation. ' In the Alvarez linac, Figure 47, the
electric field is the same from one gap to the ﬁexf, so it operates
in the 2ﬂ mode. In Séction.S.l.Q we will discuss.a linac which
uses the n/2 mode .
‘Some proton linacs wefe used for nuclear physics starting
iﬁ thé 1ate 1940's, Figure 1. Following the 32 MeV proton.machine
at Berkeley were the 68 MeV proton linac at Minnesota, the 50 MeV
linac at the Rﬁtherford Laboratory, and others in Poland aﬁd the
U.S.S.R. Theée machines did much important work, but most have
been‘shuﬁ down since the advent of the sector ecyelotron and tandem
Van dé Graaff, which have multiparticle capability and 100% macro-
scopic dufy cycle. Today most ﬁroton linacs are used as injectors
for éynchrotfons, vhere the requirement is for high current, low
duty cyqle, and fixéd energy.
| Thé WiderBe and Alvarez designs héve also been used for
modern heavy ion linacs, "hilacs" (Livingston 1970). Twin hilacé were
completéd-at Berkeley and Yalé University in 1957-58 (Hubbard et al.
1961). These were Alvarez type machines for aécelerating heavy ions up
~to hOAr to 10 MeV/nucleon. This energy was chésen to be over the
_ _Coulomb barrier on heavy elements. Other hilacs‘were built for
the same ion and energy region at Kharkov, U.S.S.R. and Manchester,
England.. In the Berkeley and Yale linacs there were 2 tanks.
A 500 kV Cockroft—Walton accelerator injected beam into the 15
foot lbné "prestripper" tank, which accelerated the ions to

1 MeV/nucleon. A stripping foil or gas Jet was placed between
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'tanks_to‘increaée the averége‘éharge.stéte.: ihis:gave a higher :
rate of énérgy’gain in the "posf—stripper" taqk; ﬁaking a shortér
machine"pdssible. The post-stripper was 90 feéﬁrlong. The
Manchester:hilac ﬁsed a Wideroce linac for the prestripper region
and an A;Varez design fqr the post-stripper. Sev;ral years dgo'
the Berkeléy hilac ma;roscopic duty cycle was iﬁéréased up to. 50%
for theviighter.ions. This hilac was shut do&n‘iﬁ early 1971 for
conversion to the "Superhilac", which will be diséuésed in the next
section. | | | |

- The experimental program at the hilacs includes heavy ¢le—
ment syﬁthesis,'Couiomb éxcitatién, aﬁd in-beam atomic spéétfo—
scopy. The new elementé.of atomic number 102;lQSTHave been

produced at-the Berkeley hilac.

5.1;2 .Future machines

o Tﬁere are several positive iog linacs_ﬁhdéf_cbnstruction'
fof'ﬁucleéf‘physiés.at pfésent. For prbtdﬂs thege'is ﬁhe meson
factorj af Los Alamos, New Mexico. For heavy idnéjthere are the
Supgrhilac‘at Berkeley, the‘Unilaé and TALIX in Gefmany. Hilacs
were re%ieWéd by Main (197la). Studies are also being made on
new types §f ion 1inacs. '

The Los Alamos Meson Physics Facility "LAMPF", will have
an energy of 800.MeV protons and an average beaﬁ gurfent éf i mA
(Knapp:l9fl). The'macroécdpie‘duty cycle wiil bélé%,_exfendaﬁle
to 12% iater. The accelerator is shown in Figure 50. ‘A 750 kV

Cockfoft-Walton injects protons into the firs£ linéc section.
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This is an Alvarez type, modified by adding side posts which
convert it from 2T mode to m/2 mode operétion far greater stability.
Here the béam is accelerated to 100 MeV. At this energy the
drifﬁ tubes become long‘and inéfficient, so the structure must be
changed. A new structure was developed at Los Alamos to accelerate
the p.rbtovns from 100 to 800 MeV, and is shown in Figure 51. This
is Caliéd the éide—coupled cavity structure, and is vefy efficient,
stable'dﬁring beam loading, and not sensitive to errors in construc-
tion (Knapp g&_g;; 1968). The m/2 Qode is used,.ﬁhere four
cavitieé méke one reversal: of the rf along the accelerator length.
Every sécond cavity is not excited and so is placed to the side,
‘siﬁée if.déesn't contribute to beam acceleration. This shortens
the length'of the accelerator. Many separate tanks are used, with
focusing magnets between them. They are connected by bridge
couplers, where power is fed in from klystron amplifiers. The
length of the whole accelerator is over l/2_mile;' One unique
feature of LAMPF is ﬁhat both pfotons and H beéms will be acce-
lerated simultaneously on opposite phases of the rf cycle. These
beamé'are then separated in a magnet after acceleration. The high
intensity 900 YA proton beam will be used for meson production
‘.while the 100 UA H beam can be used for nucleon experiments. The
first 800 MeV beam is scheduled for July 1972, with experiments
due to.S£ért in late 1972. |

The experimental program of this high intensity "meson
facfory" will include T and uU-meson research, and high resolution

proton spectroscopy (Rosen 1969). The intensity of 1 mA at 800 MeV '
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is‘iO timésgmore thanvthe‘cyclotréﬁs under coqstfﬁétion at Zﬁriéh
énd Véhcéﬁvef; ahd'lobd timés'more fhanbﬁﬁe ﬁsﬁal;F;M. cyclotron
internal beam.‘ So meson produCtion‘will be:incréased by thoSe_
féctor§, and ?ery low éross-séctioh expérimentsfbaﬁ be.done Which
were not possible before.- Thevhigh resolutibn protbn s?ectfometer.
magnet.isvshown in Figure 52 (Zeidhan 1971). The beam radius is
3.5 metér, with bending in theivertical piane.- The resolution
will be extremely g§§d: 30 keV in Soo MeV or AE/E = 4 ><_1o“'5 .

This will'maké possible thé resolution of iﬁdividual energy levels
of maﬁy nﬁciei. Dispersion maféhing'(Section h.i.2.5) will be
used, so an incident beam'with 1% enérgy spread can ﬁe used.oﬁ target.

: The next heéVy ion iinac due fq come on i§ the Sﬁperhilac

at Berkéley“(Main 1971b). .Thé old hiléc-is beihg modified to make
possible the acceleration of all masses to an energy of 8.5 MeV/nu;
cleon (figure 4L). A new 2.5 MV dynamitrgn type pfessurized injector
has béeﬂ-bhiltvto'givé’adequate injectioﬁ velocity'to'the low Q/A
(.05) of uranium ions avdiléblé frém,the_ion sQurdg (Spence et al.
1971). ‘Tﬁé-modification_is.being madé,at'minimum cbst;.so the rf
aﬁplifiér‘s&stem aﬁd ité power.supplies are retained. Two Alvarez
vsections'Separated by a stripper will‘again be>ﬁéed. The last

parf of.thé post;stripper tank will 5e divided into sepafaﬁely
excitéd éavities,vso that the energ& wilivbé coﬁﬁinu§usly variable
from 2;5—8.5 MeV/nucleon by turning off, or reduéihg-the power in
some of the cévities. The duty éycle will be‘3Q% for the.heaviest
particles, and up to 80% for the light ions. The old hilac was

shut down in'early 1971 to start the conversion. The Superhilac is -
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_expectéd_£o stgrt operafion in 1972. Tt will be the first acceiera—
" tor tb givevheavy ion beamé of all masses with énergies over the |
Coulombjﬁarrier for ail targets. |

;vAhéther‘hilac under construction is the UNILAC near
Darmstadtf, Germany (Blasche‘ et al. 1970), (Blann 1971). This is
being buiiﬁ by the Gesellschaft fur Schwerionenforéchung (gs1),
with the.design being done in'Heidelbefg. UNILAC is shown in
Figure 53.° Thevinjection_ch. accelerators wili be Cockroft-
Waltons at.300 kV in air, for rapid source access. Four ioh
éources will be available: two Cockroff—Waltons will each feéd
a PIG qf a duoplasmatron type source (Krupp 1972). Three types of
linac stfucture will be used iﬁ UNiLAC. A Widergé'prestripper
stage wiil'accélerate the ions to 1.4 MeV/nucleon. After stripping,
an Alvaréz stage will accelerate the beam to &ﬁS MeV/nucleon. Then
any. of a‘éeries of 20 single gap cavities can be separately excited
to provide varisble energy. Maximum energy is 8.5 MeV/nucleon for
a’gas étrippér, and 10 MeV/nucleon for foil stripping for the »
heavier iohs, and higher energies for lighter ions'(Figure L).
This very versatile machine is due to operate in 19Th.

Stﬁdies of a helix wave guide structure_haVe-been made at

'several laboratories. The group at Frankfurt, Gerﬁany proposed
a heavy ion design, "Helac" (Klein.gg.g;. l970),»a§ an alternative
design to UNILAC.‘ Another application.would be,avhelix section
added to a:tandem. The GSI has recently appréVéd a Frankfurt
propoSal to add 14 helix sections, occupying 22'm ofnlength, to the

Heidelberg tandem Van de Graaff. This will accelerate mass 80 ions
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o 5.5 MéV/nucledn, and will beICalled‘"TALIX" (Klein et al. 1971).
There is deyelopmént wprk.underway for sﬁﬁefconducﬁing ion
linacs at Stanford University, California. A group 1is studying
réentrant.cavity design and beam dyﬁamics for apbiiéafion'to a
hea.vva ion linac or'v a booétef linac é.dd.ed. to a tandem Van de Graaff
(Glavish'l§72)5 The'techﬁiQues qu usiné supercbnductiﬁg niobium
will beﬂbased on thevextensive Sfanford expefiéncelwith cavities
for elécﬁfon'linacs (Seétion 5.2.2). Karlsruhe énd Frankfurt
are‘festing superconducting helices for use in prpton and heavy ion
linacs (Kléin et al. 1972). Studies are also being done at
Caltech; California on su@erconducting heliéél waﬁéguides for a
hilac (Sierk et al. 1972). The advantages of a'superconducting
hilaC‘aréthO% duty cyecle, high energy gain/leﬁgfh>giving a compact
machine; and ibwervoperating cost. The fabricapion techniques
fér the cavities are still being developed at,preéent, so it is
not ciéar yet whetﬁervthe abo?e advantagés oﬁtweigh thé possible
cohstfuétioﬁ and reliability problems which migﬁf‘Be»present with
a supercdnducting design (Sierk et al. 1972),v(Panel 1972).
._Sfudies for an entirely differeﬁt type'of.éompact linac;
‘the eleétron ring accéiefator (ERA), are ﬁnderﬁa& in Russia,
Germany , Italy, éna the U.S.A. The ERA might bé.used for either
heavy,ibﬁs at 10 MeV/nucleon dr high energy préqus>in the région
of lOO GeV. A heaﬁy ién ERA might bperate as déséfibed by
Peterson (1972). An electron beam of ?bout-lOOO amps is acce-
'.leratedvté 3-6 MeV during a short pulse of 20-30 ﬁéﬁoseconds.

This beam is injected into a "compressor", which is a cyclotron-
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type magnetic field formed by a coil system. Here a ring forms which
is compreséed in diameter by a factor of 10 as the megnetic field

is increased. The ring is now about 3 cm in major radius and 1 mm

in minor radius. A puff of gas is introduced and begins to be

ionized end'trapped'by the electron ring. Afterve millisecond
U?3+ wquld:be the main charée state in the case qf uranium injec—
tion.‘jThen fhe magnetic‘field coils on one end would be reduced
slightly in strength, and the electroﬁ ring would move axially
toward the ﬁeaker field, pulling the ions with_it at field
strengthe of‘60 MV/metef. In 1eés than 2 m of lenéth an energy of
;O MeV/ﬁuclebh wdﬁld be obtained for uranium. At Dubna d-particies
have been accelerated to 29 MeV with this method. The ERA has
great pfoﬁise as a hedvy ion acceleratgr because»of its compactness,
but has very shdrt pulses of lO_10 sec. with possible repetition
rates of several hundred Hz. ‘Also more development'work is needed
for uhderetanding veriousAbeam iﬁstabilities,,ahd injecting
heavier iohs.>

Another new principle for accelerating heavy ions is that

of using very high intensity linear electron beams at several MeV

-energy (Graybill 1972). The electron intensities are about

30,000 amps with a pulse width of 50 nanoseconds. In this device

the pulsed electron beam drifts through a chamber filled with a

gas of the desired ion species at a pressure of about 100 u; The

electron beam ionizes some of the gas and accelerates it to
energies of several MeV/charge. For example nitrogen in charge

states L, 5, 6 has been accelerated to 17-24 MeV. The apparatus
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is very compact in this design, but the beam pulse is short, about
10 nanoéeconds, and more dévelopmeht is‘necessary:tc obtain higher

energies of heavy ions.

5.2 Electron linacs
5.2.1 Operating machines

‘Detailed discuésions of the principles éf electron linacsi
are given in several refefences (Li&inéood 1961);V(Livingston et

al. 1962) and (Lapostolle et al. 1970). Only a brief description
will be éiven here. ‘Some early electron linacs.usea standing

wave cavities, but most modern-méchines use the tréveling wave
principié iliustrated in Figure 54. Here thévelééfron bunches ride
on the crests of microwaves traveling down a waveguide. The

guide is loaded with disks or "irises" to adjust the wave veiocity to
equal tQ the speed of light, since the electrons reach'approximately.
that speed‘soon after injection. The structure can also be

thought bf.as a .series to TM mdde cavities, like that used in

010
the Alvarez linac, with holes in the ends forvthe beam and for
coﬁpling‘from one cavity to the next. The cavity.size is much
smaller than that of a proton linac. The 300 fogt long 1 GeV
Stanford Mark III linac for example has ah‘acceléfating tube 8
cn inside diameter, with iris apertures 2 cm in diameter. . The
frequenéyiis 2800'MHz. Injection is from an 86 keV electron gun,
giving electrons with half the sreed §f light. A buncher is used
to increase the linac acéeptance offfhe D.C. ﬁéam,  Power is fed

in every 10 feet by klystron amplifiers. The duty cycle of elec-




=83~

tron linacs is usually about .l% because of the large rf power
required. Today most electron linacs are based on the Stanford

work, and they are offered commercially by several companies. Many

of these linacs in the 10-20 MeV region are used to make high

energy‘Xérays for medical sterilization and therapy Wcrk.

The electron linacs used for nuclear physics include some

.high energy-méchineS'such as the Stanford Mark III which do elec—

tron'scattering to étudy nuclear sizes and shapes. This work is
also docc'at multi—GcV,electron synchrotrons. The other class of
linacs arelfhose_in £ﬁe 20-100 MeV regicn which make the low
macroscopic duty factor even shorter by producing.short pulses for
neutron time—of—flight experiments. Monoenergetic photon beams
are aléo used in experiments by accelerating poéitrons, which
decay in flight. A photo of thc 140 Mev machine at Qak Ridge
National Laboratory,"ORELA", is shown-in‘Figure 55 (Pering et al.
1969). 'The acceleratdr is 75 feet long. The klystron amplifiers,
locaﬁcdvin an adjacént‘rocm, feed power to the i&nac by rectangular
wave guides. The laboratory at Oak Ridge is shown in Figure 56.
Its mainipurpose is to measure neturon cross—secticns, by the
time-of-flight methcd. Eleven neutron flight pafhs radiate from

the tantalum target. They have lengths of 15 to 250 feet. The

"beam can be pulsed as short as 2 nanoseconds for good neutron

energy résclution. Another electron linac facility is at

Lawrencé Livermore Laboratory, California. Here a 100 MeV linac

‘has recently been installed (Fultz et al. 197la). It is being

used fcr neutron physics and photonuclear reactions. An above
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ground photo shows several of the'heutrpn beam tubés,»including
one 250 m in length; Figure 5T7.

Some examples of data taken at these facilities will
illustrate the types of experiments being done. In Figure 58
is shownvdata from a photoneutfon experiment ét Livérmqré (Fu;tz
et al. 1971b). Here positrons were.acceleratedvin the linac
from a target part way along the accelerator. They annihilated
in a thin Be target, producing monoenergefic photons (Y—rays).
The.energy could be varied'from 10-28 MeV. The target was 26Mg.

Neutrons from (Y, n), (y, pn) and (Y, 2n) reactions emerging in

all directions were counted to calculate the total cross-section.

The energy resolution was 200-300 keV.
Another example of data is shown in Figure 59; This is
an energy spectrum of the neutrons transmitted through a target

. 243

o Am taken at Oak Ridge (J. A. Harvey 1972, privaté communi-

catioh). The time-of-flight method was used on an 18 m flight

path. Pulses from the linac were 20 ns Wide.. Over 100 resonances

are seen Between 60 and 200 eV. The .3% energy resolution gives
an absolute resolutipn of_less than 1 eV. This good absolute
resolution is very valuable in studies of the closely spaced
energyvlevels of heavy nuclei.

Recently there has been much interest in increasing the
macroscopic duty cycle of electron linacs to make coincidence
experiments possible. At Saclay a 500 MeV linac was completed
in 1969, which has a duty cycle up to 2% (Leboutet et al. 1969),

(Aune et al. 1971). The average current can be up to 600 jA.
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Experiménts are being done on electron scattering, photonuélear
reactions, and T préduction.
5.2.2 Future machines.

Several eiectron linacs are now under conétrugtion in the
energy range'lOO-2000 MeV; with emphasis on high duty factor. One
is the higﬁ duty féctor MIT linac. Another ié fhe first super-
conduCtiqg linac, at Stanford. A |

The MIT lihac will have a duty factor of 2% at L00 MeV
and 6% at 200 MeV (Bertozzi et al. 1967), similar to that of the .
Saclay broject. Thé energy spread will be *.2%. A special
feature of expefimental equipment will be a high résolution
spectrometer magnet for electron scattering. This will use
dispersion matching (Section 4.1.2.5) to obtain AE/E = 2 x lO_h
on the focal plane, even though the beaﬁ resolﬁtioﬁ on the target
is ,5%; .The facility is Just coming into dperation.

A very interesting new project is the construction at
Stanford of & superconducting electrbn linac designed for 100%
duty cyclé at 2 GeV (Schwettman et al. 1967), (Suelz;e 1971). The
' accelérator is shown in Figure 6Q. The main waveguide length is
160 m. The design energy gradient of 13 MeV/m will then give
2 GeV energy. In addition to its value for coincidence experi-
ments, the 100% duty cycle makes possible the precise regulation
of the_rf level, giving a beam energy resolutiqn df lO_h. The
superconducting cavities will have "quality factor", 0, of about

11 '

107". This means that the rf power will go mostly into beam

loading. The beam current will be 100 uA, requifing 200 kW of rf
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power at 2 GeV. The cavity structure will look like a disk
loaded ﬁaveguide, bﬁt will be operated as a standing wave linac.
The material is niobium operated at 1.8° K. Each of the 24 sections
will be eontained in a 20 foot long dewar of liquid heliﬁm,
Sufrounded by a liquid nitrogen cooled vacuum'jackef. The liquid
helium liﬁe runs aleng the 500 foot accelerator length to supply
the dewars, aﬁd helium gas returns to the 300 ﬁatf‘refrigerator.
A number of.new teehniques for niebium cafity faﬁricatiqn,
liquid heiium handling, and rf cavity voitage Stebilization have
been developed for the construction of this impreésive accelerator.
At pfesenf‘the injector and the first 20 foot'tank are complete,
and under test. Present techniques ha&e produced cavities with
energy gradients ofvl6—26 MeV/m in models at 8000 MHz (X band).
But the larger L-band cavities, 1300 MHz, to betused in the
acceleretor have so far averaged only about 3 MeV/m, a factor of
Q below the design value. Work is confinuing on deﬁeloping a
bettervcavity fabrication process. The remaining'sections of the
accelerator will be built during the next 2 yea?s." It will be
very interesting to watch the eompletion of this:linac and weigh
~its attractive duty cycle and resolution against the operational
and maintenance problems which may arise in'its.cryogenic system.
Development work on superconducting cavities is‘underway at other
laboratories also. |

An interesting application of the supefconducting linac
is the proposal by the University of Illinois fof'its use as the

accelerating element in a microtron (Allen et al. 1970). This would
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be a 30 MeV linac of the Stanford type, with magnets at eachvend-
to recycle the beam through it in the microtrdn.configuration.
The final‘energy would be 600 MeV. This system would have 100%
duty factor like the Stanford design, but would use a much smaller
cryogenic system. The linac porfion is under coﬁétrucfidn and
beam has been accelerated fo 1 MeV (Hanson 1971); The energy
gradient is iimited at present. to l.MeV/foot by field emission,
and moré work on cavity processing .is planned.

" A proposal has been made by Iowa State University for a
50 MeV'normal coﬁducting iiﬁac, using fhe design of the Los Alamos
25 MeV electron prototype model for LAMPFV(Baglin 1971). -The duty
cycle would be 12% at 50 MeV and 20% at 25 MeV. This would be
a versatile machine for nuclear physics, with a much largér

duty cycle than any other linac except for the Los Alamos model

and the Stanford project.
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6. Two stage hybrid'aceelerators .

6.1 Present machines

In several laboratories, two different kinds of accelerators

are combined to give accelerating systems which have advantages in

vcost or'size compared to a single lafger accelerator. We have
alreadj'seen the advantages of two or three stages.ef accelera-
tion with the electrostatic.accelerator. In linaesrﬁhereiare
always'at_least the two stages.consisting of.D;C.jinjector and
linac tank. And.in cyeclotrons, Dubna.has effecti#ely combined
two cyclotrons with stripping between them. It ie ﬁarticularly
in the'heeVy ion field that several stages afeeﬁseful, with

stripping between stages. In this section we shall mention two

types‘of hybrid accelerator now operating, the cyelograaff.and the

Orsay lihacfcyclotroniproject.

The’cycldgraaffconsists of‘a negative ion’cyclotron
. injecting into a tandem Van de Graaff. The advanﬁaée here is
that a_relativelyvinexpensive cyclotron caﬁ add:ls MeV of proton
eneréy to:a'tandem of 12-15 MeV, making a total 5: 27-30 MeV.
The enefgy resolution will be determined by the cyclotron, Whieh

is .1-.3% or 15—hO‘keV. The two cyclogrsaffs now operating are

at Duke University (Purser et al. 1971b), and et Lawrence Liver-

more Laboretory. A drawing of the Livermore.facility is shown

in Figure 61. The 15 MeV injector cyclotrons for both laboratories

were built by the Cyclotron Corporation of Berkeley.(Fleischer
et al. 1971). The Duke group has found that by stabilizing the

cyclotron power supplies and using internal slits the cyclotron
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beam energy spread can be reduced to 15 keV. They have also
taken résonance curves by fast tandem voltage changes, showing
the valﬁe vaeasy energy change inherent in-this fype of facility.
At Orsay,_France heavy ion beams have been radially
injectéd frbm a linac into a cyclotron in project "Alice
(Cabrespine et al. 1971). This tyﬁe of two-stage heavy ion
system ﬁasvéﬁggested 20 years ago by Tobias (1952). The sjstem
is shown in Figure 62. Héavy'ions from a PIG source are injected
from a 140 kV D.C. accelerétor. The linac is of the Widerde or
Sloan-Lawrence type, which produces 1.1 MeV/nucleon. The beam is -
then_injected into the cyclotron, where a strippeflfoil increases

5

the charge state,frém Ar * to Ar12+, for example, and places it

on a centered orbit in the cyclotron. The cyclotron is a variable
energy sector type with kX = 70. Normal-‘acceleration and extrac-"
tion fake place in the cyclotron. The latest performance reported

2h+

is .6 ndA of Kr at 500 MeV (Bieth et al. 1972). Heavy ion

reaction studies are in progress with this beam.

6.2 Futﬁre machines

Proposed hybrid accelerators are primarily intended to
acdélefaté héavy ions to energies of 6—10 MeV/nucleon. There are
many ways of producing these beams. One can-uée;two stages of
the same type of accelerator, as in the multi;sﬁage électroétaticr
accelerators like HILAB, or two cyclotrons at bubna, or two stage
v linacs.like the éuperhilac or UNILAC. Or one can pombine

accelerators of different types in a hybrid system like the Orsay
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Alice project, Many proposals have come forward in the past several
years, and héve_ been summarized by.Méftin (197ia), Livingston |
(1970), Livingston §§_§257(1971), Purser (1971&);:Blann (1971) and
others.

A typical hybrid sysﬁem:propOSal is théﬁ from Argonne
Natidnal Laboratory; U.S.A., called the.Midwest Iandem.Cyclotron,
"MTC" (Khoe gﬁ;gg, 1971); (Morrison 1970); It ié.shéwn schematically
in Figure 63. As shown on the right it is a TU tandem injecting
into a six sector ring cyclotroﬁ. The energies.and particles
range from 350 MeV profons to lO.MéV/nucleon uranium. As shown at
the left of Figure 63 the tandem and cyclotron caﬁ be used
independently by addingba small injectdr cyclotron; This would
be a versatile facility for heavy and light ioné.-'Other similar
propasals inélude APACHE frém Oak Ridge (Martin et al. 1971b),
(Zucker 1970), the TANDETRON from Rochester ﬁﬁiveréiﬁy (Purser
1970), a Michigan State University design includihg 600 MeV_
protonsv(Blosser et al. 19Tlc) and others froszroékhéven and
Los Alamos; .Thereis also interest in Eurépe at thé Bohr
Insfitqté. With the current budget iimifations in thé U.S.A. the
prospecﬁs are that poSsibly one of these many prop?éals will be
approved for construcﬁion in the next few years,rjuSt as ohe meson
factoryvat‘Loé Alamos was approved out of mahy'proposals several

years ago.



91—

T. Summary

 To summarize the déscriptions giveﬁ‘in the text, the principal
types of‘accelerators for nuclear physics in the énergy range up to
leOO-MéV are listed in T@bleﬂl. The beam characterisfics are
listéd fpf each one, for purposes of comparison.::The table
illustrates the wide variety of particles, enefgieé and beam
resoluﬁion and timing which are available fof’experiments today.

' In Table II the maiﬁ new types of accelerators undér
construcﬁion are listed. These will be higher energy light and
hequ ion-machiﬁes, high intensity proton accelerators for meson
and nucleon studies, and high duty cycle electrgn linacs.

..; Further in the future are 6ther'propoSalé.of the type in
Table II and also mahy tandem—éyclotron designs. Development
wqu,is ﬁnderway on new techniques such as applying éuper-conduc—
tivity to ion linacs, énd the electrdn ring érinciple for a
compéct heayy ion 6f high energy proton accelerator. if the work
on high charge state heavy ion sources is successful it ﬁould
give many existing cyclotrons a capaﬁility equél td the more
elabdrate two~stage proposals. | N

It is hoped that this survey of nuclear physicé
acqelerators,has been of value to readers working in other fields,
by preseﬁting-the present statué and futﬁre pr§s§ects for the
various types of acceleratcrs. Only a brief déscriﬁtidn could
be givenvof each type, so the list of feferencés will be useful

for those wishing more information.



Table I. Principal Operating Accelerators for Nuclear Physies, 0-1000 MeV,‘

Variable

External Beam

Best

Time Strucﬁure

Heavy Ions

a6

Accelerator | Maximum - Emit- |Analyzed Beam M s Polarized A
. energy | eneray (uA) i AE tance AE ;C?; MlC?;) Shortest p,d large;tV/A
(MeV) (mm_mr) (]JA) 'E‘(%) D.F. 0) D.F. (% . Pulse (nA) at 5 e
@D.C{ Accelerators| - o
. L .1-9p . N .25-5keV ‘ S o » : i
Single-ended .1-90 Yes 1-15,000jat 2 MeV 10-15_ 10-30 ».Ol%_ 100 100 ,8ns _ 15 "TH
i Tandem 8-32a, Yes 1-100 | 1-5 keV] 1-10 1-10| .01% 100 _ 100 . f7ns 50-200 0
;chlotrons '
5-22p Usually _ : 64
Classical 20-450 No 10-300 | 1-3% 100 1 .03-.07 Zn
50-730p o | o | |
F.M. 50-900a No .01-.1 1-5% 1-80 10-100 2ns .002-.03 ) hHe
3-100p |Usually - | | - 4o
-Sector 20—160a Yes 1-200 }.02-.5% 5-50{ .5 .01% 100 5 . .2ns 50-200 Ar
! " Dubna 2 stage T/A " Yes 109/sec 100 l-3'6}(e
'iLinacs ) . ' )
Heavy Ton:’ 10/A Limited] 1-50 2-49 , .1-3 10 ”‘OAr
Electron 20-20,000| Yes | 1-1000] .2-30% | 10-.1 .01-6 1 2ns
| 2 Stage Hybrid '
Cyclograaff 27-30 Yes 2 15-50keV 100 5 : _
Orsay ‘5/A Yes 108/sec .8% 30 5 8hKr

ix




Table II. New Types of ‘Accelerators For Nuclear Physics Under Construction, 0-1000. MeV.

- EXTERNAL BEAM -

Location Estimated ,K Max. Energy, Variable, Intensity Macro. é§<7)- Comments
‘ Completion (MeV) Energy (pa) | D.F.(B)| E”
.D.C. Maghlnes : 28p | v
- A.N.U. Australial 1972 Other iong Yes 5-10. 100 .01 Tandem Pelletron
HILAB U.S.A. Indef. A< 200 Yes .1-10 - 100 .03 . TU+MP tandems, heavy ions
Cyclotrons . -
F.M. o o Conversion: New rf,
CERN Switz. 1972 600p " No 10-20 <8 {.1-.5 center region. .
v S ' ' ' Conversion: 3 sectors,
Columbia U.S.A. 1972 550p - No 10-40 < 50 new rf and center region.
Sector s ' . - 200p ’ : D.C. injector+2 cyclotrons,
Indiana U.S.A. 1973 Other ions Yes 10 100 .01-.2 Isep. sector.
. DEE » ' ' ' H™ accel., multiple
Vancouver Canada, 1973 500p Yes 100 100 .05-.2 external beams.
_ o ' ' b : 2 cyclotrons, sep. sector
Zurich Switz. 197k 585p No 100 100 .3 ifinal stage.
- Linacs ' : :
- Ion . l . Alvarez + side coupled,
Los Alamos U.S.A. 1972 - 800p Yes 1000 6-12 1 simul. HY and H™ beams.
) : v 8.5/4 _ ' ' o Alvarez, 2.5 MV. inj.,
Super-Hilac U.S.A 1972 A1l A Yes .1-100 | 30-80 .6 heavy ions.
A : R ZT/A N _ ; Widef3e+Alvaréz+caVities,
"UNILAC Germany | 197k A1l A Yes .1-100 | >25 02-10 theavy ions. »
Electron ' : : , High D.F., similar to
M.I.T. U.S.A. 1972 L00e Yes 300 2-6 b Saclay.
- ' , 4 ' B ’ First superconducting,
Stanford U.S.A. 197k ~2000e Yes 100 100 .01 100% D.F.
Hybrid 5.5/A .
TALIX Germany A< 81 Yes 1-10 100 |.1-1 MP + helix, heavy ions
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Figure Captions
Fig, 1. Number_of opérating proton and deuﬁeron,égéelérators for
. nuclear phjsics during the past 30 years, 10-1000 MeV,
_ wdrld—wide; | | - |
7

Fig, 2. Energy levels of the  Li_nucleus. 'Energies are in MeV at

left side (Lauritsen et al. 1966).

"Fig. 3. Energy levels of the 238

U ﬁucleus. Enérgies are in MeV at
right side. (Nuclear Daﬁa 1970). |
Fig. L. Energy per nucleon plotted against projectile mass number
for:preéent and futurg gcceiefatofs. Dotted éurves, CB,
givé~Coulomb barriers for én'ion on uranium (Z=92),vand o?
itself (Z,=2,). (Purser 19Tla).
Fig. é. The yield of Y-rays in the 27Al(p,¥)288i reaction for
proton‘énergieévof h—ll.MeV for varioué_avéraging intervalé.
(Singh et al. 1965): | '
Fig. 6. Séurce,of beam of‘pafticles, and phase ﬁiot representatioh
| of.sou;ce. 7Z-axis 1s beam line direction'énd X-axis is a
btrénsverse direction. |
Fig. 7.. Iliusfration_of_the transport ofva beém frbm a source to an
image with two‘focusing lenses.. Typical réy tfajectories
are shqwn above, and phase plots‘below.
Fig. 8. Beam rayS‘ét target and detebtor,’showing'effect of beam .
| diyergeﬁce on angulaf,spfead at aeﬁector.
Fig. 9,'.Cockroft—walton voltage‘@ultiplier (A),_and>evaéuated beam

'.aééélerating tube (B).
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Fig. 10. Shunt-fed Co_ckroft—Walt‘o'n acgelei«_at'of',; or "dynamitron".
Both évacuated beam tuﬁe and réctifiér.éystem are inside
préssuré vesSel for géod high letagé insulﬁtioﬁ.
Fig. 11. Single sfagé Van de Graéff-accelerafor in pressure vessel.
. (Kernan 1968). _ .‘
Fig; i2:j Iﬁteribf of'Pelletron eiectrostatic acceiefator'shéwing charging
chaiﬁ and‘§olumh struéturé. :
Fig. 13. Twovstage.tandemean>de Gfaaff accelefator_principlé. ‘
Fig. 14. Two stage tandem Van de Graaff instaliétioﬁ._ H.V.E.C. MP model.
Fig. 15. ‘Two:stagevtandem1Van de Graaff'1aborat6ryfat‘Yale
Univérsity.' | - |
Fig. 16. Three'stagé taﬁdem électfostaticracceieratof principle.
Fig. 17. 'Thfee stagebtanaem elecfrostatic'écééierétor laﬁdratory
at the UniVersity ofiTexas}.
Fig.,lé, fHomogénizér" at Dﬁke'University Van de‘Graaff uéing'
éiectf@étéﬁic analyzer'fof genératihg target bias voltagg.
‘Energy ;preads-qn targetbare reduced_tov250'eV (Parks
:_e_t_ al. .1958).. |
Fig. 19. B‘eam pulsing system at Oak Ridge National Laboratory
- V.an. de Graaff. (Moak et al. 1964). |
Fig. 20. .Beam’pulses produced by bﬁlsiﬁg system of_Fig; 19.
o indréasiﬁg buﬁéher arivé fromethom fotop;‘ Pulse
width at top is 1 ns. (Mosk et al. 1961). |
Fig. él.' Excitation curvé'of p-MQhﬁelastic scattering”taken at
'y':thé Iowé S#ate,University Van de Graaff_with‘an energy reéo—

lution of about 5 keéV. (von Brentanb 1967) Compare with Fig. 22.
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Excitation curve of p—hQArelastic scattering taken at the

Duke University Van de Graaff with an energy resolution

" of 250 eV. (Bilpuch 1966) Compare with Fig. 21.
Excitation cﬁrve OVér resonanée of p—lZC elastic scattering

. taken at the Rutgers Universityvtandem Vah'de Graaff by

Van Bree and Temmer. Compare with Fig. 37.

HILAB‘proposal'for producing high energy heavy ions by

coupling a TU with an MP tandem Van de Graaff. Experiments

with high mass projectiles would be done inside MP

~terminal,

Two stage tandem Pelletron with 20 MV on terminal (L0
MeV prétons) pfoposéd by the National Electrostatics

Cofp. of Wisconsin.

”-Claééicalicyclotroh schematic drawiﬁg. Vaéuum chamber
~w§uldAenCIOSe.dees and béam.
éectbr cyélotron magnetic structure. Origin of
fThémas axial focusihg is illustrated;

_Spiral sector cyclotron pole. Velocity components

which provide axial focusing are shown.

Bérkeley'8841n¢h-Cyclétron incross-section.

,Resonance Qhart,ofbmagnetid field vs. particle

frequency for_Bérkeley 88-Inch CyClotron.

Cyclotron and-experimentalvareé of Bérkeiey 88-Inch

’Cyclotroh.
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Beam puls1ng system in center region of Michigan State

: -Univers1ty Cyclotron -9 out of 10 pulses can be suppressed

Fig. 32.
Fig. 33.
Fig. 3k.
Fig..35.
Fig. 36.
Fig. 37T
Fig. 38.

by deflection electrodes (Johnson et al. 1971)

Time structure of Y—rays from protons hitting a target at
"the Michigan State cyclotron.r Beam was pulsed by a
pu151ng system (Flg 32) and deflned by a slit system.

y-ray pulse w1dths 1nd1cate proton w1dths of .2 ns.

(Johnson et al. 1971)

.Experimental data showing’8He counts in an experiment

at the Berkeley 88-Inch Cyclotron. The high bombarding

.a—particle energy'of 80 MeV and a special counter telescope
Amade the experiment possible. ’(Cerny et al. 1966)

E a—d Scatterlng excitation curve taken at the Berkeley

88-Inch Cyclotron, illustrating the variable energy

capability’of the modern sector cyclotron.

" High resolution beam analyzing system at the Berkeley

88—Inch.Cyclotron. (Hintz et al. 1969).
Excitation curve over resonance of p—l C elastic
scattering at 1. 23 MeV taken at Berkeley 88-Inch

Cyclotron with system of Fig..36. (Hintz.gt_al. 1969)

Compare with Fig. 23.

Michigan State University cyclotron, transport system

land magnetic spectrograpn'shown schematically. The

principle of dispersion matching at the spectrograph is

- shown. (Blosser-gtﬂgl.“l971b).




Inelastic scattering experiment, p-
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209Bi,Aat Michigan

State University Cyclotron, using system of Fig. 38.

(Blosser et al. 1971b).
Heavy ion reaction experiment, 208va(160',170)207Pb, at

Berkeley 88-Inch Cyclotroh, using bean gnalyzing and

sﬁectfometéf magnets of Fig. 31.

_Cblumbia University cyclotron combining sectors with F.M.,

now under construction fOrISBO MeV protons. It is a

conversion of an older machine. (Rainwater 19T1).

New laboratory of the SIN separated sector. cyclotron being

built near Zurich; Switzerland for 585 MeV protons. Injector

cyclotron is at lower left and main‘cyclotron at lower

right. (SIN 1970).

‘The new separated sector cyclotron now under construction

at the University of Indiana for 200 MeV protons and other

 particles.

‘Fig. 39{
Fig. Lo.
Fig. hl;;
Fig. ﬂé.
Fig; 43,
Fig. Ly, .
Fig. u;.‘
Fig. L6.
fig; y7.

The dee_systém in a Valley of the new Indians cyclotron.

(Rickey gg_g£{ 1969).

'The rf wave shape on the Indiana dee system. The 1lst and

2nd harmonic superimposed gives much better "flat-topping"

than the 1st harmonic alone. (Rickey et al. 1969).

" The principle:of the Widerae_or Sloan-Lawrence type of
:positive ion lineér acceleratori

The principlé of:the Alvafei type bf pdéitive ion linear

accelerator.



Fig. L48.
Fig. h9;
Fig. 50._f
Fig. sl..
Fig. 52.
Fig. 53.
 Fig. Sh.
Fig; 55.
Fig. 56.
Fig. 57;
Fig. 58:.. 
Fig. 59.

~110-

‘The firstbtahk of thejprbtdn linear accelerator at the

Rutherford High Energy Laboratory, England.

Some common modes of operation of linear accelerators.

 Electric field'directidns are shown.

High intensity 800 MeV pfoton_linaé meson factory, LAMPF,
under construction at Los'Aiamos.Sciéhtific Laboratory.

New sidé—éoupled”éavity stfucfure used for thé last stage

“of LAMPF.

Thé'High Resolﬁtion Spectrométer-system, for 30 keV proton
resolution at 800 MeV, at LAMPF:

The UNILAC heavy lon linear accelerator now under construc-

.tion By GSI néér Dafmstadt, Germany. (Livingston 1970).

The principle of the traveling wave eleétron linac,

‘with its disc-loaded wave guide accelerating tube.
The 140 MeV electron linac at Oak Ridge National -

Laboratory, "ORELA":

The ORELA electron linac laboratory. The linac is in the

center, and experimental area to the left.

.Above ground view of the 100 MeV electroh linac facility

at the Lawrence Livermore Laborétory, Caiifornia, showing

neutron time-of-flight beam tubes.

‘Excitation curve Qf'neutrons produced by photoné
”bomﬁarding 26Mg at ﬁhe Livermbre electron linac.

' : , L : X
Spectrum of neutrons transmitted through an 2 3Am target,

taken by time}of—flight measurement at the ORELA electron

linac.




' Fig. 60.

‘Fig. 62.;

Fig. 63.

Fig. 61.
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‘The 2 GeV Supérconduéting electron linac under construction

‘at the Stanford UniVefsity High'Energy Physics Laboratory.

(Suelzle 1971).

The Cyclograaff facility:now'operating at the Lawrence

LiVéfmore‘Laborathy.
The "ALICE" heavy ion project recently completed at Orsay,
France. The linac at upper left injects beam into the sector

'rcyclotron, below. - Inset at lower left shows typical

injection orbits'ih'cyclotron median plane, where charge

‘changes in a stripping foil. (Purser 1971a). «

Two stage hybrid heavy ion accelerator system of tandem

Van de Graaff injecting beam into separated sector

"cyclotron,'proposed by Argonhe National Laboratory.

- (Knoe et al. 1971).
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